
 

UNIVERSITÉ DE STRASBOURG  

 

ÉCOLE DOCTORALE DES SCIENCES DE LA VIE ET DE LA SANTÉ 

& 

Institut de Génétique et de Biologie Moléculaire et Cellulaire (IGBMC) 

CNRS UMR 7104 – INSERM U1258 

 

THÈSE  présentée par : 

Elizabeth RAMOS MORALES 
 

soutenue le : 10 septembre 2021 

 

 

pour obtenir le grade de : Docteur de l’université de Strasbourg 

Discipline/ Spécialité : Science de la vie et la santé 

 

Biochemical, biophysical and structural 
studies of proteins associated to human 
diseases: tcDAC2 and the ADAT complex 

 

THÈSE dirigée par : 

M. ROMIER Christophe Directeur de recherche, Institut de génétique et de biologie 
moléculaire et cellulaire (IGBMC), Illkirch, France 

RAPPORTEURS : 

Mme. SCHMITT Emmanuelle Directrice de recherche, Institut Polytechnique de Paris, Palaiseau, 
France 

M. KADLEC Jan Chargé de recherche, Institut de Biologie Structurale (IBS), Grenoble, 
France 

AUTRES MEMBRES DU JURY : 

M. BECKER Hubert Professeur, Génétique Moléculaire, Génomique, Microbiologie 
(GMGM), Strasbourg, France 

MEMBRES INVITÉS : 

Mme. GODIN Juliette Chargée de recherche, Institut de génétique et de biologie moléculaire 
et cellulaire (IGBMC), Illkirch, France 



 



3 

 

Acknowledgement 
 

I thank my thesis supervisor Christophe Romier and the jury members Emmanuelle Schmitt, 

Jan Kadlec, Hubert Becker and Juliette Godin. TcDAC2 and ADAT project collaborators 

Laurence Drouard, Thalia Salinas Giegé, Drouard’s lab and Juliette’s lab. Christophe’s lab 

members for all their support: Martin Marek, Tajith Shaik, Sylvie Duclaud, Régis Back, 

Natalia Aleksandrova, Marie-Laure Durand, Pierre Antony, Edouard Troesch, Pernelle Klein, 

Pauline Landwerlin and Marina Vitoria Gomes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





4 

 

Content 

 
Figures list .................................................................................................................................. 6 

Introduction ................................................................................................................................ 7 

The worlds of epigenetics and epitranscriptomics ..................................................................... 8 

First chapter: Epigenetics ........................................................................................................... 9 

1 Epigenetic mechanisms, associated diseases and epigenetic drugs .................................... 9 

1.1 Histone variant and chaperones ................................................................................... 9 

1.2 ATP-dependent chromatin-remodeling complexes ................................................... 15 

1.3 Chromatin regulation by long non-coding RNAs ...................................................... 20 

1.4 DNA methylation ...................................................................................................... 24 

1.5 Histone modifications ................................................................................................ 30 

1.5.1 Histone methylation ........................................................................................... 30 

1.5.2 Histone acetylation ............................................................................................. 34 

1.5.2.1 Lysine acetyltransferases (KATs) ............................................................... 34 

1.5.2.2 Histone deacetylases (HDACs and Sirtuins) .............................................. 39 

1.6 Zn-dependent HDAC catalytic mechanism ............................................................... 41 

1.7 Roles of acetylation ................................................................................................... 42 

1.8 HDAC inhibitors........................................................................................................ 50 

1.9 Treatment of neglected diseases, smHDAC8 ............................................................ 50 

Second chapter: Epitranscriptomics ......................................................................................... 53 

2 The RNA world and the epitranscriptome ........................................................................ 53 

2.1 RNA modifications: their modification enzymes, their roles and their implication in 

diseases ................................................................................................................................. 54 

2.1.1 N6-methyladenosine (m6A) ................................................................................ 54 

2.1.2 5-methylcytosine (m5C) ..................................................................................... 61 

2.1.3 Internal 7-methylguanosine (m7G) ..................................................................... 63 

2.1.4 Pseudouridine (Ψ) .............................................................................................. 65 



5 

 

2.1.5 Adenosine to Inosine modification .................................................................... 66 

2.2 tRNA modifications, their roles and their implication in neurological diseases ....... 72 

2.2.1 Roles of modifications in the tRNA body .......................................................... 74 

2.2.2 Roles of modifications in the tRNA anticodon loop .......................................... 78 

2.2.3 Roles of modifications in the wobble position ................................................... 78 

2.2.3.1 Wobble modifications that restrict decoding capacity ................................ 79 

2.2.3.2 Wobble modifications that expand decoding capacity ............................... 80 

2.3 A-to-I editing of tRNA-Arg(ACG) wobble adenosine in prokaryotes by the TadA 

homodimer ............................................................................................................................ 82 

2.4 A-to-I editing of tRNA wobble position in eukaryotes by the ADAT heterodimer .. 83 

2.5 ADAT mutations and disease association ................................................................. 84 

2.6 Questions associated .................................................................................................. 85 

Thesis objectives ...................................................................................................................... 86 

Results ...................................................................................................................................... 87 

Article 1 .................................................................................................................................... 87 

Article 2 .................................................................................................................................. 119 

Article 3 .................................................................................................................................. 179 

Conclusions and Perspectives ................................................................................................ 211 

Appendix ................................................................................................................................ 213 

Article 4 .................................................................................................................................. 213 

Article 5 .................................................................................................................................. 241 

Résumé de thèse en Français .................................................................................................. 262 

References .............................................................................................................................. 280 

 

 

 

  



6 

 

Figures list 

 
Figure 1. Histone variants, their chaperones and genomic distribution ................................... 12 

Figure 2. Histone variants altered expression in several cancer types ..................................... 15 

Figure 3. Chromatin remodelers functions and domain organization ...................................... 16 

Figure 4. Model of nucleosome spacing by the ISWI complex ............................................... 17 

Figure 5. Model of SWI/SNF mechanism causing histone ejection ........................................ 18 

Figure 6. Model of nucleosome editing by INO80 .................................................................. 19 

Figure 7. Chromatin regulation by non-coding RNAs ............................................................. 21 

Figure 8. Transcription regulation by long non-coding RNAs ................................................ 23 

Figure 9. Two mechanisms (de novo and maintenance) of DNA methylation ........................ 25 

Figure 10. CpG DNA methylation promotes transcription. ..................................................... 27 

Figure 11. Methylation of CpG island (CGI)-containing promoters. ...................................... 28 

Figure 12. DNA methylation erasure and establishment in development ................................ 29 

Figure 13.Acetylated positions in histones and major lysine acetyltransferases (KATs) ........ 36 

Figure 14.Histone acetylated in promoters, enhancers and gene bodies .................................. 37 

Figure 15. Acylations mediated by KATs ................................................................................ 39 

Figure 16. Histone deacetylases (HDACs) classification ........................................................ 41 

Figure 17. Catalytic mechanism of Zn-dependent HDACs ..................................................... 42 

Figure 18. Roles of non-histone acetylation............................................................................. 44 

Figure 19. Roles of non-histone protein acetylation ................................................................ 46 

Figure 20. Role of acetylation in autophagy ............................................................................ 47 

Figure 21. Roles of acetylation in non-histone proteins ........................................................... 49 

Figure 22. m6A roles in mRNA metabolism ............................................................................ 57 

Figure 23. m6A regulates translation ........................................................................................ 58 

Figure 24. m6A roles in neurodevelopment ............................................................................. 59 

Figure 25. m7G role in miRNA biogenesis .............................................................................. 64 

Figure 26. Structure of H/ACA ribonucleoprotein and mutations associated with disease ..... 66 

Figure 27. Structure of ADAR2 bound to dsRNA ................................................................... 68 

Figure 28. ADAR1 role in preventing an autoimune reaction ................................................. 71 

Figure 29.  tRNA cloverleaf structure and modifications ........................................................ 73 

Figure 30. Nucleoside modifications and ribose conformation ............................................... 75 

Figure 31.TadA structure and catalytic mechanism ................................................................. 83 

 



7 

 

Introduction 

During my PhD thesis I worked on enzymes associated to human diseases: tcDAC2 and 

ADAT. TcDAC2 is an essential protein of the parasite Trypanosoma cruzi that causes Chagas 

disease. TcDAC2 is an epigenetic enzyme, belonging to the histone deacetylase family. Thus, 

targeting the T. cruzi epigenome, by inhibiting tcDAC2, represents a potential treatment for 

Chagas disease. In this project I solved the structure of tcDAC2 to guide the development of 

potent and specific tcDAC2 inhibitors. In my second project, I investigated the mechanism by 

which a mutation in the ADAT complex, formed of two subunits ADAT2 and ADAT3, 

triggers a neurodevelopmental disorder characterized by intellectual disability, microcephaly, 

strabismus and epilepsy. ADAT is an enzyme that transforms the adenosine at position 34 of 

tRNAs into inosine, therefore ADAT is an enzyme belonging to the epitranscriptomic field.  
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The worlds of epigenetics and 

epitranscriptomics 

 

Epigenetics and epitranscriptomics are two fields characterized by the reversibility of 

chemical modifications in two different substrates: (i) the DNA and the histone proteins and 

(ii) RNAs, respectively. These two fields participate in the regulation of gene expression and 

different signaling pathways in the nucleus in the case of epigenetic and in both the nucleus 

and the cytoplasm compartments in the case of epitranscriptomics. If the field of epigenetics 

is now well established, the field of epitranscriptomics is receiving more and more attention. 

The effectors in these two fields control cell differentiation and development, and their 

deregulation cause numerous diseases including cancer, neurologic, cardiovascular, immune 

and metabolic disorders. These fields are therefore attracting a lot of attention to develop 

novel therapeutic approaches. During my PhD, I have developed scientific research projects 

in these two fields, gaining significant insights in both of them as reported in this manuscript. 
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First chapter: Epigenetics  

1 Epigenetic mechanisms, associated diseases and epigenetic 

drugs 

In order to fit within the eukaryotic nucleus, the genome of eukaryotes is compacted into a 

specific structure called chromatin. The basic unit of the chromatin is the nucleosome which 

is composed of two H2A/H2B and two H3/H4 histone pairs that arrange into a histone 

octamer, wrapping ~147 bp pairs of DNA (Luger et al. 1997). Nucleosomes can further 

interact with each other to form compacter structures which range from the 30 nm fiber to 

chromatin loops, up to the highest compaction in the mitotic chromosomes (Baldi, Korber, 

and Becker 2020). 

The chromatin structure forms a barrier and a regulatory element for the other nuclear 

effectors to access the genetic information. Regulation of the chromatin structure through 

epigenetic mechanisms further provides a way to the cells to regulate the nuclear mechanisms, 

with direct implication on cellular homeostasis, development, but also on disease (Allis and 

Jenuwein 2016). Notably, epigenetic mechanisms play a major role in the regulation of gene 

expression through changes in chromatin structure (Day and Sweatt 2011; Goldberg, Allis, 

and Bernstein 2007). 

Cells use five major epigenetic mechanisms to modulate the chromatin structure. These 

include: (i) histone variants and their associated chaperones, (ii) ATP-dependent chromatin-

remodeling complexes, (iii) long non-coding RNA-mediated regulation (iv) DNA methylation 

and (v) histone modifications (Kouzarides 2007).  

1.1 Histone variant and chaperones  

Canonical histones are composed of H4, H3, H2A and H2B. The genes encoding these 

histones are present as multiple copies in the human genome where they form a cluster. These 

genes are intronless and are synthesized only in the S phase of the cell cycle and deposited 

onto newly replicated DNA (Sauer et al. 2018). Therefore, canonical histone deposition in 

nucleosomes is known to be replication dependent. In contrast, histone variants genes are 

present as a single or double copy in the genome, they are located outside the canonical 

histone cluster, they have introns, and their expression and deposition in the chromatin is not 

regulated by the cell cycle (Martire and Banaszynski 2020; Mendiratta, Gatto, and Almouzni 
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2018). Variants have been identified for each histone type, but most of them are found in the 

H3 and H2A histone families. Outside the chromatin, histones are generally bound to histone 

chaperones as canonical or variant histone pairs. Histone chaperones are responsible of the 

shuttling of the histones between the cytoplasm and the nucleus and within the nucleus 

(Martire and Banaszynski 2020). 

Canonical histone H3 is composed of two isoforms H3.1 and H3.2. These isoforms differ by 

one amino acid: H3.1 has a cysteine and H3.2 has a serine at position 96. Histone H3 has two 

major variants: H3.3 and CENP-A. H3.3 differs by five residues from canonical histone H3.1. 

The Ala87-Ala88-Ile89-Gly90 sequence constitutes a motif that allows histone chaperones to 

distinguish H3.3 from canonical H3 histones. Furthermore, canonical H3 Ala31 in the histone 

tail is replaced in H3.3 variant by Ser31, which can be phosphorylated (Hake et al. 2005). 

Canonical histone H3 is deposited into DNA by CAF1 chaperone, while other chaperones 

oversee H3 histone variants (Smith and Stillman 1989; Tagami et al. 2004; Loyola et al. 2009; 

Quivy et al. 2004). Two chaperones, the HIRA and DAXX/ATRX complexes, deposit H3.3 in 

different genomic regions (Goldberg et al. 2010). The HIRA complex, formed by three 

subunits (HIRA, UBN1(or UBN2) and CABIN1) deposits H3.3 in active chromatin such as 

enhancers, promoters and gene bodies (C. Xiong et al. 2018, 1; Daniel Ricketts et al. 2015; 

Tagami et al. 2004). The DAXX/ATRX complex deposits H3.3 at repetitive heterochromatic 

regions: pericentromeric chromatin and telomeres repeats, endogenous retroviral elements and 

imprinted genes (Figure 1) (Goldberg et al. 2010; Lewis et al. 2010; L. H. Wong et al. 2010; 

Drané et al. 2010; Q. He et al. 2015; Elsässer et al. 2015). Furthermore, CENP-A, the other 

H3 variant, which is much more divergent from canonical H3, is deposited at the centromere 

by its chaperone HJURP (Sullivan, Hechenberger, and Masri 1994; Dunleavy et al. 2009; 

Foltz et al. 2009; H. Hu et al. 2011). CENP-A has two roles, it maintains centromere identity 

across mitosis and meiosis and directs assembly of the kinetochore (Figure 1) (Black and 

Cleveland 2011; Musacchio and Desai 2017).  

Among the H2A variants, the best studied are H2AX, H2AZ and macroH2A. H2AX differs 

from canonical H2A by a C-terminal additional motif formed by Ser140, Gln141, Glu142, 

and Tyr143 residues. H2A.X phosphorylated at Ser140 marks dsDNA break in chromatin 

(Piquet et al. 2018). H2AZ shares 60% similarity with H2A. Human H2AZ has three 

isoforms: H2AZ1, H2AZ2.1 and H2AZ2.2 (Dryhurst et al. 2009; Matsuda et al. 2010). H2AZ, 

when compared to canonical H2A, has an extended acidic patch at the C-terminal tail which 

potentially decreases its interaction with DNA. Therefore, H2AZ has been associated with 
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transcriptional activation. Acetylated H2AZ is enriched at transcriptional start sites (TSS), 

enhancers and promoters of active genes (Creyghton et al. 2008; M. M. Wong, Cox, and 

Chrivia 2007; Luk et al. 2010; Bagchi et al. 2020; Jin et al. 2009). However, H2AZ is also 

associated to gene silencing since it participates in pericentromeric formation. In addition, 

H2AZ is present in bivalent chromatin domains in embryonic stem cells (Ku et al. 2012). Two 

chaperones incorporate H2AZ in the nucleosome that are both ATP-dependent chromatin 

remodeler complexes: p400-TIP60 and SRCAP (Ruhl et al. 2006; Xiaoping Liang et al. 

2016). TIP60 also has a lysine acetyltransferase activity that modifies H2AZ (and canonical 

H2A). Furthermore, both complexes p400-TIP60 and SCARP can act as reader of histone 

PTMs through their GAS41 subunit. For instance, recognition of acetylated H3 by GAS41 

directs H2AZ deposition. Eviction of H2AZ from nucleosomes is mediated by two chaperone 

complexes: the INO80 remodeler and ANP32E (Papamichos-Chronakis et al. 2011; Mao et al. 

2014; Obri et al. 2014). Both complexes evict H2AZ from DNA damage sites, and ANP32E 

also removes H2AZ from the TSS, enhancers and insulators (Figure 1) (Obri et al. 2014; Mao 

et al. 2014). 

MacroH2A is composed of an H2A-like domain, a lysine-rich linker and, at its C-terminus, a 

macrodomain protrudes from the nucleosome. There are three human isoforms of macroH2A: 

macroH2A1.1, macroH2A1.2 and macroH2A2 (Z. Sun and Bernstein 2019). MacroH2A is 

associated with transcriptional repression and heterochromatin formation since macroH2A is 

enriched in the inactive X chromosome, at PCR2-mediated facultative heterochromatin, in 

senescence-associated heterochromatin foci, on repetitive DNA sequences and at inactive 

genes (Kozlowski et al. 2018; Buschbeck et al. 2009; Douet et al. 2017). Furthermore, 

macroH2A colocalizes with H3K27me3 and H3K9me3 (Douet et al. 2017). No specific 

chaperone has been found for macroH2A. However co-transcriptional eviction of macroH2A2 

is mediated by the FACT (Facilitates Chromatin Transcription ) complex, a general H2A 

chaperone, and ATRX excludes macroH2A from subtelomeric regions (Figure 1) (Z. Sun et 

al. 2018). Finally, it has been shown that MacroH2A1.1 can bind ADP-ribose and poly(ADP-

ribose) (Karras et al. 2005; Kustatscher et al. 2005; Timinszky et al. 2009). For instance, 

PARP1 ADP-ribosylated is bound by MacroH2A1.1 causing inhibition of PARP1 activity. 
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Figure 1. Histone variants, their chaperones and genomic distribution 

a. Structures of canonical and histone variants show their similarities, except for macroH2A that 

contains a C-terminal macrodomain. Histone chaperones deposit histone variants at different genomic 

locations. CAF1 deposits canonical H3 during DNA replication and repair. HIRA complex deposits 

H3.3 at active genes and gene regulatory regions. In contrast, DAXX/ATRX deposits H3.3 at 

pericentric heterochromatic and subtelomeric regions. CENP-A is deposited at the centromere by 

HJURP. H2A deposition by NAP1 and FACT counterbalances (dashed lines) its continuous turnover. 

H2AZ is deposited at actives genes and regulatory elements by SRCAP and p400-TIP60; H2AZ is 

also observed at pericentromeric heterochromatin, but the mechanism is not clear. INO80 remodeler 

and ANP32E exchange H2AZ for H2A at active genes, regulatory elements and DNA damage sites. 

APLF and FACT promotes enrichment of macroH2A1.1 and macroH2A1.2 respectively. ATRX and 

FACT impedes deposition of macroH2A in telomeric and transcribed genes respectively.  b. Gene-

level distribution of histone variants. H3.3 and H2AZ are enriched at enhancers and promoters of 

actives genes. H3.3 is also present in transcribed gene bodies and transcription stop sites. MacroH2A 

are present in large domains but not in transcribed regions. Adapted from (Ghiraldini, Filipescu, and 

Bernstein 2021) 
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Incorporation of histone variants affects nucleosome structure and stability. For instance, 

homotypic H2AZ nucleosomes (containing two H2AZ/H2B pairs) are more stable than 

heterotypic nucleosomes (containing one canonical H2A/H2B pair and one H2AZ/H2B pair) 

due to their extended acidic patches (Y.-J. Park et al. 2004; J. Y. Fan et al. 2002). H2AZ and 

heterochromatin-associated Histone 3 lysine 9 trimethylation (H3K9me3) recruit 

heterochromatin protein 1α (HP1α), which promotes heterochromatin formation and gene 

silencing (Ryan and Tremethick 2018). However, nucleosomes containing heterotypic H2AZ 

and H2A histones show instability because of the steric hindrance produced by the H2A and 

H2AZ different L1 loops conformation (Suto et al. 2000). Additionally, H2AZ and H3.3 

confers high instability to the nucleosome due to H2AZ C-terminal domain that reduces 

interactions with H3 (Jin et al. 2009; Jin and Felsenfeld 2007). This is in agreement with the 

enrichment of nucleosomes containing both H2AZ and H3.3 at enhancers and promoters, 

which gives transcription factors accessibility to the DNA (G. Hu et al. 2013; Iwafuchi-Doi et 

al. 2016). Furthermore, H3.3 deposition on centromeric regions during S phase represents a 

place holder for CENP-A, which is deposited at the end of mitosis (Dunleavy, Almouzni, and 

Karpen 2011). CENP-A has two extra amino acids (Arg80 and Gly81) in its L1 loop region, 

which represents a binding site for trans-acting factors, thereby providing nucleosome 

stability (Tachiwana et al. 2011).  

The chromatin state is also affected by histone variants. For instance, phosphorylation of H3.3 

at S31 on the N-terminal tail of H3.3 promotes an active chromatin state through acetylation 

of enhancer and promoters (Sitbon et al. 2020). For instance, phosphorylated S31, increases 

histone acetyl transferase p300-mediated H3K27ac, thereby activating new transcriptional 

programs at developmental genes in differentiated ES cells (Martire et al. 2019). In addition, 

in lipopolysaccharide-stimulated macrophages, phosphorylation of H3.3 at S31 recruits the 

histone methyltransferase SETD2 to stimulation-responsive genes where SETD2 catalyzes 

H3.3K36me3, which causes rapid gene induction (Armache et al. 2020). In addition, 

phosphorylated H3.3 at S31 inhibits binding of  the transcription repressor ZMYND11 to 

H3.3K36me3 marks; thus H3.3 is proposed to play a role in rapid signal-mediated gene 

activation (R. Guo et al. 2014, 69; Wen et al. 2014).  

Depending on H2AZ genomic location, H2AZ is differently modified. For instance, in 

regulatory elements H2AZ is acetylated promoting an open chromatin and transcription 

machinery binding to the DNA (Semer et al. 2019; Valdés-Mora et al. 2012; Ku et al. 2012; 

G. Hu et al. 2013). In contrast, in facultative heterochromatic regions, H2AZ is 
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monoubiquitylated by PRC1 and promotes deposition of H3K27me3 mediated by PRC2 (Yan 

Wang et al. 2018, 3; Sarcinella et al. 2007; Draker, Sarcinella, and Cheung 2011). 

Furthermore, H2AZ1 in combination with H4 acetylation promotes recruitment of the 

bromodomain BRD2 leading to transcription activation (Semer et al. 2019). Histone variant 

chaperones can also stimulate chromatin states, for instance H3.3 chaperone DAXX/ATRX 

recruits the corepressor complex KAP1 and methyltransferase SETDB1 which catalyzes 

H3K9me3 (Q. He et al. 2015; Elsässer et al. 2015; Hoelper et al. 2017; Udugama et al. 2015). 

Deregulation of the expression of most histone variants and chaperones is associated to 

several adult cancer types. In contrast, specific mutations in H3.3 are associated with pediatric 

cancers (Figure 2). H2AZ is upregulated and promotes cell proliferation in several cancer 

types. For instance, H2AZ is upregulated in melanoma, hepatocellular carcinoma, breast and 

prostate cancer (Vardabasso et al. 2015; Hua et al. 2008; H. D. Yang et al. 2016; Valdés-Mora 

et al. 2017). Upregulation of components of the chaperone complex SRCAP has been 

identified in  prostate and lung cancers (Slupianek et al. 2010; Hsu et al. 2018). In contrast, 

the TIP60 subunit of the p400-TIP60 complex, act as a tumor-suppressor, and TIP60 is 

downregulated in colorectal cancer (Mattera et al. 2009; Chevillard-Briet et al. 2014). 

MacroH2A1.1 also acts as a tumor suppressor since it is downregulated in several cancer 

types (Sporn et al. 2009; Novikov et al. 2011). The role of other isoforms of macroH2A is 

context dependent.  

Specifically, missense mutations in H3.3 genes, encoding for either H3.3-K27M or H3.3-

G34R/V have been identified in pediatric gliomas and the H3.3-K36M mutation in pediatric 

chondroblastoma (Schwartzentruber et al. 2012; Behjati et al. 2013). These substitutions 

hamper Lys27 and Lys36 methylations (Lu et al. 2016; Lewis et al. 2013; D. Fang et al. 

2016). Mutations in the DAXX/ATRX chaperone complex have been identified in tumors of 

neural crest origin such as pancreatic neuroendocrine tumors, gliomas and neuroblastoma 

(Schwartzentruber et al. 2012; Heaphy et al. 2011; Y. Jiao et al. 2011). Furthermore, both 

CENP-A and HJURP are upregulated in several tumors, including gliomas, lung cancer, 

hepatocellular carcinoma, breast cancer, ovarian cancer (Yongmei Li et al. 2011; B. Hu et al. 

2017; Q. Wu et al. 2012; Kato et al. 2007; Valente et al. 2013; de Tayrac et al. 2013; 

Stangeland et al. 2015; McGovern et al. 2012; Montes de Oca et al. 2015; Qiu et al. 2013; Lin 

Li et al. 2018). 
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Figure 2. Histone variants altered expression in several cancer types 

H2A variants (H2AZ and macroH2A) and histone H3 variants are commonly dysregulated in several 

adult cancer. In contrast, H3.3 is dysregulated in pediatric cancers. Adapted from (Ghiraldini, 

Filipescu, and Bernstein 2021) 

 

1.2 ATP-dependent chromatin-remodeling complexes 

ATP-dependent chromatin-remodeling complexes, also known as remodelers, are proteins or 

protein complexes that use the energy of ATP to act on nucleosomes (Bartholomew 2014). 

The structural changes associated with ATP hydrolysis enable the remodelers to act in several 

ways on the nucleosomes and modulate the chromatin compaction by performing three 

functions: (i) chromatin assembly and organization, where remodelers regulate the proper 

density and spacing of nucleosomes, (ii) chromatin access, where remodelers move or eject 

nucleosomes to create nucleosome free regions, for instance to enable transcription factors 

binding to DNA, and (iii) nucleosome editing, where remodelers exchange canonical histone 

pairs with histone variant pairs (Figure 3a) (Hargreaves and Crabtree 2011; Narlikar, 

Sundaramoorthy, and Owen-Hughes 2013). Remodelers are further divided into four 

subfamilies, based on their specific domains: ISWI (initiation of switch), chromodomain 

helicase DNA-binding (CHD), SWI/SNF and INO80 (Figure 3b) (Cedric R. Clapier and 

Cairns 2009; Becker and Workman 2013). 

Most remodelers translocate the DNA, i.e. the movement of DNA over the histone surface. 

DNA translocation triggers the weakening or breakage of DNA and histones interactions. The 

catalytic subunits of remodelers have an ATPase domain that is split in two RecA-like lobes 

(lobe 1 and lobe 2) to perform DNA translocation through ATP binding and hydrolysis. Both 

lobes sequentially bind and release the same DNA strand like “two gloves”, 1bp of DNA is 

translocated per 1 ATP hydrolysis. The DNA movement occurs in one direction from 3’-to-5’ 

(Figure 3c). Remodelers have adapted and evolved this basic mechanism of DNA 

translocation to achieve their specific functions. 
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Figure 3. Chromatin remodelers functions and domain organization 

a. Functional classification of remodelers. ATPase domain are shown in pink and additional subunits 

are represented in other colors: green (ISWI, CHD), brown (SWI/SNF) and blue (INO80). b. 

Remodelers classification into four subfamilies is based on their specific domains. The ATPase-

translocase domain (Tr) is composed of two RecA-like lobes separated by a short or long insertion. c. 

Schematic view of the “inchworming” mechanism of DNA translocation by remodelers. The RecA-

like lobe 1 and lobe 2 are depicted as gloves. Adapted from (Cedric R. Clapier et al. 2017) 

 

Chromatin assembly and organization, takes place after DNA replication, where canonical 

histones are used for assembling new nucleosomes, and during transcription and other nuclear 

processes, where both variant and canonical histones are inserted in the nucleosomes, 

depending on their location in the genome and the role they are assigned to. Histone 

chaperones bring the histones proteins as H3-H4 tetramers and H2A-H2B dimers to the 

assembly locations (Gurard-Levin, Quivy, and Almouzni 2014). Next, ISWI and CHD 

assembles these histones-DNA complexes into the mature octameric nucleosomes that they 

also space at regular fixed distances (Figure 4) (Torigoe et al. 2011; Fei et al. 2015; Corona et 

al. 1999; T. Ito et al. 1997).  
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Figure 4. Model of nucleosome spacing by the ISWI complex 

a. the ATPase-translocation (Tr) domain (pink) binds the nucleosome. The red circle is a reference to 

track DNA translocation. b. (left) Domain organization of D. melanogaster ISWI, the autoinhibitory-

N-terminal (AutoN) and the negative regulator of coupling (NegC) domains inhibits the ATPase 

activity and coupling of the translocase domain respectively, thereby inactivating DNA translocation. 

(right) ISWI is activated by a double mechanism: the H4 tail and linker DNA antagonizes AutoN and 

NegC, respectively, promoting the ATPse activity and coupling. c. State 1: ISWI is anchored to the 

octameric histone by its histone binding domain (HBD) domain. Upon interaction between the H4 tail 

and ISWI, the AutoN domain inhibition is released. Meanwhile the HAND-SANT-SLIDE (HSS) 

domain binds the linker DNA, which releases NegC inhibition, which then promotes DNA 

translocation. DNA is translocated by 3 bp, which generate a DNA tension (orange) on both the 

proximal and distal side of the Tr domain (state 2). On the distal side, the tension is resolved by 

diffusion of the 3bp (state 2 to 3). On the proximal side, the HSS releases the linker DNA, then 3bp 

DNA enters the nucleosome which resolves the DNA tension (state 3 to 4). Therefore, the proximal 

nucleosome approaches by 3bp (state 4) and the HSS domain binds again the linker DNA (state 5). 

This mechanism of DNA translocation is reiterated resulting in the progressive approach of the 

adjacent nucleosome (state 5 to 6). At some point, the adjacent nucleosome is close enough and 

hampers HSS re-binding to the linker DNA, which causes inhibition of NegC. Thus, the inhibition of 

translocation and the release of the ISWI remodeler from the nucleosome occur. These mechanism 

sets a precise inter-nucleosome spacing (Cedric R. Clapier et al. 2017). 

 

Chromatin access is mediated mainly by SWI/SNF. Chromatin access consists in sliding 

nucleosomes on the DNA, eviction of histone dimers or ejection of a complete histone 

octamer. These roles are performed mainly by the SWI/SNF remodeler and are required to 

expose DNA binding sites on promoter and enhancer regions to co-activators and co-

repressors complexes, as well as to DNA repair and recombination factors (Figure 5) (Boeger 

et al. 2004).  
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Figure 5. Model of SWI/SNF mechanism causing histone ejection 

a.The actin-related protein ARP9 and ARP7 regulates both the ATPase and coupling activities of the 

ATPase-translocase domain (Tr). The Tr interacts with two helical turns away from the nucleosome 

dyad and anchors the octamer with its histone-binding domain (HBD). The Tr translocates 1-2 bp of 

DNA through the surface of the nucleosome which causes DNA tension on both sides of the Tr 

domain. Low ATPase activity and low coupling generates weak DNA tension that is resolved by 

sliding. However, high ATPase activity (mediated by the Post-has domain) and high coupling 

(mediated by the ARP-HAS interaction) mediate strong translocation. This causes high DNA tension 

and rupture of the histone-DNA interactions leading to the ejection of the histone octamer. b. 

Alternatively, the iterated process of low-to-moderate DNA translocation leads to the approaching of 

the adjacent nucleosome and collision with the remodeler-bound nucleosome which causes DNA 

peeling and histone ejection by “spooling” of the adjacent nucleosome  (Cedric R. Clapier et al. 2017). 

 

Nucleosome editing allows the deposition or removal of histone variants, it is carried out by 

remodelers of the INO80 subfamily in a replication-independent manner. For instance, the 

INO80C subtype replaces the histone variant H2AZ-H2B dimer for the canonical H2A-H2B 

dimer (Watanabe et al. 2015). The DNA tension of both sides of the Translocase domain is 

resolved by the destabilization of DNA contacts to the adjacent H2A-H2B dimer. After 

exchange with the H2AZ-H2B dimer, the DNA rewraps onto the histone octamer. The 

resulting nucleosome remains at the same position (Figure 6). 
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Figure 6. Model of nucleosome editing by INO80 

The ATPase translocase domain (Tr) of yeast INO80 subfamily SWR1C interacts with the nucleosome 

two helical turns away from the dyad. INO80 is anchored to the surface of the octameric histone by 

the histone binding domain (HBD) (state 1). INO80 translocates 1-2 bp of DNA on the histone 

octamer surface, which generates DNA tension (red) on both sides of the Tr domain (state 2). On the 

proximal side, the DNA tension is resolved by disruption of upstream histone-DNA interactions (state 

3), which leads to the release of one canonical H2A-H2B dimer and the loading of one variant H2AZ-

H2B dimer by histone chaperones (state 3 to 4). After histone exchange, histone-DNA interactions are 

reconstituted (Cedric R. Clapier et al. 2017).   

 

Importantly, remodelers select nucleosomes that have a particular histone modification (or 

histone variant) through specific domains (Suganuma and Workman 2011). These 

modifications can affect either positively or negatively the remodeler activity. For instance, 

the ISWI subfamily has a plant homeodomain (PHD) and a Pro-Trp-Trp-Asp (PWWD) 

domain which target methylated histones, H3K4me3 and H3K36me3 (Haitao Li et al. 2006; 

Santos-Rosa et al. 2003; Wysocka et al. 2006; Smolle et al. 2012). In addition, nucleosomes 

containing the H2AZ variant stimulates ISWI remodeling activity (Goldman, Garlick, and 

Kingston 2010). H4 tail stimulates the remodeling activity of ISWI; while, H4 tail acetylation 

weakens ISWI activity (C. R. Clapier et al. 2001; Hamiche et al. 2001; Cedric R. Clapier, 

Nightingale, and Becker 2002). The CHD subfamily has chromodomains that bind histone 

methylations (Sims et al. 2005). The SWI/SNF remodeler has a bromodomain that targets 

nucleosomes acetylated on H3 (Chatterjee et al. 2011). In addition, specific H3 acetylations, 

like H3K56ac, enhance SWI/SNF remodeling activity (Neumann et al. 2009). In the INO80 

subfamily, bromodomains of SWR1C promote deposition of H2AZ on nucleosomes 

containing an acetylated H4 or H2A (Altaf et al. 2010). Furthermore, H3K56ac enhances the 

activity of the INO80C but affects nucleosome discrimination of SWR1C between H2A and 

H2AZ-containing nucleosomes (Watanabe et al. 2013). 
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1.3 Chromatin regulation by long non-coding RNAs 

Long non-coding RNAs (lncRNAs) are defined as RNAs having longer than 200 nucleotides 

that do not encode for a protein. They are transcribed by RNA polymerase II (Pol II) or other 

polymerases, they have an m7G cap at the 5’-UTR, are polyadenylated at the 3’-UTR and also 

undergo splicing (Statello et al. 2021a). 

Gene expression can be regulated by the opening and closing of chromatin which is mediated 

by long non-coding RNAs. lncRNAs can recruit chromatin modifying enzymes to gene 

promoters to activate or repress transcription in cis or trans (Yap et al. 2010; Holdt et al. 

2013). For instance, lncRNA HOTTIP regulates the gene cluster HOXA. HOTTIP interacts to 

the 5’ region of the HOXA gene cluster through chromatin looping. HOTTIP recruits the 

methyltransferase complex WDR5/MLL to the HOXA gene cluster promoters, where 

WDR5/MLL mediates H3K4me3, which promotes gene expression (Figure 7a) (Luo et al. 

2019; K. C. Wang et al. 2011). Furthermore, lncRNAs can acts as decoys of chromatin 

modifiers, through sequestration of chromatin modifiers from promoters of target genes. For 

instance, p53-regulated and embryonic stem cell-specific lncRNA, lncPRESS1, sequesters 

SIRT6 from promoter of pluripotency genes (Jain et al. 2016). Thereby, promoters of 

pluripotency genes maintain their acetylation state at Histone 3 lysine 56 (H3K56) and 

Histone 3 lysine 9 (H3K9), leading to pluripotency genes expression. However, when 

lncPRESS1 is depleted, SIRT6 removes acetylated marks H3K56ac and H3K9ac from 

promoters of pluripotency genes, which represses pluripotency genes, therefore leading to 

differentiation (Figure 7b) (Jain et al. 2016).  

lncRNAs can interacts directly with DNA, thus forming an R-loop structure, which is 

recognized by chromatin modifiers that activates or inhibits gene transcription (Beckedorff et 

al. 2013; Gibbons et al. 2018). R-loops can also be recognized by transcription factors 

(Boque-Sastre et al. 2015). The lncRNA TCF21 antisense inducing demethylation, lncTARID, 

forms a R loop at the promoter of transcription factor 21 (TCF21) gene (Arab et al. 2019). 

The R loop is recognized by GADD45A, which recruits the DNA demethylase TET1 to the 

promoter of TCF21, thereby inducing transcriptional activation of TCF21 (Figure 7c) (Arab et 

al. 2019).  
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Figure 7. Chromatin regulation by non-coding RNAs 

a.The long non-coding RNA (lncRNA) HOTTIP, interacts through chromatin looping with the HOXA 

gene cluster. HOTTIP recruits the WDR5-MLL methyltransferase, which mediates H3K4me3 at the 

promoter of HOXA genes, thus promoting gene expression. b. The lncPRESS1 sequesters SIRT6 from 

promoters of pluripotency genes to maintain active gene markers H3K56ac and H3K9ac, thus favoring 

pluripotency. Upon p53-mediated differentiation or depletion of lncPRESS1, SIRT6 is free to remove 

acetylated marks, thus favoring differentiation. c. The lncTARID forms an R-loop through its co-

transcriptional interaction with DNA. This R-loop is placed upstream of its target gene TCF1 and is 

recognized by GADD45A, which recruits TDG and the TET1 demethylase to remove DNA 

methylation from the promoter of the TCF1 gene  (Statello et al. 2021a). 

 

 

Long non-coding RNAs can also regulate transcription. lncRNAs inhibit transcription in a 

transcript-dependent or -independent manner. For instance, in mouse extra-embryonal tissues, 

transcription of antisense from IGF2R non-protein coding RNA (Airn) causes steric hindrance 

and displacement of RNA polymerase II from the transcription start site (TSS) of IGF2R, 

leading to promoter methylation and silencing of IGF2R (Latos et al. 2012). Furthermore, 

Airn functions in trans as well since Airn interacts with the promoters of two imprinted distal 

genes, Slc22a2 and Slc22a3, through a 3D chromosome conformation (Sleutels, Zwart, and 

Barlow 2002). Then, Airn recruits PRC2 which catalyzes H3K27me3 leading to gene 

silencing (Figure 8a) (Schertzer et al. 2019). 
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lncRNAs and enhancer RNAs (eRNAs) promotes expression of protein coding genes (PCGs) 

that are close to their enhancer through a preformed chromatin looping structure, recruiting 

activating chromatin complexes to the promoters of PCGs (Figure 8b) (Grossi et al. 2020; 

Melo et al. 2013). For instance, the lncRNA SWINGN (SWI/SNF interacting GAS6 enhancer 

non-coding RNA), recruits the SWI/SNF chromatin remodeling complex to the transcription 

start site of GAS6 (Grossi et al. 2020). Furthermore, eRNAs and lncRNAs regulate 

transcription of distant genes by promoting chromatin looping through their interaction with 

the scaffold proteins Mediator and Cohesin (Kagey et al. 2010). Thereby enhancer and 

promoters separated megabases apart from each other can interact (W. Jiao et al. 2018). For 

instance, upon oestrogen receptor (ER) transcription activation, NRIP1 enhancer (eNRIP1) is 

transcribed bidirectionally (W. Li et al. 2013). eNRIP1 recruits Cohesin, causing formation of 

chromatin loops which mediates interaction between NRIP1 enhancer and promoters of 

NRIP1 and TFF1 (Figure 8c) (W. Li et al. 2013). 

lncRNAs also promotes gene expression in a transcript-independent manner (Dao et al. 2017; 

Paralkar et al. 2016). Transcription of lncRNA bendr activates an enhancer element (e) 

embedded into its locus. The enhancer element promotes an active chromatin state, 

characterized by H3K4me3 mark, at the promoter of the proximal gene Bend4 (Figure 8d) 

(Engreitz et al. 2016). Furthermore, lncRNAs Uhn and Hdn regulate Hand2 expression (K. M. 

Anderson et al. 2016; Ritter et al. 2019). An enhancer element embedded in Uhn promotes 

transcription of the proximal gene Hand2 when the lncRNA Uhn is transcribed (K. M. 

Anderson et al. 2016). In contrast, chromatin looping mediated by CTCF is required for 

spatial proximity between Hdn promoter and Hand2 regulatory elements. During transcription 

of Hdn, enhancers of Hand2 became unavailable for activation of Hand2 promoters, causing 

inhibition of Hand2 expression (Ritter et al. 2019). Therefore, removal of Hnd or decreased 

transcription of Hnd induces increased expression of Hand2 (Figure 8e) (Ritter et al. 2019). 
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Figure 8. Transcription regulation by long non-coding RNAs 

a.The lncRNA Airn regulates the promoters of two distal genes Slc22a2 and Slc22a3. Airn recruits at 

these promoters the PCR2 complex, which mediates the trimethylation of H3K27, causing gene 

silencing. Furthermore, Airn and the insulin-like growth factor receptor 2 (Igfr2) genes overlaps; thus, 

Airn transcription causes steric hindrance for pol II at the transcription start site of Igfr2, which causes 

Igfr2 silencing. b. lcnRNA and enhancer RNA (eRNA) that are in close proximity, through preformed 

chromatin loops, to protein coding genes (PCGs), recruit chromatin-activating complexes to promoters 

of PCGs to activates their expression. c. lncRNAs and eRNAs can also regulate distal genes, through 

chromatin looping. Upon estrogen receptor (ER) transcription activation, the eNRIP1 is transcribed 

bidirectionally into eRNA which recruits cohesin. Cohesin promotes formation of chromatin loops, 

which mediates interaction between eNRIP1 and promoters of NRIP1 and TFF1 genes. d. 

Transcription of the lncRNA Bendr activates enhancer elements (e) placed within the Bendr locus, 

which promotes deposition of the active histone mark H3K4me3 at the promoter of the Bend4 gene. e. 

lncRNAs Uph and Hdn regulate the Hand2 gene. During transcription of Uph, an enhancer element is 

activated, which promotes Hand2 transcription. Through chromatin looping, Hdn promoter comes in 

spatial proximity to enhancer elements of Hand2. During Hdn transcription, enhancer elements of 

Hand2 become unavailable for Hand2 promoter activation, and Hand2 expression is inhibited. 

Decreased Hdn transcription promotes Hand2 expression.  (Statello et al. 2021a). 

 

Deregulation of lncRNAs have been associated with neurodegenerative diseases, for instance 

BACE1-AS (antisense) promotes BACE1 mRNA stability, which increases amyloid plaques in 

the brain of patients affected by Alzheimer disease (C.-W. Wei et al. 2018; Faghihi et al. 

2010). LncRNAs are also associated with cancer, they are transcriptionally regulated by 

oncogenic or tumor-suppressor transcription factors. For instance, upon DNA damage, p53 

regulates transcription of lincRNA-p21. lincRNA-p21 recruits heterogeneous nuclear 
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ribonucleoprotein K (hnRNPK) leading to repression in trans of target genes (Huarte et al. 

2010). However, lincRNA-p21 regulates gene expression in a transcript-independent manner 

as well, since enhancer elements within the lincRNA-p21 locus activates in cis target genes 

e.g. CDKN1A (Groff et al. 2016). The lncRNA PANDA is induced in a p53 dependent 

manner, PANDA sequesters the transcription factor NF-YA, thereby reducing apoptosis and 

senescence (Hung et al. 2011). lncRNA DINO interacts and promotes tetramerization of p53; 

DINO and P53 co-localize at promoters of target genes e.g. CDKN1A (Schmitt et al. 2016) 

1.4 DNA methylation 

The mammalian genome exhibits high levels of methylation of the fifth carbon of cytosines 

(5-methylcitosine (5mC)) in the context of CpG dinucleotides. In contrast, several eukaryotic 

lineages including animals have lost CpG methylations; for instance, D. melanogaster, C. 

elegans, fission yeast and baker’s yeast do not present any m5C (Raddatz et al. 2013; Zemach 

and Zilberman 2010).  

There are three phases of DNA methylation: establishment (de novo DNA methylation), 

maintenance and demethylation. De novo methylation can occur in any DNA sequence and is 

carried out by the two writer proteins: DNA Methyl Transferase 3A (DNMT3A) and DNA 

Methyl Transferase 3B (DNMT3B), which at their C-terminus have the DNA Methyl 

Transferase domain (MTase domain) (Okano, Xie, and Li 1998; Okano et al. 1999). At their 

N-terminus these enzymes have the chromatin reading domains ADD (ATRX (Alpha 

talassaemia/mental retardation syndrome X-linked homologue)- DNMT3- DNMT3L (DNA 

Methyl Trnasferase 3L)) and PWWP. The inactive DNMT3L protein binds to and regulates 

the function of both DNMT3A and DNMT3B (Ooi et al. 2007; Bourc’his et al. 2001). The 

ADD domain recognizes H3K4 and allows the MTase domain to methylate the DNA (Figure 

9a, right). The CpG rich regions of promoters of actively transcribed genes are excluded of 

methylation because these promoters are enriched in H3K4me3; the ADD domain is repelled 

by methylation in H3K4 (Figure 9a, left) (Piunti and Shilatifard 2016; Yingying Zhang et al. 

2010). In addition, when the ADD does not bind the methylated H3K4, it binds the MTase 

domain causing an auto-inhibition of DNMT3 readers (X. Guo et al. 2015). In contrast, the 

body of actively transcribed genes are enriched in DNA methylation (Lister et al. 2009). 

While transcription takes place, the methyltransferase SETD2 catalyzes H3K36m3, this 

histone mark is recognized by PWWP domain of DNMT3; next, the MTase domain 

methylates the DNA (Figure 9b) (Krogan et al. 2003; X.-J. Sun et al. 2005; Dhayalan et al. 

2010).  
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Maintenance of DNA methylation occurs during DNA replication. It is performed by the 

DNMT1 reader, which work in concert with UHRF1. DNMT1 has a MTase domain and a 

RFTS domain. DNMT1 by itself exists in an autoinhibitory form, where the RFTS domain 

inhibits the MTase domain (Song et al. 2011; Takeshita et al. 2011; Ishiyama et al. 2017). 

UHRF1 has four domains: UBL, TTD, SRA and RING domains. During replication, UHRF1 

brings DNMT1 to the DNA through its UBL domain, which binds the RFTS domain of 

DNMT1. UHRF1 recognizes the hemimethylated CpG dinucleotide through its SRA domain 

at the replication fork and binds to H3K9me2 or H3K9me3 marks by its TTD domain 

(Bostick et al. 2007; Sharif et al. 2007). This is followed by the ubiquitylation of H3 tail by 

the RING domain and the release of UHRF1 from the DNA. Then, the RFTS domain of 

DNMT1 binds the ubiquitylated H3 tail, which releases the autoinhibition of DNMT1 and 

MTase domain catalyzes the CpG methylation in the daughter strand (Figure 9c) (Nishiyama 

et al. 2013; Qin et al. 2015). 

 

Figure 9. Two mechanisms (de novo and maintenance) of DNA methylation 

a-b. De novo DNA methylation carried out by DNMT3A and DNMT3B. c. Maintenance of DNA 

methylation mediated by DNMT1 that works in concert with UHRF1. Adapted from (Greenberg and 

Bourc’his 2019) 
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Active DNA demethylation is performed by Ten-Eleven Translocation (TET) methylcytosine 

dioxygenase enzymes. These enzymes transform 5-methylcytosine (5mC) to 5-

hydroxylmethylcytosine (5hmC), this later is further transformed in 5-formylcytosine (5fC) 

which is then converted into 5-carboxylcytosine (5caC) (S. Ito et al. 2011; Kriaucionis and 

Heintz 2009; Tahiliani et al. 2009). Demethylation of 5fC and 5caC can also occurs trough 

base removal by the thymine DNA glycosylase (TDG) enzyme, which is followed by the base 

excision repair pathway(Y.-F. He et al. 2011; Maiti and Drohat 2011; A. R. Weber et al. 

2016). Methylated CpG readers are composed of methyl-CpG-binding domain (MBD) 

proteins. There are five MBD proteins in mammals: MBD1-4 and MeCP2 (methyl-CpG-

binding protein 2) (Baubec et al. 2013; Nan et al. 1998).  

DNA methylation is frequently associated to transcription repression but in some cases can 

activate transcription. DNA-methylation of CpG dinucleotides at promoters impedes binding 

of transcription factors, thereby repressing transcription (M. Weber et al. 2007; Yin et al. 

2017). In addition, DNA methylation contribute to heterochromatin formation and gene 

silencing by recruiting chromatin remodelers and modifiers through DNMT or MBD proteins. 

For instance, DNMT3 works in complex with chromatin remodeling lymphocyte-specific 

helicase, H3K9 methyltransferases and histone deacetylases to promote heterochromatin 

formation (Tao et al. 2011; Myant et al. 2011; Dennis et al. 2001; Fuks et al. 2001). 

Furthermore, MBDs works in complex with chromatin remodeling and histone deacetylases 

complexes causing gene silencing (H.-H. Ng et al. 1999; Nan et al. 1998). 

However, DNA methylation can also promote transcription activation in two ways. First, 

some transcription factors can bind specific methylated sequences, these transcription factors 

include cell pluripotency factors KLF4 and OCT4, the homeobox proteins HOXB13, KNX 

neural patterning factors and C/EBPα (important for differentiation of keratinocytes)(Yin et 

al. 2017; S. Hu et al. 2013; Rishi et al. 2010). For instance, C/EBPα and KLF4 recruit the 

demethylase TET2 to enhancers during cell-type reprogramming resulting in transcription 

activation (Figure 10a) (Sardina et al. 2018). Second, genes repressed by H3K27me3 mark, 

deposited by PRC2 (polycomb repressive complex 2), does not exhibit methylated CpGs 

(Yuanyuan Li et al. 2018; Statham et al. 2012). However, binding of DNMT3 to these genes 

repels the PRC2 complex, thereby H3K27me3 is lost leading to transcription activation 

(Figure 10b) (H. Wu et al. 2010; Ziller et al. 2018). For instance, human FOXA gene is 

regulated in that fashion during endoderm development (Bahar Halpern, Vana, and Walker 

2014).  Similarly, in mice Zdbf2, gene is activated by PRC2-DNA methylation switch during 
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development, otherwise Zdbf2 gene remains inactivated forever causing reduced body size 

(Greenberg et al. 2017). 

 

Figure 10. CpG DNA methylation promotes transcription. 

a. Recruitment of some transcription factors to DNA methylated regulatory regions activates 

transcription. b. DNA methylation-mediated eviction of PRC2 from regulatory regions activates 

transcription. Adapted from (Greenberg and Bourc’his 2019) 

 

The mammalian genome is CpG poor. However, over two-thirds of promoters contains CpG 

islands (CGI) (Larsen et al. 1992). Most inactive CGI promoters contains H3K27 methylation 

mediated by PRC2 (Marasca, Bodega, and Orlando 2018). However, there are three classes of 

genes that are life-long silenced by DNA methylation: genes on the X-inactive chromosome, 

imprinted genes and germline-specific genes. X-chromosome inactivation (XCI) is randomly 

selected and silenced by the non-coding RNA X-inactive specific transcript (Xist) (Grant, 

Zuccotti, and Monk 1992). SMCHD1 is required to condense the chromatin that undergoes 

silencing (Blewitt et al. 2008). Next methylation of the associated CpG island by DNMT3B 

(in mice) locks the XCI (Figure 11a) (Gendrel et al. 2012).  

Parental germlines contain imprinting control regions (ICRs) (Proudhon et al. 2012). In the 

oocyte, ICRs are genomic regions enriched in CpGs, they bear the sequence motif TGCCGC 

and they are methylated (Quenneville et al. 2011). During oocyte growth, DNA methylation 

of gene bodies and intergenic CGIs, is accomplished by DNMT3A/DNMT3L in a 

transcription dependent manner. During early embryogenesis there is a global DNA 

methylation erasure and re-establishment, but ICRs withstand DNA methylation 

reprogramming and force mono-allelic expression of neighboring genes. Methylated ICRs is 

recognized by ZFP57 which recruits KAP1, DNMTs and other silencing factors to maintain 

allele-specific methylation post-fertilization (Figure 11b) (Messerschmidt et al. 2012). 
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Methylation of CGI-containing promoters of germline specific genes promotes their 

repression. It is proposed that a Polycomb repressive complex 1 (PRC1) variant PRC1.6 is 

recruited to these promoters to repress them (Stielow et al. 2018; Endoh et al. 2017). PCR1.6 

recruits GLP/G9A complex that catalyzes H3K9me2 mark. Next, PRC1.6 is released. The 

H3K9me2 histone mark promotes the recruitment of DNMT3B that performs DNA 

methylation at the onset of somatic differentiation (Figure 11c) (Velasco et al. 2010).   

 

Figure 11. Methylation of CpG island (CGI)-containing promoters. 

a. X chromosome inactivation (XCI) by XIST RNA requires SMCHD1. Lastly methylation of a linked 

CpG island by DNMT3B locks the XCI. b. In the oocyte, imprinted control regions (ICRs) are 

methylated and recruits ZFP57, KAP1 and another silencing factor. Thereby methylated ICRs 

withstand DNA methylation reprograming during early embryogenesis c. Model of repression of 

germline-specific genes by CGI DNA methylation at their promoters. Adapted from (Greenberg and 

Bourc’his 2019) 

The main targets of mammalian DNA methylation are retrotransposons to silence them 

(Yoder, Walsh, and Bestor 1997). In mice, DNMT3C is a de novo methylation enzyme that is 

expressed in male fetal germ cells (Barau et al. 2016). DNMT3C methylates promoters of 

transposable elements in concert work with piwi interacting RNAs, thereby causing their 

transcriptional repression (Aravin et al. 2008). DNA methylation is also observed in gene 

bodies. Two hypothesis have been proposed about its function. First, it facilitates 

transcriptional elongation and co-transcriptional splicing (Shukla et al. 2011; Gelfman et al. 

2013; Maunakea et al. 2013). Second, it represses intragenic cryptic promoters (Neri et al. 

2017; Maunakea et al. 2010).  
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DNA methylation has been observed to change during development (Figure 12). Post 

fertilization, the zygote (one-cell stage embryo) losses gamete-specific DNA methylation 

patterns as it progresses to pluripotency, this is achieved in two phases. First, from 

fertilization to the two-cell stage, an active demethylation, primarily of the paternal genome, 

is mediated by TET3 (Iqbal et al. 2011; Gu et al. 2011). Second, from the two-cell stage to the 

blastocyst stage, the two parental genomes are passively demethylated, i.e. DNA methylation 

is diluted in a DNA replication dependent manner, since the DNMT1 is excluded from the 

nucleus (Howell et al. 2001). However, imprinted control regions (ICR) and transposable 

elements retain the inherited DNA methylation (Lu Wang et al. 2014). During post blastocyst 

implantation, levels of CpG methylation increases due to DNMT3A, DNMT3B and DNMTL. 

In the epiblast, some cells specialize to primordial germ cells (PGCs), they undergo a two-

step demethylation. First a passive demethylation (Guibert, Forné, and Weber 2012; Vincent 

et al. 2013). Second, an active demethylation mediated by TET1 and TET2 which affects 

mainly germline-specific genes and imprinted control regions (ICR) as a prerequisite for male 

and female germline differentiation (Hackett et al. 2013). However, retrotransposons still 

retain inherited DNA methylation (Lane et al. 2003). Finally, the male gamete become highly 

methylated (80% of CpG methylation) before birth due to DNMT3A and DNMT3L (Lu 

Wang et al. 2014). The genome oocyte reaches 50% of CpG methylation (mostly at gene 

bodies) post meiosis and before ovulation through DNMT3A (Smallwood et al. 2011; 

Kobayashi et al. 2012). The hypomethylation in oocytes is associated with the sequestration 

of DNMT1 in the cytoplasm (Yingfeng Li et al. 2018). 

 

Figure 12. DNA methylation erasure and establishment in development 

Two phases (passive and active) of global DNA demethylation are undergone by the zygote and cells 

acquiring germline identity. The active phase in the zygote is mediated by TET3, while in germline 

specification is mediated by TE1 and TET2. The blastocyst (post implantation) and primordial germ 

cells (PGCs) undergoes reimplantation of DNA methylation mediated by DNMT3. Adapted from 

(Greenberg and Bourc’his 2019) 
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Several diseases are associated to mutations in writers and TET2 eraser of DNA methylation. 

For instance, heterozygous mutations in DNMT1 have been identified in autosomal-dominant 

forms of progressive cognitive and behavioral deterioration, which include: hereditary 

sensory autonomic neuropathy 1E (HSAN1E) and autosomal-dominant cerebellar ataxia, 

deafness and narcolepsy (ADAC-DN) (Klein et al. 2011; Winkelmann et al. 2012). In 

HSAN1E mutations cluster in the N-terminal and middle part of the RSTF domain of 

DNMT1 (Klein et al. 2011). While in ADAC-DN, mutations cluster in the C-terminal part of 

the RFTS domain (Winkelmann et al. 2012). 

Recessive mutations in DNMT3B, that reduces its catalytic activity, causes the 

immunodeficiency, centromeric instability and facial abnormalities (ICF) syndrome. A 

hallmark of ICF is hypomethylation of centromeric repeats (Ueda et al. 2006). Heterozygous, 

germlines mutations of DNMT3A are associated with growth abnormalities. Missense, gain-

of-function mutations in the PWWP domain of DNMT3A is associated with microcephaly 

and dwarfism (Heyn et al. 2019). These mutations affect the interaction of DNMT3A with 

histone mark H3K36me3. In contrast, heterozygous, haploinsufficiency mutations of 

DNMT3A causes Tatton-Brown-Rahman syndrome (TBRS also known as overgrowth 

syndrome); it is characterized by macrocephaly and intellectual disability (Tatton-Brown et al. 

2014). Furthermore, loss-of-function missense mutation (R882) in the MTase domain of 

DNMT3A is observed in 15~35% of acute myeloid leukemia (Russler-Germain et al. 2014). 

Mutations in TET2 are common in hematological malignances, including acute myeloid 

leukemia, chronic myelomonocytic leukemia, lymphomas and myeloproliferative neoplasms 

(Langemeijer et al. 2009; M. Ko et al. 2010; Rasmussen et al. 2015). 

1.5 Histone modifications 

The amino-terminal tail of histones is mainly targeted by modifications including 

methylation, phosphorylation, acetylation and others. Histone acetylation is generally 

associated with transcriptional activation; in contrast, depending on the position of the lysine 

methylated, histone methylation associates with different chromatin states. Histone 

modification either favors or impedes the recruitment of effector proteins. 

1.5.1 Histone methylation 

The most studied histone methylations occur at histone H3 and H4, they include methylation 

at position H3K4, H3K9, H3K27, H3K36, H3K79 and H4K20. Di and trimethylations of 

H3K4, H3K36 and H3K79 are associated to gene activation. H3K4me3 marks gene promoters 
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and H3K36m2/m3 and H3K79m2/m3 methylation mark gene bodies (Z. Wang et al. 2008; 

Bannister et al. 2005; Barski et al. 2007). H3K4me1 is an activating mark of enhancers 

(Heintzman et al. 2007). H3K9 and H3K27 methylations are repressive marks (Bernstein et 

al. 2005). H3K9me3 is characteristic of heterochromatin, while H3K9me2 is present in silent 

or lowly expressed genes (Peters et al. 2003; J. C. Rice et al. 2003). 

There are several writers of histone lysine methylations. H3K4 methylations is catalyzed by 

the COMPASS family (Krogan et al. 2002; Miller et al. 2001). Conserved subunits of each 

COMPASS complex important for their assembly include WDR5, RBBP5, ASH2L and 

DPY30 proteins (Ali and Tyagi 2017; Ernst and Vakoc 2012). The catalytic subunit of each 

member of the COMPASS family contains a SET domain. Several catalytic subunits have 

been identified, leading to the formation of different COMPASS complexes (Cenik and 

Shilatifard 2021). The subunit SET1A and SET1B catalyze demethylation and trimethylation 

of H3K4 (H3K4me2 and H3K4me3) throughout the genome (J.-H. Lee and Skalnik 2005; J.-

H. Lee et al. 2007). MLL1/MLL2-COMPASS family catalyzes H3K4 methylations at 

promoters of developmental genes. They differ from the set-COMPASS complexes by the 

presence of Menin in place of Wdr82. MLL1-COMPASS mediates H3K4me2 at CpG islands 

and catalyzes H3K4me3 at promoters of developmental genes, e.g. the Hox cluster (P. Wang 

et al. 2009; Rickels et al. 2016). MLL2-COMPASS complex catalyzes H3K4me3 at bivalent 

promoters (D. Hu, Garruss, et al. 2013). Bivalent chromatin state exhibit both the activating 

and repressing histone marks H3K4me3 and H3K27me3, respectively (Bernstein et al. 2006). 

The bivalent chromatin state maintains chromatin in a poised state, which is important for 

proliferation, this state being resolved during differentiation (Mikkelsen et al. 2007). The 

MLL3/4-COMPASS family monomethylates H3K4 (H3K4me1) at enhancers (D. Hu, Gao, et 

al. 2013). These complexes have four more subunits compared to the rest of COMPASS 

complexes: UTX (demethylase of H3K27), PTIP, PA1 and NCOA6 (Schuettengruber et al. 

2017). Active enhancers exhibits both histone marks H3K4me1 and H3K27ac, while poised 

enhancers contain H3K4me1 marks (D. Hu, Gao, et al. 2013). It is believed that UTX may 

facilitate the transition from a poised to an active enhancer through demethylation of 

H3K27me3 which then can be acetylated. MLL1, MLL2 and CXXC1 (from the SET1A- and 

SET1B-COMPAS complexes) contains the CXXC1 domain that mediates their interactions to 

non-methylated CpG islands (Lu Wang et al. 2017). Furthermore, the transcription factor 

OCT4 can recruits the SET1A-COMPASS complex and RNA polymerase II recruits the 

MLL1-COMPASS complex (L. Fang et al. 2016, 4; Muntean et al. 2010). Furthermore, 



32 

 

H4K16ac catalyzed by the MOF acetyltransferase, mediates the recruitment of the MLL4 

complex to chromatin (Yi Zhang et al. 2019). Histone variant H2A.Z recruits 

methyltransferases complexes containing MLL1, MLL2, MLL3 and MLL4 (G. Hu et al. 

2013). 

Polycomb repressive complex 2 (PRC2) mediates the monomethylation, dimethylation and 

trimethylation of histone 3 at lysine 27 (H3K27me1, H3K27me2, H3K27me3). PRC2 core 

subunit is formed by four subunits: EED, SUZ12, EZH1 or EZH2 (they form the catalytic 

component of PRC2) and the RB binding protein 4 (RBBP4) or RBBP7 (R. Cao and Zhang 

2004; Pasini et al. 2004; Piunti and Shilatifard 2016). Additional components such as 

JARID2, PCL1, PCL2 and PCL3 can join the core subunit which lead to formation of PRC2 

variants, the additional components modulating the recruitment of PCR2 to and its activity on 

chromatin (van Mierlo et al. 2019). New additional components of the PRC2 complex have 

been identified including EPOP, PALI1, PALI2 and CATACOMB (Alekseyenko et al. 2014; 

Grijzenhout et al. 2016; Pajtler et al. 2018; Piunti et al. 2019). PCL proteins contain a Tudor 

domain that recognizes H3K36me3. It is believed that demethylases removed this mark upon 

PRC2 recruitment. That would explain why H3K36me3 is absent at PRC2 binding sites 

(Brien et al. 2012; Ballaré et al. 2012). Furthermore, PCL proteins contains at their N-

terminus a region that is important for the binding of PRC2 to unmethylated CpGs (Haojie Li 

et al. 2017). There are two variants of PRC2 complex, the PRC2.1 and PRC2.2. The PRC2.1 

has two mutually exclusive variants: the EPOP-containing PRC2.1 and the PALI-containing 

PRC2.1 variants; the PRC2.2 contains the JARID2 and AEBP2 subunits (Piunti and 

Shilatifard 2021). PRC2 core subunits are required for mammalian development, mice 

depleted in each of these genes encoding PRC2 core subunits die around the gastrulation state 

(Schumacher, Faust, and Magnuson 1996; O’Carroll et al. 2001; Pasini et al. 2004). 

H3K9me3 is mediated by SUV39H1 and SUV39H2 at pericentromeric heterochromatin, 

while H3K9me1 and H3K9me2 are mediated by Ga9 and GLP in euchromatin (Peters et al. 

2001; J. C. Rice et al. 2003). H3K79 methylation is catalyzed by DOT1 (van Leeuwen, 

Gafken, and Gottschling 2002). The SET domain bears the catalytic activity of these 

methyltransferases, however DOT1 does not present a SET domain (Q. Feng et al. 2002). 

Erasers of lysine methylations containing a LSD1 domain catalyze the removal of mono- and 

di-methylated H3K4 and H3K9 (Y. Shi et al. 2004; Metzger et al. 2005). Demethylases 

containing a jumonji domain demethylates mono-, di- and trimethylated lysines (Tsukada et 

al. 2006; Whetstine et al. 2006; Klose et al. 2006). Lysine methylation is recognized by 
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several domains including: chromodomain, MTB, PWWP, Tudor domain, plant 

homeodomain (PHD), zinc-finger and WD-repeat domain (Peña et al. 2006). 

Histone methylations can play different roles. During cell differentiation and lineage 

specification, cells lose one histone mark in specific regions, which causes gene activation or 

repression. For instance, during neuronal differentiation, H3K27me3 is lost from neuronal 

gene promoters, while in mouse embryonic fibroblast H3K27me3 is retained and H3K4me3 is 

lost (Mikkelsen et al. 2007; Bernstein et al. 2006). MLL1 is important for HoxA and HoxC 

expression, anteroposterior skeletal patterning, and hematopoiesis (P. Wang et al. 2009; 

Terranova et al. 2006; Hanson et al. 1999). MLL2 has been shown to be important HoxB 

cluster expression and for development of male and female germ cells (Glaser et al. 2006; 

2009; Andreu-Vieyra et al. 2010). Inactivating mutations of MLL3 and MLL4 in mice show 

defects in adipogenesis and myogenesis (J.-E. Lee et al. 2013). Furthemore, facultative 

heterochromatin is regulated by polycomb proteins, which silences genes encoding 

developmental regulators (Piunti and Shilatifard 2021). Constitutive heterochromatin 

regulates telomers, pericentromeres, transposable elements and virus-derived sequences 

(Allshire and Madhani 2018; Grewal and Jia 2007). Heterochromatin is characterized by the 

presence of H3K9 methylation and the absence of lysine acetylation (Allshire and Madhani 

2018; Grewal and Jia 2007). In addition, heterochromatin associates with transcriptional 

silencing: H3K9me3 and HP1 participates in the formation of higher-order chromatin 

structure through liquid-liquid phase-separated compartments formation (Sanulli et al. 2019; 

Liang Wang et al. 2019). 

Mutations in methylation writer proteins are associated to neurologic disorders. Mutations in 

components of the COMPASS family are associated to neurodevelopmental disorders 

(NDDs) characterized by intellectual disabilities, epileptic seizures and schizophrenic 

disorders. Loss of function mutation in SET1A is associated to schizophrenia (Takata et al. 

2014). Mutations in SET1B are associated to intellectual disability, epilepsy (Hiraide et al. 

2018). The Kabuky syndrome characterized by intellectual disability, skeletal and dental 

defects is caused by mutations in MLL4 (S. B. Ng et al. 2010, 2; Cocciadiferro et al. 2018). 

Mutations in MLL3 have been identified in autism spectrum disorders and the Kleesfstra 

syndrome, which is characterized by intellectual disability (Kleefstra et al. 2012; De Rubeis et 

al. 2014). MLL1 mutations causes the Wiedemann-Steiner syndrome characterized by 

intellectual disability, short stature and hypotonia (Strom et al. 2014). Mutations in PRC2 
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subunits causes the Weaver syndrome, which is characterized by pediatric overgrow and 

intellectual disability (Tatton-Brown et al. 2013). 

Mutations in methylation writer proteins are associated to cancer as well. Mutations in MLL2 

has been identified in patients with childhood-onset dystonia (E. Meyer et al. 2017, 2). MLL1 

fusion proteins, produced from chromosomal translocations, has been identified in 10% of 

leukemias (Mohan et al. 2010; Rowley 1998). Loss of function mutations in MLL2, MLL3 

and MLL4 are associated to cancer. Mutations in MLL2 has been identified in breast and 

colorectal cancers. MLL4 mutations is associated to lymphomas (Morin et al. 2011). MLL3 

mutations has been observed in bladder and lung cancers (Lawrence et al. 2014). In follicular 

germinal center B cell lymphomas, an activating mutation of EZH2 increases the H3K27me2 

and H3K27me3 activity of the PRC2 complex (Morin et al. 2010; Sneeringer et al. 2010). 

Diffuse intrinsic pontine gliomas show low levels of H3K27me3, these cells express 

CATACOMB which is an inhibitor of PRC2 complex (Pratt et al. 2020). CATACOMB is also 

expressed in posterior fossa type A (PFA) ependimomas (Pajtler et al. 2018; Bayliss et al. 

2016). PRC2 subunits also act as tumor suppressors, for instance in malignant peripheral 

nerve sheath tumors (MPNST) which is characterized by absence of H3K27me2 and 

H3K27me3 (W. Lee et al. 2014). 

1.5.2 Histone acetylation 

Lysine acetylation levels are regulated by the interplay between both lysine acetyltransferases 

(KATs) and histone deacetylases (HDACs). KATs deposit acetylation marks in the ε-amino 

moiety of lysine residues, therefore known as acetyl writer. HDACs remove the acetyl mark, 

therefore known as acetyl eraser.  

1.5.2.1 Lysine acetyltransferases (KATs) 

KATs transfers the acetyl moiety from an acetyl-CoA molecule to a lysine residue on histone 

and non-histone proteins (Figure 13a). 37 human proteins have been reported to have histone 

acetyltransferase activity. They are classified into different families, the best studied KAT 

families being the MYST, p300/CBP and GCN5/PCAF families. Other KATs that do not 

belong to this families are: ATAT1, which acetylates α-tubulin, and ESCO1 and ESCO2 

which acetylate the SMC3 subunit of the cohesin complex (Hou and Zou 2005; Shida et al. 

2010). KATs are part of complexes, for instance the MOZ/KAT6B-ING5, HBO1-JADE, 

TIP60/p400, MOF-NSL, MOF-MLS, GCN5/ PCAF-SAGA and GCN5/PCAF-ATAC 

complexes (Figure 13b-h). 
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Acetylation at specific positions of histones in promoters, enhancer and the gene body have 

been shown to promote transcription. Promoters of actively transcribed genes are enriched in 

histone acetylation: H3K9ac, H2AK9ac, and H3K56ac (Z. Wang et al. 2008; Rajagopal et al. 

2014). Accordingly, MOF, GCN5 and MOZ-ING5 complexes co-localize to promoters and 

activate transcription (Figure 14) (Ravens et al. 2014; Govind et al. 2007; Voss et al. 2012). 

Interactions between promoters and enhancers regulate transcription, active enhancer-

promoter pairs being enriched in H3K27ac (Heintzman et al. 2009). Furthermore, p300 and 

CBP locate to active enhancers (Hnisz et al. 2013; Visel et al. 2009). These two KATs do not 

belong to defined complexes. It is believed that transcription factors recruit p300 and CBP to 

enhancer and promoters (Tang et al. 2013; Mujtaba et al. 2004). In addition, enhancer RNAs 

(eRNAs) have been shown to increase the activity of CBP leading to the deposition of 

H3K18ac and H3K27ac, thereby establishing an active enhancer state (Figure 14) (Bose et al. 

2017). To allow the passage of Pol-II, the main body of genes are maintained in an open, 

transcriptionally permissive state through histones acetylation: H2AK5ac, H2BK5ac, 

H3K14ac and H3K23ac (Rajagopal et al. 2014). The GCN5-SAGA complex has been shown 

to acetylate H3 in gene bodies and the HBO1 complex mediates acetylation of H3K14ac 

(Figure 14) (Govind et al. 2007; Z. Wang et al. 2008; Kueh et al. 2011; Saksouk et al. 2009). 

KATs work in collaboration with other chromatin modifying complexes. This crosstalk is 

mediated by domains found in chromatin complexes that can read different histone marks. For 

instance, the H3K4 methylation is catalyzed by the MLL family proteins that are associated 

with promoters of actively transcribed genes. KAT complexes (MOZ, KAT6B, HBO1, MOF-

NLS, TIP60, GCN5 and PCAF) contains chromodomains and Tudor domains that can bind 

demethylated and trimethylated H3K4 (H3K4me2 and H3K4me3) histone marks. In 

hematopoietic progenitor cells, MLL mediates the recruitment of MOZ to HOX loci, leading 

to increased expression of HOX genes (Paggetti et al. 2010). In fibroblasts, MLL and MOF 

interact and regulate the expression of Hoxa9. (Dou et al. 2005). Furthermore, the YEATS 

domain is another example that mediates a crosstalk between chromatin complexes. TIP60 

complex has the YEATS4 domain that can recognize acetylated H3 residues: H3K14ac, 

H3K27ac, H3K27ac-H3K18ac and H3K27ac-H3K23ac pairs (H. J. Cho et al. 2018; Hsu et al. 

2018). 
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Figure 13.Acetylated positions in histones and major lysine acetyltransferases (KATs) 

a. Acetylation sites on canonical histones (H2A, H2B, H3 and H4). b-h. Depiction of major lysine 

acetyltransferase (KAT) complexes: b. MOZ/KAT6B-ING5, c. HBO1-JADE, d. TIP60, e. MOF-NSL, 

f. MOF-MSL, g. GCN5/PCAF-SAGA, and h. GCN5/PCAF-ATAC. Different domains for protein 

interaction and crosstalk between complexes are depicted: bromodomains, chromodomains, zinc-

finger, PWWP, Tudor, WD40 and YEATS domains. Ac, acetylated; bu, butyrylated; cr, crotonylated; 

Erα, estrogen receptor alpha; MCM2, mini-chromosome maintenance protein 2; me, methylated; N-

term, amino-terminal; pr, propionylated; su, succinylated; TRIP-Br, transcriptional regulator 

interacting with the PHD-bromodomain proteins; un, unmodified    (Sheikh and Akhtar 2019). 
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KATs activate transcription in a context- and cell type-specific manner. For instance, the 

MOZ complex regulates heart development by activating the expression of transcription 

factors Tbx1 and Tbx5 (Voss et al. 2012). During B cell development, MOZ maintains the 

proliferation of progenitor cells by activating the expression of Meis1 and Hoxa9. (Sheikh et 

al. 2015). MOZ regulates T cell functions as well by acetylating the CD8 locus and CD8 

enhancer (Newman et al. 2016). Depletion of GCN5-SAGA and MOF causes abnormalities in 

the anterior-posterior patterning in the developing embryo (W. Lin et al. 2008; Voss et al. 

2009). GCN5 and retinoic acid stablish a correct pattern of the diencephalon (Wilde et al. 

2017). 

 

Figure 14.Histone acetylated in promoters, enhancers and gene bodies 

Main lysine acetyltransferases and their substrates. P300 and CBP acetylates H2B, H3K18 and H3K27 

at active enhancers and promoters. Transcription of enhancer RNAs enhances CBP acetylation 

activity. MOF acetylates H4K16 at promoters. MOZ and KAT6B are thought to acetylate H3K9 and 

H3K23, while GCN5 and PCAF acetylates H3K9 at promoters of active genes. In gene bodies, GCN5 

and PCAF are thought to acetylate H3, and HBO1 acetylates H3K14. KATs also acetylates 

transcription factors, transcription initiation complexes (like the mediator) and chromatin remodelers 

(Sheikh and Akhtar 2019). 

 

There is an interplay between acetylation and metabolism. Acetyl-CoA is produced from the 

breakdown of dietary energy sources. Therefore, levels of acetyl-CoA changes depending on 

nutrient availability (Mariño et al. 2014; Pietrocola et al. 2015). Acetyl-CoA can be produced 

in mitochondria, cytoplasm and the nucleus (Sadoul et al. 2011). In mitochondria, acetyl-CoA 
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is produced from the breakdown of fatty acids and amino acids. Furthermore, pyruvate 

(derived from glucose) and acetate are converted into Acetyl-CoA by the enzymes Pyruvate 

Dehydrogenase Complex (PDC) and Acetyl-CoA Synthetase Short Chain 1 (ACSS1) 

respectively (Sutendra et al. 2014; Fujino et al. 2001). In the cytoplasm, acetate and citrate (an 

intermediate product from the Tricarboxylic (TCA) cycle that takes place in mitochondria) 

can be converted into acetyl -CoA by ACSS2 and the ATP Citrate Lyase (ACL) respectively 

(Schug et al. 2015; Zaidi, Swinnen, and Smans 2012). The three major precursors of Acetyl-

CoA (pyruvate, acetate and citrate) can diffuse into the nucleus and can be processed into 

Acetyl-CoA by the enzymes PDC, ACSS2 and ACL (Wellen et al. 2009; Sutendra et al. 2014; 

Mews et al. 2017; Comerford et al. 2014). High levels of acetyl-CoA triggers increased 

acetylation of mitochondrial, cytoplasmic and nuclear proteins.  Increased acetylation 

activates genes associated to growth and energy storage in lipids, whereas genes associated 

with autophagy are repressed (Wan et al. 2017). However, under starvation conditions, global 

levels of acetylation are decreased, which leads to reduced protein acetylation and activation 

of NAD+ dependent lysine deacetylases known as Sirtuins (SIRT) (Mariño et al. 2014).  

Transcription factors regulating metabolic pathways, such as C/EBPα, CRTC2, PGC1α and 

FXR, are regulated by acetylation (Zaini et al. 2018; Yi Liu et al. 2008; Lerin et al. 2006; 

Kemper et al. 2009). High concentration of glucoses triggers acetylation of C/EBPα by p300; 

in contrast, in low glucose concentration C/EBPα is deacetylated by SIRT1 (Zaini et al. 

2018). Deacetylation of C/EBPα induces expression of genes involved in mitochondrial 

biogenesis, which leads to increase in ATP production in conditions of low glucose levels 

(Zaini et al. 2018). In fed conditions, GCN5 acetylates PGC1α, which inhibits PGC1α activity 

(Lerin et al. 2006).  

KATs can also use other acyl-CoA molecules (propionyl-CoA, crotonyl-CoA, butyryl-CoA 

and succinyl-CoA) to modify ε-lysine residues (Figure 15). CBP and p300 can catalyze 

propionyalation, chrotonylation and butyrylation, though with reduced efficiency compared to 

acetylation (Y. Chen et al. 2007; Xiaoguang Liu et al. 2017; Sabari et al. 2015). MOF can 

catalyze propionylation and crotonylation (Xiaoguang Liu et al. 2017; Han et al. 2018). 

GCN5 can catalyze succinylation (Yugang Wang et al. 2017). MOZ, HBO1 and PCAF 

catalyze propionylation (Leemhuis et al. 2008; Han et al. 2018). Furthermore, acylated lysine 

residues can also be detected by readers domain. For instance, PHD finger domain of MOZ 

can bind crotonylated H3K14 (X. Xiong et al. 2016).  
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Figure 15. Acylations mediated by KATs 

Different acyl-chain modification of lysines are mediated by KATs. CBP and p300 mediates 

propionylation, crotonylation and butyrylation. MOF mediates propionylation and crotonylation. 

GCN5 catalyzes succinylation, while HBO1, MOZ and PCAF mediates propionylation. The PHD 

finger domain of MOZ has affinity for crotonylated H3K14. Bromodomains have affinity for 

propionylated lysines. Bromodomains of TAF1, BRD8 and CERC2 have affinity for butyrylated 

lysines; the second bromodomain of TAF1 binds crotonylated lysines (Sheikh and Akhtar 2019). 

 

Mutations in genes encoding KATs such as CBP, EP300, MOZ, KAT6B, and ESCO2, lead to 

developmental disorders, characterized by intellectual disabilities and developmental delay 

(Petrif et al. 1995; Roelfsema et al. 2005; Tham et al. 2015; Clayton-Smith et al. 2011; Vega 

et al. 2005). In addition, several other symptoms are also present like cardiac, craniofacial, 

genital and behavioral disorders. Furthermore, KATs can act as a tumor suppressor or 

oncogene, it depends on the type of cancer and KAT mutation. Translocations involving one 

or more KATs are pro-tumorigenic (Largeot et al. 2016; Huntly et al. 2004). Furthermore, 

MOZ is amplified in several cancer types (Zack et al. 2013). It is proposed EP300, CBP and 

TIP60 act as tumor suppressors (Mullighan et al. 2011; Gorrini et al. 2007; Peifer et al. 2012). 

In addition, MOF is expressed at low levels in different cancer types such as breast, ovarian, 

colorectal, renal, gastric and hepatocellular cancers (Pfister et al. 2008; Cai et al. 2015; L. Cao 

et al. 2014; Zhu et al. 2015; J. Zhang et al. 2014).  

1.5.2.2 Histone deacetylases (HDACs and Sirtuins) 

18 HDACs have been identified in mammalian cells. They are divided into four classes (I-

IV): Class I (HDAC 1, 2, 3, 8), class IIa (HDAC 4, 5, 7, 9), class IIb (HDAC 6 and 10), class 



40 

 

III (Sirtuin 1-7) and class IV (HDAC 11). HDACs can be further divided into two families 

based on the deacetylase domain and cofactor dependence: The histone deacetylase family 

and the Sirtuin family. Class I, II and IV form the Histone deacetylase family that is 

dependent on a Zn2+ ion for their catalytic activity. Class III forms the Sirtuin family that 

depend on NAD+ for their catalytic activity (Figure 16) (Gregoretti, Lee, and Goodson 2004).  

Class I HDACs are ubiquitously expressed and predominantly located in the nucleus. HDAC1 

and HDAC2 are part of repressor complexes: SIN3, MiDAC, NuRD, and CoREST (Laherty 

et al. 1997; Xue et al. 1998; Ballas et al. 2001; Bantscheff et al. 2011). HDAC3 forms part of 

co-repressor complexes: NCOR1 and SMRT1 (Matthew G. Guenther et al. 2000; M. G. 

Guenther, Barak, and Lazar 2001). In contrast, HDAC8 is not part of a complex (Gregoretti, 

Lee, and Goodson 2004). Class II HDACs are found mainly in the cytoplasm and their 

deacetylase domain is located at their C-terminus. Class IIa HDACs have at their N-terminus 

a binding site for the DNA-binding transcription factor MEF2. They also have 

phosphorylation sites for 14-3-3 proteins binding (X.-J. Yang and Grégoire 2005; Parra and 

Verdin 2010). Class IIa HDACs form part of the of NCOR1 and SMRT1 co-repressor 

complex as well (Fischle et al. 2002). Because of a substitution in Class IIa HDACs of the 

catalytic tyrosine into histidine, these HDACs exhibit very low catalytic activity, and are 

rather thought to have a scaffolding role (Fischle et al. 2002). Class IIb HDACs have retained 

a catalytic tyrosine and exhibit an extension at their C terminus known as tail domain. 

Furthermore, HDAC6 shows two deacetylase domains and a C-terminal zinc finger ubiquitin-

binding domain, which is important for transport of misfolded proteins to the aggresome 

(Kawaguchi et al. 2003). HDAC10 exhibits one deacetylase domain and a leucine rich repeat 

domain at its C-terminus, HDAC10 is an acetylspermidine deacetylase (Hai et al. 2017). Class 

IV HDACs, is composed by HDAC11 which has a defatty-acylase activity (Gao et al. 2002; J. 

Cao et al. 2019). 

The class III KDACs are Sirtuins that are localized in different compartments, such as the 

nucleolus (SIRT7), the nucleus (SIRT1 and SIRT6), the cytoplasm (SIRT2) and in 

mitochondria (SIRT3, SIRT4 and SIRT5) (Houtkooper, Pirinen, and Auwerx 2012). SIRT4, 

SIRT5 and SIRT6 have a deacylation rather than a deacetylation activity. SIRT4 removes acyl 

moieties from methylglutaryl-, hydroxymethylglutaryl- and 3-methylglutaconyl-lysine (K. A. 

Anderson et al. 2017). SIRT5 is a desuccinylase, demalonylase and deglutarylase (C. Peng et 

al. 2011; J. Park et al. 2013; M. Tan et al. 2014). SIRT6 removes long-fatty acid acyl group 

from lysine residues (Jiang et al. 2013). 
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Figure 16. Histone deacetylases (HDACs) classification 

Schematic representation of human HDACs. Mammalian class I, II and IV are Zn+-dependent 

HDACs; while Class III are NAD+-dependent HDACs called Sirtuins. Class I, HDAC1 and HDAC2 

are catalytic subunits of the SIN3, MIDAC, NuRD, CoREST co-regulator complexes. HDAC3 is the 

catalytic subunit of the NCOR1 and SMRT complexes. HDAC3 associates with class IIa HDACs 

proteins. HDAC8 does not form part of a complex. Class II HDACs contains binding sites for MEF 

and 14-3-3 proteins, they have a role in nuclear-cytoplasmic transport. HDAC6 contains a zinc-finger 

motif, which is used for the transport of misfolded proteins. Class IV, HDAC11 interacts with 

HDAC6. Within class III HDACs, SIRT1, SIRT6 and SIRT7 are nuclear proteins. SIRT3, SIRT4 and 

SIRT5 have mitochondrial and SIRT2 cytoplasmic localization. SIRT3, SIRT4 and SIRT5 have 

deacylase activity rather than deacetylase activity (Ellmeier and Seiser 2018) 

 

1.6 Zn-dependent HDAC catalytic mechanism 

The proposed HDAC catalytic mechanism is based on HDAC8 structural and biochemical 

studies. Within HDAC8 active site a catalytic Zn2+ ion is coordinated by one histidine (H180), 

two aspartates (D178 and D267) and two water molecules (Vannini et al. 2004; Somoza et al. 

2004). Upon substrate binding, the acetylated moiety of the acetylated lysine substrate 

replaces one water molecule, coordinates to Zn2+ and accepts a hydrogen bond from the 

catalytic tyrosine (Y306) (Vannini et al. 2007). The Y306 might undergo a conformational 

change from an out- conformation to an in-conformation to accommodate the substrate 

binding (Decroos et al. 2015). Histidine 143 (H143) acts as a general base, to assists the Zn2+ 
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in activating the water molecule; while His142 remains protonated throughout the catalytic 

cycle (Gantt et al. 2016). Both H142 and His143 hydrogen bond the zinc-bound water 

molecule to correctly position the zinc-bound water molecule for nucleophilic attack. Next, 

the carbonyl group of the acetylated lysine undergoes a nucleophilic attack by the zinc-bound 

water molecule, leading to the formation of a tetrahedral intermediate (Porter and 

Christianson 2017). Upon proton transfer from H143 (acting as a general acid) to the leaving 

amino group, the tetrahedral intermediate collapses yielding a lysine and acetate (Figure 17) 

(Gantt et al. 2016). 

 

Figure 17. Catalytic mechanism of Zn-dependent HDACs 

Catalytic mechanism of acetyl lysine hydrolysis as proposed for HDAC8. In the active site of HDAC8, 

the zinc ion is coordinated by D178, H180 and D267 and two water molecules. Upon entrance of the 

acetyl-lysine substrate, the acetyl group replaces one water molecule and hydrogen bonds to Tyr306 

hydroxyl. H143 activates the remaining water molecule, which then performs a nucleophilic attack on 

the carbonyl of the acetylated lysine, leading to formation of a tetrahedral intermediate. Upon proton 

transfer from H143 to the leaving amino group, the tetrahedral intermediate collapses and yields lysine 

and acetate (Porter and Christianson 2019). 

 

 

1.7 Roles of acetylation 

Transcription factors, transcriptional co-activators and nuclear receptors are acetylated. For 

instance, p53 acetylation is important for its binding to DNA, interactions with other proteins 
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and activation of p53-regulated genes (Reed and Quelle 2015). Acetylation regulates several 

cell cycle regulators including cohesin. Acetylation of cohesin by ESCO1 and ESCO2, in the 

smc3 subunit, is required to lock the cohesin complex around the sister chromatids during 

DNA replication until mitosis (Ben-Shahar et al. 2008; Ünal et al. 2008). Deacetylation of 

smc3 by HDAC8 is required for release of the cohesin complex (Deardorff et al. 2012) 

(Figure 18a).  

Acetylation regulates DNA repair. For instance, acetylation of histones H4K16 and H2AK15 

by TIP60 acetyltransferase and acetylation of 53BP1 by CBP inhibits recruitment of 53BP1 to 

DNA double-stranded break, thereby promoting homology directed repair (HDR) pathway 

(Figure 18b). Acetylation regulates proteins involved in the DNA repair pathways BER (Base 

excision repair) and NER (Nucleotide excision repair) (Yamamori et al. 2010; W. Fan and 

Luo 2010; M. Zhao et al. 2017).  

Cellular signaling is also regulated by acetylation. CNK1 acetylation triggers its membrane 

localization and interaction to RAF, which phosphorylates and activates ERK signaling, 

which in turn promotes cell proliferation and migration (Fischer et al. 2017, 1). SIRT2-

mediated deacetylation of IRS2 triggers phosphorylation and activation of ERK signaling 

(Ying Li et al. 2008, 1). Levels of PIP3 are regulated by PI3K and PTEN. CBP-mediated 

acetylation of PTEN promotes its interaction with MAGI2, which enhances PTEN activity 

(Hopkins et al. 2014). PCAF- and p300-mediated acetylation of kinases AKT and PDK1 

impedes their localization to the cell membrane and activity. while SIRT1-mediated 

deacetylation of AKT and PDK1 promotes their PIP3 binding and kinase activity (Sundaresan 

et al. 2011). p300-mediated acetylation of mTORC2 subunit RICTOR increases mTORC2 

phosphorylation activity of AKT, which promotes cell proliferation and survival (Figure 18c). 
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Figure 18. Roles of non-histone acetylation 

a.The closure and efficient release from DNA of the cohesin ring complex is regulated respectively by 

acetylation and deacetylation of its smc3 subunit. b. In DNA double-strand breaks (DSBs), Tip60 

acetylates the ATM kinase, causing its autophosphorylation. Active ATM phosphorylates 53BP1 and 

ACLY. Acetylation and deacetylation of 53BP1 respectively inhibits and promotes 53BP1 binding to 

damaged DNA. 53BP1 binding to chromatin promotes NHEJ-dependent DNA repair. However, 

deacetylated 53BP1 cannot bind to chromatin if H2AK15 is acetylated. ACLY produces Ac-CoA, 

which promotes Tip60-dependent acetylation of histones. c. Acetylation regulates signaling pathways. 

Acetylation regulates membrane localization of CNK1, which interacts with the RAF kinase and 

activates ERK signaling. Deacetylation of the insulin receptor substrate 2 (IRS2) promotes its 

phosphorylation and activation of ERK signaling. Acetylated PTEN interacts with MAGI2, which 

enhances PTEN activity. Acetylation of PDK1 and AKT inhibits their recruitment by PIP3. 

Acetylation of RICTOR, a subunit of mTORC2, enhances its kinase activity towards AKT (Narita, 

Weinert, and Choudhary 2019). 

 

Acetylation regulates cytoskeleton organization. α-tubulin is acetylated and deacetylated at 

Lys40 by TAT1 and HDAC6 respectively in the cytoplasm (Hubbert et al. 2002; Akella et al. 

2010). Acetylation of microtubules inhibits their breakage thereby allowing long-lived 

microtubules (Xu et al. 2017) (Figure 19a). Cortactin can shuttle between the nucleus and the 
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cytoplasm. Cortactin is acetylated by CBP and p300 in the nucleus. Cortactin deacetylation, 

mediated by  SIRT1, SIRT2 or HDAC6, is required for its interaction to KEAP, which keeps 

cortactin in the cellular cortex. Cortactin binds to F-actin, thereby promoting actin cellular 

organization and cell migration (X. Zhang et al. 2007; A. Ito et al. 2015; Y. Zhang et al. 2009, 

1) (Figure 19b).  

Acetylation also modulates protein aggregation. Acetylation of TDP43 inhibits its binding to 

RNA, and promotes aggregation of phosphorylated TDP43, which constitute a hallmark of 

Amyotrophic lateral sclerosis (Cohen et al. 2015) (Figure 19c). Acetylation of Tau at different 

sites modulates its activity. Acetylation of Tau in the microtubule-binding site K280 prevents 

its binding to the microtubule and leads to aggregation of acetylated Tau, which is observed in 

Alzheimer’s disease and corticobasal degeneration (Cohen et al. 2011). However, acetylation 

of Tau at K259 and K353 prevents Tau phosphorylation at Ser262 and Ser356, thereby 

inhibiting aggregation of hyperphosphorylated Tau (Cook et al. 2014) (Figure 19d). RNA 

processing is also regulated by acetylation. CBP-mediated acetylation of both cleavage factor 

Im 25KDa (CFIm25), which is part of the CFIm complex, and poly(A) polymerase (PAP) 

complex inhibits polyadenylation of mRNAs. Interaction of cleavage factor CFIm25 to PAP 

is affected by their acetylation. Furthermore, the acetylated PAP complex is exported to the 

cytoplasm (Shimazu, Horinouchi, and Yoshida 2007). Acetylation also promotes RNA decay. 

The CCR4-associated factor 1 (CAF1, also known as CNOT7), the catalytic subunit of the 

CCR4-NOT deadenylase complex, is activated by CBP- or p300-mediated acetylation, 

thereby triggering RNA decay (Sharma et al. 2016) (Figure 19e).  
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Figure 19. Roles of non-histone protein acetylation 

a.Acetylation of α-tubulin increases microtubule resistance to breakage. b. Deacetylated cortactin 

binds to the KEAP1 protein, which promotes cortactin localization in the cellular cortex. Cortactin 

binds to F-actin and promotes actin cytoskeleton reorganization and cell migration. c. CBP-dependent 

acetylation of TDP43 causes TDP43 dissociation from RNA and TDP43 aggregation. Under 

continuous stress, TDP43 accumulates in a hyperphosphorylated form. d. Acetylation of the Tau 

protein at Lys174 and Lys280 promotes it aggregation. Tau acetylation at Lys259 and Lys353 

prevents Tau phosphorylation at Ser262 and Ser356 respectively and its aggregation. e. Acetylation of 

CFIm25 and polyA polymerase (PAP) inhibits their interaction and promotes PAP nuclear export. 

Acetylation of CAF1, the catalytic component of the deadenylase complex CCR4-NOT1, promotes 

mRNA decay  (Narita, Weinert, and Choudhary 2019). 
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Acetylation regulates Autophagy. During nutrient-rich condition, mTORC1 phosphorylates 

and activates p300 acetyltransferase, which promotes lipogenesis and inhibits autophagy 

(Wan et al. 2017). p300-mediated acetylation of LC3, ATG5, ATG7 and ATG12 inhibits the 

formation of autophagosomes (I. H. Lee and Finkel 2009). Furthermore, p300-mediated 

acetylation of beclin1 promotes recruitment of Rubicon to the UVRAG complex, thereby 

inhibiting autophagosome maturation, by inhibiting fusion of autophagosomes and lysosomes 

(T. Sun et al. 2015, 1; Funderburk, Wang, and Yue 2010). During nutrient starvation 

conditions, the kinase GSK3 phosphorylates and activates TIP60 acetyltransferase (S.-Y. Lin 

et al. 2012). TIP60 acetylates the kinase ULK1, which activates autophagy by 

phosphorylating and activating the complex that converts phosphatidylinositol in 

phospathydilinositol-3-posphate in autophagosome biogenesis-related membrane (Zhong et 

al. 2009; Obara et al. 2008). SIRT1-mediated deacetylated LC3 can interact to DOR, which 

causes LC3 export to the cytoplasm (R. Huang et al. 2015). SIRT-mediated deacetylated 

ATG5, ATG7 and ATG12 transfer LC3 to the autophagosome membrane (I. H. Lee et al. 

2008, 1). Thus, deacetylation of ATG proteins and beclin1 promotes autophagosome 

formation (Figure 20). 

 

Figure 20. Role of acetylation in autophagy 

During starvation, the GSK3 kinase phosphorylates TIP60. Phosphorylated TIP60 promotes autophagy 

by acetylating the ULK1 kinase. Furthermore, deacetylation of LC3 allows its interaction with DOR 

and its cytoplasmic localization. Thereby, Deacetylation of LC3 and ATG (ATG5, ATG7, ATG12) 

proteins promotes formation of autophagosomes. Likewise, deacetylation of beclin 1 promotes 

maturation of autophagosomes. HDAC6 facilitates transport of protein aggregates to autophagosomes. 

In nutrient-rich condition, mTORC1 phosphorylates p300, which promotes lipogenesis and inhibits 

autophagy. p300 acetylates beclin 1, vacuolar protein sorting 34 (VPS34), VPS15, LC3 and ATG 

proteins. Acetylation of beclin 1 promotes binding of rubicon to the UVRAG complex and inhibits 

maturation of autophagosomes. Acetylation of LC3 and ATG proteins inhibits the formation of 

autophagosomes (Narita, Weinert, and Choudhary 2019). 
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Acetylation can inhibit the catalytic activity of enzymes, for instance, AcetylCoA synthase 1 

(ASCC1) and ASCC2 are enzymes that catalyze formation of AcetylCoA in the cytoplasm 

and mitochondria respectively. Acetylation of ASCC1 and ASCC2 inhibits their activity, 

while their deacetylation by SIRT1 and SIRT3, respectively, restores their activity (figure 

21a, left) (Schwer et al. 2006; Hallows, Lee, and Denu 2006). KAT9-mediated acetylation of 

G6DP inhibits its dimerization and activity. However, G6DP deacetylation by SIRT2 restore 

its function (Y.-P. Wang et al. 2014) (Figure 21a, right). Acetylation of cell-cycle regulating 

kinases CDK1, CDK2 and CDK5 at a lysine important for ATP binding, prevents ATP 

binding and inhibits their catalytic activity (Mateo et al. 2009). 

On the other hand, acetylation can enhance the activity of enzymes. For instance, 

autoacetylation of acetyltransferases p300, PCAF and MOF is known to enhance their 

catalytic activity (Figure 21b) (McCullough and Marmorstein 2016; Thompson et al. 2004). 

Liposaccharide-mediated activation of macrophages causes p300-mediated acetylation of 

MKP1 phosphatase which enhances its activity and interaction to p38 (W. Cao et al. 2008). 

However, acetylation of p38 in its ATP binding site enhances its binding to ATP and its 

catalytic activity (Pillai et al. 2011). Furthermore, acetylation causes change in target 

specificity. For instance, MDM2 acetylation by p300 causes its stabilization and recruitment 

of UPS7, thereby MDM2 can perform ubiquitylation of p53 causing p53 degradation and 

inhibition of apoptosis. However, deacetylation of MDM2 causes its auto-ubiquitylation and 

degradation (Nihira et al. 2017) (Figure 21c).  

Acetylation regulates protein degradation. For instance, p300 acetylation of SMAD7, prevents 

its ubiquitylation by SMURF1, which prevents SMAD7 degradation (Grönroos et al. 2002). 

Tip60-mediated acetylation of DNMT1 triggers its ubiquitylation by UHRF1, thereby causing 

proteasome-dependent DNMT1 degradation (Z. Du et al. 2010) (Figure 21d). Acetylation can 

promote or inhibit protein-protein interactions. For instance, acetylation of the transcription 

factor TWIST and of H4 are recognized by two bromodomains of BRD4. Then, BRD4 

recruits positive transcription elongation factor (P-TEFb), which phosphorylates the C-

terminal domain of RNA Pol II at the enhancer and promoter of WTN5, thereby activating 

transcription (J. Shi et al. 2014, 4) (Figure 21e).  

Acetylation also regulates the localization of proteins: for instance, IFI16 is a sensor of viral 

DNA, IFI16 is mainly localized in the nucleus, however its acetylation in its nuclear 

localization signal (NLS) triggers its cytoplasmic retention (T. Li et al. 2012, 16) (Figure 21f). 
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CBP-mediated acetylation of HNF4 causes its nuclear retention, while deacetylated HNF4 is 

exported to the cytoplasm (Soutoglou, Katrakili, and Talianidis 2000). Upon activation of 

monocytes and macrophages HMG protein B1 (HMGB1) is acetylated, which causes 

cytoplasmic relocalization and extracellular secretion of HMGB1. In contrast deacetylated 

HMGB1 is localized in the nucleus  and bound to chromatin (Bonaldi et al. 2003). 

Acetylation regulates protein localization to the cell membrane, for instance, SIRT1-mediated 

deacetylation of a cardiac-specific voltage-gated sodium channel subunit α (Nav1.5) triggers 

its localization to the cell membrane. Lack of SIRT1 causes decreased level of Nav1.5 in 

cardiomyocyte cell membrane, which produces cardiac conduction defects (Vikram et al. 

2017). 

 

Figure 21. Roles of acetylation in non-histone proteins 

a.SIRT1- and SIRT3-dependent deacetylation of respectively acetyl-CoA synthetase 1 (AceCS1) and 

AceCS2 activates them, while AceCS1 and AceCS2 acetylation causes their inactivation. Deacetylated 

G6PD can homodimerize and became an active enzyme. KAT9-dependent acetylation of Glucose 6-

phosphate (G6PD) inhibits its dimerization and causes its inactivation. b. Autoacetylation of p300 

activation loop removes this loop from p300 KAT domain causing p300 increased activity.  c. 

Deacetylated MDM2, an E3 ubiquitin-protein ligase, ubiquitylates itself.  In contrast, acetylated 

MDM2 is deubiquitylated by USP7, thereby MDM2 can ubiquitylates its substrate p53. d. p300-

dependent acetylation of SMAD7 inhibits its ubiquitylation by SMURF and proteasomal degradation 
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as well. In case of DNMT1, TIP60-mediated DNMT1 acetylation promotes its ubiquitylation by 

UHRF1 and proteasomal degradation. e. BDR4 is recruited through its first bromodomain (BD1) to 

chromatin acetylated at H4K5 and H4K8, while the BD2 of BDR4 interacts with the acetylated 

transcription factor TWIST. BDR4 recruits positive transcription elongation factor b (P-TEFb), which 

phosphorylates the C-terminal domain of Pol II, thereby triggering transcription activation. f. Viral 

infection trigger acetylation of viral-DNA sensor γ-interferon inducible-protein 16 (IFI16), which 

inhibits IFI16 nuclear import; thus, IFI16 cannot recognize viral DNA in the nucleus (Narita, Weinert, 

and Choudhary 2019). 

 

1.8 HDAC inhibitors 

Lysine acetylation is associated to neurological disorders, cancer, cardiovascular diseases (P. 

Li, Ge, and Li 2020; Falkenberg and Johnstone 2014). Several histone deacetylaces inhibitors 

(HDACi) have been FDA-approved for the treatment of cancer (Cappellacci et al. 2020). 

Vorinostat (Saha), Romidepsin are used for the treatment of cutaneous T-cell lymphoma 

(Duvic et al. 2018; Marks and Breslow 2007). Belinostat and Chidamide (approved in China) 

for the treatment of peripheral T-cell lymphoma (Poole 2014; Chan, Tse, and Kwong 2017). 

Panobinostat, a non-selective inhibitor (pan-inhibitor), for the treatment of multiple myeloma 

(Prince, Bishton, and Johnstone 2009). In addition, two HDACi are FDA-approved for the 

treatment of neurologic disorders: the valproic acid and sodium butyrate. Vorinostat, 

Belinostat and Panobinostat have a hydroxamic acid war head that chelates the Zn2+ in 

HDACs (Richon 2006; Cappellacci et al. 2020).. Romidepsin is a cyclic depsipeptide that, in 

the reduced form, have a thiol group that coordinates the Zn2+ (Nakajima et al. 1998). 

1.9 Treatment of neglected diseases, smHDAC8 

Schistosomiasis is an infectious disease caused by parasitic flatworms of the genus 

Schistosoma. Around 240 million people are infected worldwide, and schistosomiasis causes 

300 000 deaths per year. The only drug available for treatment, Praziquantel, is used for mass 

treatment, which raises the possibility of resistance (Doenhoff et al. 2002). Therefore, it is the 

development of new drugs against schistosomiasis is urgently required. The Schistosoma 

mansoni genome have three HDACs of class I, which are orthologues of the mammalian 

HDACs: HDAC1, HDAC3 and HDAC8 (Oger et al. 2008). mRNAs of these three HDACs 

are expressed in all life-cycle stages of S. mansoni, but smHDAC8 is the most abundant 

transcript among class I HDACs in all life stages. In contrast, in human tissues HDAC8 is the 

lowest transcript expressed from the class I HDACs (E. Hu et al. 2000). Therefore, it is 

suggested smHDAC8 must have vital functions for S.mansoni. smHDAC8 thus constitute a 

potential target for drug development to treat schistosomiasis. 
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Given that the development of new drugs is a long an expensive process, a strategy called 

Piggyback was applied by my host team in collaboration with many other European and 

Brazilian groups within two large FP7 European projects (SETTReND, Schistosoma 

Epigenetics - Targets, Regulation, New Drugs, and A-ParaDDisE, Anti-Parasitic Drug 

Discovery in Epigenetics). This strategy implies the modification of FDA-approved HDAC 

inhibitors (epidrugs) used in the treatments against cancer (Falkenberg and Johnstone 2014) to 

be used in the treatment of infectious diseases. These epidrugs serve as scaffolds for the 

development of specific inhibitors targeting the smHDAC8 enzyme. 

The piggyback strategy combines a high throughput and structure-based drug design methods. 

This latter to tackle the selectivity issue raised, since human HDAC and schistosome HDAC8 

enzymes have similarities in the active site which could cause off-target effects when trying to 

inhibit the schistosome HDAC8. Therefore, a structure-based drug design has the objective to 

make a drug as specific as possible for the Schistosome enzyme. The structure of smHDAC8 

showed that it has some differences to human HDACs (Marek et al. 2013). For instance, 

smHDAC8 has a wider active site pocket compared to its orthologue human HDAC8, which 

is due to the flipped-out conformation of residue F152 in smHDAC8. Furthermore, M274 in 

human HDAC8 is replaced by H292 in smHDAC8. These specific features of smHDAC8 

have been used for the development of smHDAC8 inhibitors (Marek et al. 2015).  

A virtual screening using a library of half-million of zinc-chelating compounds and the 

structure of smHDAC8 was conducted, resulting in the identification of two linkerless 

compounds J1038 and J1075 (Kannan et al. 2014). In vitro testing of inhibition activity 

showed these compounds have selectivity for HDAC8 enzymes (smHDAC8 and hHDAC8) 

over other HDACs (HDAC1, HDAC2, HDAC3 and HDAC6) compared to the commercial 

HDAC drug Voristonat, which inhibits with no selectivity all class I HDACs (HDAC1, 

HDAC2, HDAC3 and HDAC8) and class IIb HDAC6 (Marek et al. 2013). The J1038 was 

selected for a hit for optimization since it is a bulkier compound in accordance with the wider 

active site of smHDAC8. Based on the hit J1038, several compounds were developed. In vitro 

testing of their inhibitory capacity against smHDAC8 and human HDAC8 showed that these 

compounds have an IC50 value in the low nanomolar range and some of these compounds are 

also selective for the schistosome HDAC8 over its human counterpart (Heimburg et al. 2016). 

Nevertheless, this study revealed the difficulty of designing drugs showing selectivity only for 

parasitic HDACs when these are similar to their human counterparts, raising the question of 
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how to improve selectivity. On the other hand, this proof of concept that the epigenetic 

machinery of pathogens can be targeted by the piggyback strategy opened new avenues to 

target other infectious diseases where the pathogens have HDACs that show significant 

divergence from the human HDACs. During my PhD, I have addressed these two questions 

by (i) participating to the precise molecular characterization of HDAC8 selective inhibition 

(Article 1) and (ii) investigating the selective inhibition of divergent parasitic HDACs, 

notably DAC2 from Trypanosoma cruzi (tcDAC2) (see below; Article 2). 
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Second chapter: Epitranscriptomics 

2 The RNA world and the epitranscriptome  

For decades, our view of the world of ribonucleic acids (RNA) has been mostly restricted to 

messenger RNA (mRNA), the photocopy of our genes, ribosomal RNA (rRNA), the 

structuring nucleic acid component of the ribosomes, and transfer RNA (tRNA), the adaptor 

molecule between the RNA and protein worlds. Since a few decades, however, this initial 

view of the RNA world has become much more complex, with the discovery of many more 

RNA species, such as small nuclear RNA (snRNA), small nucleolar RNA (snoRNA), long 

non-coding RNA (lncRNA), microRNA (miRNA), enhancer RNA (eRNA), vault RNA 

(VTRNA), and circular RNA (circRNA) (Statello et al. 2021b). These different RNA species 

functionally participate, together with mRNAs, rRNAs, tRNAs and the other cellular 

effectors, to the development and homeostasis of cells and organisms (Cech and Steitz 2014).  

Beside the large variety of RNA species, it has been shown that most of these species can 

undergo a large number of modifications (X. Li, Xiong, and Yi 2017). More than a hundred of 

RNA modifications have being identified so far in all types of RNA molecules, including 

modifications in the ribose and nucleobases (Boccaletto et al. 2018). The discovery that some 

of these RNA modifications are deposited, read, and removed in response to internal or 

external cellular stimuli, showing that RNA modifications can be reversible and dynamic, as 

observed in the epigenetic field, has given rise to the emerging field of Epitranscriptomics 

that mirrors the established field of epigenetics (McMahon, Forester, and Buffenstein 2021; 

Livneh et al. 2020; Wiener and Schwartz 2021; Barbieri and Kouzarides 2020). 

Notably, RNA modifications can regulate gene expression, thus modulating a large set of 

cellular processes, cellular homeostasis and development (Roundtree, Evans, et al. 2017; Frye 

et al. 2018; Barbieri and Kouzarides 2020; Chujo and Tomizawa 2021). It is therefore not 

surprising that dysregulation of RNA modifications are involved in various diseases. Notably, 

mutations in half of the RNA modification enzymes are associated with human diseases 

(Tsutomu Suzuki 2021; Jonkhout et al. 2017). These include cancer, cardiovascular, immune, 

metabolic, mitochondrial-related, and neurological diseases. Intriguingly, the most frequent 

diseases associated with RNA modification dysregulation is represented by neurological 

disorders, which agrees with the fact that many RNA modifications are enriched in the brain 

(Jonkhout et al. 2017; Chi and Delgado-Olguín 2013). 
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Among the RNA species, tRNAs are the most modified RNA macromolecules, containing 

about 120 different modifications. Each tRNA molecule contains on average 13 modifications 

located in its various arms where they play very different roles in tRNA folding, stabilization 

and decoding (Paul F. Agris et al. 2018; Tsutomu Suzuki 2021; Schimmel 2018; Kirchner and 

Ignatova 2014). Here again, mutations in and altered expression of 72% of the tRNA 

modification enzymes are associated with human diseases, 50% of these diseases being 

neurological disorders, notably neurodevelopmental disorders (NDDs) (Chujo and Tomizawa 

2021). 

There is therefore a strong growing interest to understand in molecular details the RNA 

modification pathways, the biological roles of these modifications, and how the dysregulation 

of these pathways (i) leads to modifications imbalance, (ii) influences RNA metabolism, gene 

expression, and (iii) how these perturbations lead to disease. Specifically, the large 

implication of tRNAs in brain development, as assessed by the dysregulations of its 

modifications causing NDDs, is providing a strong renewed interest in these essential effector 

molecules. 

In the next paragraphs, I will detail some of the most widespread and well-studied RNA 

modifications, describing the enzymes mediating these modifications, the roles of these 

modifications, and different diseases associated with their dysregulation. Later, I will more 

precisely focus on tRNA modifications, their roles and their associated neurological disorders, 

as an introduction to my work on the tRNA wobble adenosine-to-inosine modification by the 

ADAT complex and its implication in intellectual disability, microcephaly and epilepsy. 

2.1 RNA modifications: their modification enzymes, their roles and their 

implication in diseases 

2.1.1 N6-methyladenosine (m6A) 

The m6A modification is the most frequent modification identified in mRNAs. m6A is also  

observed in long non-coding RNAs (lncRNAs) (Patil et al. 2016), primary-microRNAs (pri-

miRNAs) (Alarcón et al. 2015), spliceosomal small nuclear RNA (snRNA) (Pendleton et al. 

2017), chromosome-associated regulatory RNAs (carRNAs) (including promoter-associated 

RNAs, enhancer RNAs and repeat RNA) (Jun Liu et al. 2020), circular RNA (circRNA) (C. 

Zhou et al. 2017), and ribosomal RNAs (rRNAs) (B. E. H. Maden 1988; B. E. Maden 1986), 

demonstrating of its ubiquitous importance. Specifically, in mRNAs, m6A is located both 

within the 5’ and 3’ untranslated regions (5’ and 3’ UTRs) and within the coding region of 



55 

 

mRNAs. m6A deposition seems restricted to the sequence motif DRACH (D=A, G or U; R=A 

or G; H=A, C or U) (Dominissini et al. 2012; K. D. Meyer et al. 2012). 

The m6A modification enzyme (writer) is different depending on the RNA species to be 

modified. In mRNAs, lncRNAs, miRNAs and carRNAs, the core complex writing the m6A 

modification is the complex METTL3/METTL14/WTAP (Jianzhao Liu et al. 2014; Schöller 

et al. 2018). A group of partner proteins (VIRMA, ZC3H13, RBM15 and CBLL1) associates 

to the core complex to regulate m6A deposition on specific transcripts, however their 

mechanisms of actions is not clear yet (Livneh et al. 2020). In U6 snRNA and in MAT2a 

(which codes for the SAM synthetase), the modification is catalyzed by METTL16 

(Pendleton et al. 2017), while for the 18S and 28S rRNAs, the m6A methylation is carried out 

by the METTL5/TRMT12 complex and ZCCHC4, respectively (van Tran et al. 2019; H. Ma 

et al. 2019; Ren et al. 2019). 

Depending on the type of recognition of the m6A mark, direct or indirect, two groups of m6A 

readers can be distinguished. The first group of readers contains the YTH domain family, 

which includes YTHDF1 (Xiao Wang et al. 2015), YTHDF2 (Xiao Wang et al. 2014), 

YTHDF3 (H. Shi et al. 2017), YTHDC1(Roundtree, Luo, et al. 2017; Xiao et al. 2016) and 

YTHDC2 (Kretschmer et al. 2018). These proteins recognize m6A-modified transcripts, either 

in the nucleus (YTHDC1/2) or in the cytoplasm (YTHDF1/2/3 and YTHDC2), directly 

through their YTH domain. In addition, other proteins can also recognize m6A directly but do 

not have a YTH domain: the IGF2 mRNA-binding proteins (IGF2BPs) and the eukaryotic 

translation initiation factor 3 (eIF3). 

The second group of m6A readers recognizes this modification through the m6A-switch effect, 

which consists of exposing a buried motif of the RNA upon its m6A methylation. The exposed 

motif is then bound by readers such as HNRNPC and HNRNPG (N. Liu et al. 2015; K. I. 

Zhou et al. 2019). The m6A modification can also cause repulsion to some proteins, known as 

anti-readers, e.g. the Ras-GTPase protein-binding proteins 1 and 2 (G3BP1, G3BP2), which 

preferentially bind the unmethylated RNA. Finally, two enzymes, FTO (Jia et al. 2011) and 

ALKBH5 (Zheng et al. 2013), dependent respectively on Fe2+ and α-ketoglutarate, remove the 

m6A mark from mRNAs in the nucleus (FTO and ALKBH5) and cytoplasm (FTO). 

m6A plays many important roles by regulating gene expression through the modulation of 

RNA alternative splicing, nuclear export, stabilization, translation, and degradation (Huilin 

Huang, Weng, and Chen 2020). m6A regulates alternative splicing through its nuclear reader 
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YTHDC1 and splicing factor SR proteins, SRSF3 and SRSF10. An m6A-methylated exon is 

recognized by YTHDC1, which in turn recruits SRSF3, thus promoting exon inclusion. But in 

absence of the m6A mark, it is SRSF10 which binds to the unmethylated transcript causing 

exon skipping (Figure 22a) (Xiao et al. 2016). 

In addition, in case of nuclear export, YTHDC1 recognizes m6A-marked transcripts and 

recruits SRSF3. This later protein in turn interacts with NXF1 that promotes export of these 

transcripts to the cytoplasm (Figure 22b) (Roundtree, Luo, et al. 2017). The m6A modification 

also regulates the stability and degradation of transcripts. Each of these processes depends on 

the type of reader protein recognizing the m6A mark. For instance, if m6A is read by 

YTHDF2, which recruits the CCR4-NOT deadenylase complex, the transcript is degraded 

(Figure 22c) (Xiao Wang et al. 2014). On the other hand, if the m6A-methylated transcript is 

bound by IGF2BPs, the transcripts is stabilized and is not degraded (Figure 22c). 
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Figure 22. m6A roles in mRNA metabolism 

a. m6A regulates alternative splicing. YTHDC1/SRSF3 bound to an m6A mark in a pre-mRNA causes 

exon inclusion. In absence of the m6A mark the pre-mRNA is bound by SRSF10, leading to exon 

skipping. b. m6A promotes nuclear export of transcripts through interaction of YTHDC1 with SRSF3 

and the export factor NXF1. c. m6A causes transcript degradation through YTHDF2 which recruits the 

CCR4-NOT deadenylase complex that degrades the m6A marked transcript. If IGF2BPs bind m6A 

marked transcripts, it protects them from degradation. Based on (Livneh et al. 2020; Huilin Huang, 

Weng, and Chen 2020) 
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m6A also regulates translation depending on its location within the mRNA. m6A located 

within the 5’-UTR promotes cap-independent translation: briefly, m6A in the 5’-UTR is 

recognized directly by the translation initiation factor eIF3, which recruits the 43S ribosomal 

complex to initiate translation, thus m6A promotes translation initiation in absence of the 

usual cap-binding proteins (Figure 23a) (K. D. Meyer et al. 2015). In contrast, m6A located 

within the 3’-UTR enhances translation initiation, but in a cap-dependent manner. This 

process is mediated through m6A-bound YTHDF1/3 and their interaction to eIF3 (Xiao Wang 

et al. 2015). It is proposed that YTHDF1/3 bound to eIF3 interacts to the translation 

machinery through a loop structure mediated by eIF4G (Figure 23b) (Xiao Wang et al. 2015). 

However, if m6A is located within the coding sequence, it disrupts the selection of cognate 

tRNAs by the ribosome, thus affecting the rate of translation elongation (Figure 23c) (Choi et 

al. 2016). 

 

Figure 23. m6A regulates translation 

a. m6A in the 5’-UTR promotes cap-independent translation through its interaction with eIF3, which 

recruits the 43S initiation complex. b. m6A in the 3’-UTR enhances translation initiation in a cap-

dependent manner through YTHDF1/3 binding to eIF3. It is proposed that the 40S complex binds eIF3 

through a loop structure formed by eIF4G that brings closer the 5’- and 3’-UTR. c. m6A in the coding 

sequence disrupts the selection of cognate tRNAs, thus affecting translation elongation.  Based on 

(Livneh et al. 2020; K. D. Meyer et al. 2015; Xiao Wang et al. 2015) 
 

Interestingly, m6A has been shown to act in cortical and cerebellar development during the 

embryonic stages and postnatally, respectively (K.-J. Yoon et al. 2017; C. Ma et al. 2018; 

Livneh et al. 2020). Notably, m6A regulates neurogenesis, gliogenesis and axonal guidance. 

During the embryonic stage, differentiation of Neural Progenitor Cells (NPCs) into neurons 
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and glial cells requires that transcripts important for self-renewal and pluripotency are m6A-

marked. In that way, these transcripts are degraded and differentiation transcripts expressed 

(Figure 24a) (Geula et al. 2015). Guidance of growing axons to reach their targets is mediated 

by m6A as well (Zhuang et al. 2019). For instance, midline crossing of commissural axons 

involves YTHDF1-dependent translation of m6A methylated Robo3.1 transcripts in the soma 

of both pre-crossing and crossing axons. However, in post-crossing axons both YTHDF1 and 

m6A-methylated Robo3.1 are depleted, which causes Robo3.1 degradation (Stoeckli 2018; 

Zhuang et al. 2019). 

 

Figure 24. m6A roles in neurodevelopment 

a. m6A regulates differentiation of neural stem cells (NSCs) into neurons and glial cells. Transcripts 

promoting pluripotency are m6A marked and degraded, which allows the expression of differentiation 

transcripts. b. Local translation, in the axon, is mediated by m6A and FTO. Fto and m6A-marked 

Gap43 transcripts are transported to the axon. In the axon, Fto transcript is translated, then the FTO 

protein removes the m6A mark from Gap43. Next, the unmethylated Gap43 can be translated. Local 

translation of Gap43 is important for axon elongation during development. Based on (Livneh et al. 

2020; J. Yu et al. 2018) 
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Postnatally, METTL3 is important for cerebellar development; loss of m6A by depletion of 

METTL3 in cerebellar granular cells (CGCs), increases the half-live of transcripts associated 

with cerebellar development and apoptosis. In addition, loss of m6A affects Grin1 splicing, 

causing excessive calcium influx in CGCs and their apoptosis (C.-X. Wang et al. 2018). 

Furthermore, during adult neurogenesis, located in the hippocampus, FTO plays a key role. 

FTO regulates the expression of methylated transcripts that are part of the brain-derived 

neurotrophic factor (BDNF) pathway, which controls the proliferation and differentiation of 

adult neural stem cells (aNSC) into neurons and glial cells, as well as learning and memory. 

Loss of FTO in mice shows decreased brain size, reduced proliferation and differentiation of 

aNSC and defects in learning and memory (Liping Li et al. 2017). 

Finally, stimuli-dependent synapse transmission is important for learning and memory 

requires local translation at the pre-synaptic and post-synaptic compartments. Similarly, 

guidance of axonal growth and post-injury axon regeneration require local translation, in the 

axon. The local translation in the axon is regulated by m6A and its eraser enzyme FTO 

(Figure 24b). Transcripts that need to be translated in the axon are first m6A-marked and then 

transported to the axon; Fto transcript is also transported to the axon but in its unmethylated 

form. Once all those transcripts arrive to the axon, Fto is translated and demethylates the 

m6A-marked transcripts, those transcript without the m6A mark can now be translated locally 

(J. Yu et al. 2018). 

Components of the m6A machinery have been associated to neurologic diseases. For instance, 

mutations in YTHDC2 has been identified as a risk factor for autism spectrum disorder 

(Xiaoxi Liu et al. 2016). Inactivity of FTO has been associated to Parkinson’s disease (PD). 

Inactivation of FTO causes both increased levels of m6A and reduced translation of transcripts 

(Drd3, Girk2, Grin1), participating in the dopaminergic signaling (Hess et al. 2013). 

Furthermore, 6-hydroxydopamine (OHDA)-induced PD in cells and rat model caused 

decreased levels of m6A. Therefore, to further investigate the role of m6A in PD, decreased 

m6A levels was induced in dopaminergic cells by overexpressing  FTO or treatment with m6A 

inhibitor, the results showed an increased expression of the NMDA receptor, an ion channel 

which caused increase of Ca2+ influx into dopaminergic cells leading to apoptosis (Xuechai 

Chen et al. 2019). FTO overexpression is also associated to Alzheimer’s disease (AD). In 

mice, it was shown that overexpression of FTO increases levels of Tau phosphorylation, 

which is a hallmark of AD. In addition, knockdown of FTO caused reduction of Tau 

phosphorylation levels in an mTOR-dependent manner (Huajie Li et al. 2018). Furthermore, 
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genetic variants of FTO and ALKBH5 are associated with Major Depressive Disorder (MDD) 

(T. Du et al. 2015). 

Many writers, erasers and readers of the m6A modification, including METTL3, METTL14, 

ALKBH5 and YTHDF2 also act as oncogenes or as tumor suppressor in several cancer types. 

In addition, WTAP, VIRMA, FTO, YTHDF1/3, YTHDC2 and IGF2BPs1-3 act as oncogenes 

in different cancer (Huilin Huang, Weng, and Chen 2020). m6A is also associated to 

cardiovascular diseases such as heart failure, cardiac hypertrophy and ischemic heart disease. 

For instance, overexpression of METTL3 triggers cardiomyocyte hypertrophy, and decreased 

levels of FTO is observed in heart failure and hypoxic cardiomyocytes (Dorn Lisa E. et al. 

2019; Mathiyalagan Prabhu et al. 2019). 

2.1.2 5-methylcytosine (m5C) 

m5C has been identified in rRNAs, tRNAs, and was also recently observed in mRNAs, at the 

5’- and 3’-UTR, next to the translation start site and in coding regions (Amort et al. 2017; X. 

Yang et al. 2017). m5C has also been detected in non-coding RNAs, for instance in vault 

RNAs (VTRNAs) (Hussain et al. 2013) and enhancer RNAs (eRNAs) (Aguilo et al. 2016).  

The enzymes catalyzing the formation of m5C on RNAs are part of the NOL1/NOP2/Sun 

(NSUN) family (NSUN1-7) and DNMT2 (DNA methyl transferase 2). NSUN1 catalyzes the 

formation of m5C in human 28S rRNA at position 4447. NSUN2 methylates VTRNAs1.1 and 

VTRNA1.3 (Hussain et al. 2013). NSUN4, performs the m5C methylation of the 12S (at 

C911) and 16S human mitochondrial rRNAs (Cámara et al. 2011; Yakubovskaya et al. 2012; 

Metodiev et al. 2014).  NSUN5 mediates the m5C modification of the human 28S rRNA at 

position 3782 (Heissenberger et al. 2019). NSUN7 mediates the m5C methylation of eRNAs 

associated with PGC1α target genes, which are involved in metabolism: 6-

phosphofructokinase, sirtuin 5, isocitrate dehydrogenase and heme deaoxygenase (Aguilo et 

al. 2016). Two m5C readers have been identified so far: ALYREF (in the nucleus) and YBX1 

(in the cytoplasm) (X. Yang et al. 2017; Xin Chen et al. 2019). The m5C eraser Ten-eleven 

translocation 2 (TET2) enzyme oxidizes m5C to 5-hydroxymethylcytosine (hm5C) in RNAs 

(Shen et al. 2018). Proteins mediating m5C in tRNAs will be described in the section “tRNA 

modifications”. 

Biological roles of the m5C modification include mRNA nuclear export, mRNA stabilization, 

ribosomal biogenesis, and translation. Nuclear export of m5C methylated transcripts is 

mediated by the recognition of the m5C mark by ALYREF (X. Yang et al. 2017). mRNA 
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stabilization is mediated by the binding of YBX1 to m5C methylated transcripts (Xin Chen et 

al. 2019; Y. Yang et al. 2019). For instance, during maternal to zygotic transition in zebra 

fish, YBX1 has been shown to stabilize m5C methylated maternal transcripts to prevent their 

decay (Y. Yang et al. 2019).  In drosophila, YBX1 promotes germ line stem cells (GSC) 

maintenance, proliferation and differentiation in an m5C dependent manner, since YBX1 

mutated in residues recognizing the m5C mark affected GSC development (Zou et al. 2020). 

Furthermore, human cells contain four VTRNAs, two of them are m5C-modified, VTRNA1.1 

and VTRNA1.3. It has been shown that SRSF2 binds the unmethylated VTRNA1.1 to protect 

it from processing. Otherwise, once the VTRNA1.1 is m5C methylated by NSUN2, it is 

processed into small RNA fragments producing small vault RNA4 (svRNA4). The presence 

of svRN4 maintains epidermal cells in un undifferentiated stage (Hussain et al. 2013; Sajini et 

al. 2019). 

Yeast 25S rRNA contains two m5C modifications at positions 2278 and 2870. m5C 

modification at position 2278 (intersubunit bridge) is important for maintaining the 25S rRNA 

structure and translational fidelity. Loss of the m5C modification at position 2870 

(peptidyltransferase center) affects ribosome biogenesis (Sharma 2013, Schosserer 2015). 

Similarly, lack of m5C methylation at C911 in mitochondrial ribosomes by NSUN4 depletion 

affects both assembly of mitochondrial ribosome subunits and mitochondrial translation 

(Metodiev et al. 2014). In human 28S rRNA, loss of m5C methylation at position 3782 affects 

global protein synthesis (Heissenberger et al. 2019; Janin et al. 2019). 

Overexpression of NSUN1 and NSUN2 are associated with cancer and mutations in NSUN2 

and lack of NSUN5 are associated to neurodevelopmental diseases. For instance, NSUN1 is 

overexpressed in lung and prostate cancer (Saijo et al. 2001; Bantis et al. 2004). In urothelial 

carcinoma of the bladder (UCB), an increase of NSUN2-mediated m5C methylation compared 

to normal tissue has been identified in several transcripts. These hypermethylated transcripts 

are involved in oncogenic pathways. Moreover, both the m5C writer NSUN2 and the m5C 

reader YBX1 are overexpressed in UCB, where they promote invasiveness and metastasis of 

cancer cells (Xin Chen et al. 2019). 

Mutations in NSUN2 have been identified in patients affected by neurodevelopmental 

disorders. Notably, homozygous mutation of NSUN2 in patients, that affects NSUN2 

functions, causes intellectual disability (Abbasi-Moheb et al. 2012; Khan et al. 2012; 

Martinez et al. 2012). Specifically, a homozygous missense mutation in NSUN2 generating 
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the G679R mutation, which causes intellectual disability, was shown to affect the nuclear 

localization of NSUN2 (Khan et al. 2012). In addition, homozygous splicing mutation in 

NSUN2 detected in patients was associated with the Dubowitz syndrome, which is 

characterized by intellectual disability, mild microcephaly and growth retardation (Martinez et 

al. 2012). Finally, NSUN5 deletion is detected in patients affected by the Williams-Beuren 

Syndrome (WBS), a multisystemic disorder characterized by cognitive impairment, cardiac, 

endocrine and gastrointestinal symptoms (Pober 2010). 

2.1.3 Internal 7-methylguanosine (m7G)  

A methyl group at position 7 of the guanosine base, the m7G modification, can be found at 

two locations. First, at the 5’-end of mRNAs, where it is known as m7G cap. Second, m7G can 

be located within the RNA molecule, known as internal m7G. The m7G cap has been 

extensively reviewed elsewhere (Ramanathan, Robb, and Chan 2016). In this part, I will focus 

on the internal m7G modification that has been identified in rRNAs, tRNAs, mRNAs (at the 

coding sequence and 3’-UTR), in pri-miRNAs and miRNAs (Sloan et al. 2017; Tomikawa 

2018; L.-S. Zhang et al. 2019; Pandolfini et al. 2019). 

Enzymes catalyzing the internal m7G modification depend on the type of RNA substrate. In 

tRNAs, mRNAs and pri-miRNAs, m7G is mediated by the METTL1/WDR4 complex 

(Alexandrov, Martzen, and Phizicky 2002; S. Lin et al. 2018; L.-S. Zhang et al. 2019; 

Pandolfini et al. 2019). In rRNAs, WBSCRC22 protein catalyzes the m7G mark at position 

G1639 in the 18S rRNA (Haag, Kretschmer, and Bohnsack 2015). 

Two roles for the internal m7G mark have been identified. First, in mRNAs, internal m7G 

promotes translation efficiency. For instance, upon METTL1 depletion, mRNA levels 

decrease in polysome fractions for transcripts known to have internal m7G (L.-S. Zhang et al. 

2019). Furthermore, m7G in the 3’-UTR of PCNA increases translation of a reporter gene 

compared to that of a mutant reporter where the guanosine in the 3’-UTR of PCNA, target of 

methylation, is mutated into adenosine (Malbec et al. 2019). 

Second, m7G promotes miRNA biogenesis. m7G prevents formation of hoogsteen base 

pairing between guanosines. Otherwise, four unmethylated guanosines would form a G-

quadruplex structure that, when present in pri-miRNA, affects its processing. For instance, 

m7G marks have been identified in pri-miRNAs promoting cell migration, including in pri-

miR-let7e. Unmethylated pri-miR let7e bears a G-quadruplex structure that hampers its 

cleavage by Drosha. Thus, by inhibiting the G-quadruplex structure formation, m7G favors 
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pri-mi-let7e processing into mature let7e miRNA. miR-let7e targets a transcript that promotes 

cell migration, high mobility group AT-hook 2 (HMGA2). Accordingly, METTL1 depletion 

causes cell migration by decreasing miR-let7e formation, which promotes expression of 

HMGA2 (Figure 25) (Pandolfini et al. 2019).  

Consequently, METTL1 has been shown to be depleted in patients-derived colon cancer cells 

compared to normal cells. In addition, overexpression of METTL1 triggers inhibition of cell 

proliferation and migration by reducing HMGA2 transcript expression through the miR-let7e 

targeting (Yang Liu et al. 2020). In addition, METTL1 also acts as an oncogene in some 

cancer types. For instance, in glioblastoma (Ping et al. 2015), and hepatocellular carcinoma 

(Tian et al. 2019). 

 

 

Figure 25. m7G role in miRNA biogenesis 

Presence of guanosines (G) in pri-miRNAs leads to formation of a G-quadruplex structure that affects 

the processing of pri-mi-RNAs. The METTL1/WDR4 complex methylates these guanosines at 

position 7 (m7G), which prevents formation of G-quadruplex structures. m7G modified pri-miRNAs 

promotes correct processing of pri-miRNAs into mature miRNA. For instance, modification of miR-

let7e, which target migratory genes transcripts, leads to inhibition of cell migration. Based on 

(Pandolfini et al. 2019). 
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2.1.4 Pseudouridine (Ψ) 

Pseudouridine (Ψ), produced by an isomerization of uridine, is found in most RNA types: 

rRNA, tRNA, mRNA, and other non-coding RNAs (Penzo et al. 2017).  

Pseudouridine formation occurs in two manners: RNA-independent and RNA-dependent. In 

the first case, enzymes belonging to the Pseudouridine synthase (PUS) family perform the 

isomerization reaction. PUS targets include tRNAs, snRNAs and mRNAs (Penzo et al. 2017; 

Zoysa et al. 2018; Rintala-Dempsey and Kothe 2017). In the second case, a ribonucleoprotein 

complex, called H/ACA snoRNP, is required for pseudouridine formation (Figure 26a). The 

H/ACA snoRNA guides the complex to the position where the isomerization reaction takes 

place, which is performed by the Diskeryn (DKC1) protein, its catalytically active 

component. H/ACA targets are rRNAs, snRNAs, snoRNAs and the telomerase RNA 

component (TERC) (Penzo and Montanaro 2018; Schwartz et al. 2014). Neither readers nor 

erasers of pseudouridines have been identified so far. In addition, the role of Pseudouridine in 

mRNAs is poorly understood (Barbieri and Kouzarides 2020). Pseudouridine in tRNAs will 

be described in the last part of the introduction. 

The ribosome has 95 Ψ modifications which are present in all rRNAs (28S, 18S, 5.8S and 

5S). Upon ribosome formation, these Ψ are found mostly located at functionally sites: the 

tRNA binding site, the mRNA channel, the peptidyl transferase center, the decoding center 

and the intersubunit bridge. In yeast, it has been shown that pseudouridines in rRNAs are 

important for ribosome biogenesis, assembly and translation (Xue-hai Liang, Liu, and 

Fournier 2007; 2009; King et al. 2003; Piekna-Przybylska et al. 2008). Ψ of snRNA is also 

important for efficient splicing of mRNAs (Bohnsack and Sloan 2018).  

In melanoma cells and breast cancer cells, the PUS1-mediated pseudouridilation of ncRNA 

steroid receptor activator 1 (SRA1) allows its interaction with nuclear receptors like retinoic 

acid receptor γ and oestrogen receptors, which enhances transcription in these cancer cells (X. 

Zhao et al. 2004). In addition, mutations in DKC1 causes Dyskeratosis congenita, which 

affects proliferating tissues (skin, mucosae, bone marrow) and promotes cancer (Figure 26b) 

(Kirwan and Dokal 2008; Ghanim et al. 2021). Inactivating mutations of DKC1 in mice 

caused decrease of pseudouridines in the 28S rRNA and translation dysregulation of IRES-

containing mRNAs (A. Yoon et al. 2006). Specifically, translation of some of these mRNAs 

is decreased such as those coding for (i) tumor-promoting Bcl-xL and XIAP, which inhibit 

apoptosis, and (ii) tumor suppressor p27 and p53 (A. Yoon et al. 2006; Bellodi et al. 2010; 
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Montanaro et al. 2010). In contrast, translation of others IRES-containing mRNAs such as 

VEGF and heat shock 70 was increased (Rocchi et al. 2013). Furthermore, DKC1 

overexpression is associated with prostate cancer and lung cancer (Sieron et al. 2009; Penzo 

et al. 2015). 

 

Figure 26. Structure of H/ACA ribonucleoprotein and mutations associated with disease 

a. Schematic representation of the H/ACA RNA and its associated proteins. The H/ACA RNA is 

composed of two hairpins: the 5’ hairpin (P4) and the 3’ hairpin (P7, P8). Each hairpin binds a 

tetrameric protein complex including dyskerin, GAR1, NOP10 and NHP2. b. Structure of the H/ACA 

RNP, highlighting mutations (spheres) in its associated proteins that cause Dyskeratosis congenita. 

Inset and close-up view show a hotspot of disease mutations at the interface of both dyskerin subunits. 

Adapted from (Ghanim et al. 2021). 
 

2.1.5 Adenosine to Inosine modification 

Adenosine to Inosine (A-to-I) editing has been identified mainly in double stranded RNAs 

formed by inverted Alu repetitive elements (Alu dsRNA) located in introns and untranslated 

regions. A-to-I editing is detected also in primary miRNA, mRNA coding regions and tRNAs 

(H. Chung et al. 2018; Levanon et al. 2004). The enzymes performing the A-to-I editing on 

tRNAs are known as ADATs and will be described in the last part of the introduction. 

A-to-I editing in the non tRNA molecules is mediated by the Adenosine Deaminases Acting 

on RNA (ADAR) family, which in vertebrates is composed of three proteins: ADAR1, 

ADAR2 and ADAR3 (Nishikura 2010). ADAR1 is expressed ubiquitously and ADAR2 

mostly in the brain but also in some other tissues. In contrast, ADAR3 expression is restricted 

to the brain (Lonsdale et al. 2013). ADAR1 has two isoforms, ADAR1p100 and 

ADAR1p150; the first one is mainly present in the nucleus and the second one in the 

cytoplasm. ADAR2 and ADAR3 are mainly observed in the nucleus (Maas and Gommans 

2009). All three ADAR proteins have dsRNA-binding domains and at their C-terminal 

regions a catalytic deaminase domain. ADAR1 and ADAR2 homodimerization is required to 
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exert their A-to-I editing activity (Figure 27). In contrast, ADAR3 cannot homodimerize and 

does not exhibit enzymatic activity (Nishikura 2010; M. H. Tan et al. 2017). 

Two proteins recognizing the inosine modification have been identified: p54nbr (Z. Zhang and 

Carmichael 2001) and vigilin (Q. Wang et al. 2005). In addition, one enzyme, endonuclease 

V, has been identified as a ribonuclease cleaving inosine-containing RNAs at the second 

phosphodiester bond 3’ to the inosine modification (Morita et al. 2013; J. Wu et al. 2019). 

Importantly, the A-to-I modification is involved in many different functional processes. 

A-to-I editing causes recoding, i.e. editing in the coding regions of pre-mRNAs. Since the 

translational machinery recognizes inosine as guanosine, recoding produces a change in the 

amino acid composition of proteins. Some transcripts coding for neurotransmitter receptors 

and ion channels undergo this recoding-type editing, which affects their functions. For 

instance, the G protein-coupled serotonin receptor 5-HT2CR (Burns et al. 1997), the potassium 

channel KV1.1 (Bhalla et al. 2004), the calcium channel CaV1.3 (Hua Huang et al. 2012), the 

α3 subunit of GABAA receptor (Ohlson et al. 2007) and the GluR2 receptor. In case of this 

latter receptor, A-to-I editing in the GluR2 transcript will change a glutamine residue, located 

in the channel pore of the GluR2 receptor, into arginine. The edited site is called the Q/R site. 

The unedited receptor is permeable to Ca++, but the edited GluR2 receptor becomes 

impermeable to this ion. Specifically, ADAR2 deletion in mice cause seizures and death 

because of excessive Ca++ permeability (Higuchi et al. 1993; Konen et al. 2020). 
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Figure 27. Structure of ADAR2 bound to dsRNA 

a. Schematic representation of human ADAR2 (hADAR2) showing that it is composed of two dsRNA 

binding domains (dsRBDs) and one deaminase domain. ADAR2 construct bearing the second dsRBD 

and the deaminase domain (hADAR2-R2D) was revealed to be an active enzyme and was used for 

crystallization. b. Structure of hADAR2-R2D bound to a dsRNA. This structure shows a 

homodimerization of ADAR2 through its deaminase domain upon dsRNA binding. Curiously, 

ADAR2 binds to the dsRNA through the deaminase domain of one monomer and the dsRBD2 domain 

of the other monomer. c. Schematic representation of ADAR2 interaction with dsRNA. Adapted from 

(Thuy-Boun et al. 2020). 

  

The A-to-I modification also plays a role in gene silencing. dsRNA containing several inosine 

modifications are recognized by Vigilin, which forms a complex with the RNA helicase A 

(RHA) and the KU86-70 proteins (Q. Wang et al. 2005). Vigilin also recruits the histone 

methyltransferase SUV39H1, which methylates histone H3 on Lys9.  H3K9m is then 

recognized by heterochromatin protein 1(HP1), thus causing gene silencing (J. Zhou et al. 

2008; Kondo and Issa 2003; Farooq et al. 2019). 
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The A-to-I modification has also been shown to play a role in RNA-nuclear retention. 

mRNAs containing, at their 3’-UTRs, A-to-I edited Alu dsRNA are retained in the nucleus in 

paraspeckles. Both, the inosine-specific dsRNA binding protein p54nrb and the long non-

coding RNA NEAT1 (nuclear paraspeckle assembly transcript 1) are required to retain these 

mRNAs (Z. Zhang and Carmichael 2001; L.-L. Chen and Carmichael 2009). However, under 

stress condition these mRNAs are cleaved at their 3’-UTR and released to the cytoplasm for 

their translation. For instance, mCAT2, membrane receptor controlling uptake of Arginine, 

which is used for the biosynthesis of nitric oxide, is induced through this mechanism under 

cellular stress (Prasanth et al. 2005).  

The A-to-I modification plays a role in splicing. A-to-I editing can create new 5’ donor (GU) 

and 3’ acceptor (AG) splicing sites. For instance, the AU-to-IU and the AA-to-AI editing will 

be read as a new 5’ donor and 3’ acceptor sites respectively by the spliceosome, which 

recognizes inosine as guanosines. Thus, A-to-I modification of Alu dsRNAs located within 

introns triggers the Alu exonization (Y. Feng et al. 2006; Lev-Maor et al. 2007). 

Lastly, the A-to-I modification regulates RNA interference. A-to-I editing of long non-coding 

dsRNAs is performed by the ADAR1 homodimer and the A-to-I editing of primary miRNAs 

(pri-miRNA) by either ADAR1 or ADAR2 homodimers (W. Yang et al. 2006; D.-S. C. Cho 

et al. 2003). The presence of inosine in pri-miRNAs affects each step of their processing by 

RNA interference enzymes. Briefly, pri-miR are recognized and cleaved by the 

DROSHA/DGR8 complex, which leads to the formation of precursor-miRNA (pre-miRNA). 

Pre-miRNAs are further cleaved by the Dicer/TRBP complex to produce a miRNA which is 

loaded onto the RISC (RNA-induced silencing complex) complex. One of the miRNA 

strands, called the guide strand, directs the RISC complex to the target mRNA which causes 

translation inhibition or mRNA decay. 

Specifically, A-to-I editing of some pri-miRNAs increases or decreases their cleavage by 

DROSHA/DGR8 complex. For instance, editing of pri-miR-142 (W. Yang et al. 2006), pri-

miR-33, pri-miR-132a2, pri-miR-379 (Kawahara et al. 2008) and pri-miR-455 (Shoshan et al. 

2015) decreases their cleavage by Drosha/DGR8. However, editing of pri-miR-197 and pri-

miR-203 increases their cleavage by Drosha/DGR8 (W. Yang et al. 2006). In addition, A-to-I 

editing of pri-miR-151 affects the cleavage of its pre-miRNA by Dicer/TRBP complex 

(Kawahara, Zinshteyn, Chendrimada, et al. 2007), whereas A-to-I editing of pri-miR-BART6 

from EBV (Epstein-Barr virus) affects the loading of the miR-BART6-5p onto RISC 
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complex, thus affecting its function. Otherwise, unedited pri-mi-BART6 causes production of 

miR-BART6-5p which targets the human Dicer mRNA, causing inhibition of the human 

RNAi (Iizasa et al. 2010). Thus, A-to-I editing of long dsRNA and pri-miRNAs causes less 

production of siRNAs and miRNAs.  

However, ADAR1 can stimulate the miRNA processing in an enzymatic-independent manner. 

ADAR1 heterodimerization with Dicer triggers both a fourfold increase of the pre-miRNA 

cleavage rate by Dicer and promotes the miRNA loading onto RISC complex (Ota et al. 

2013). Finally, A-to-I editing of miRNAs also affects the recognition of their target mRNA. 

For instance, edited miR376-5p targets a different mRNA, compared to that targeted by the 

unedited miR376-5p (Kawahara, Zinshteyn, Sethupathy, et al. 2007).     

Importantly, the A-to-I modification has an essential role in the immune system. ADAR1p150 

mediates the A-to-I editing of endogenous long dsRNA containing Alu repeats, which are 

located within introns and the 3’-UTR. A-to-I editing of these endogenous dsRNAs prevents 

their cytoplasmic sensing by antiviral sensing molecules, through three mechanisms, which 

lead to the inactivation of the interferon (INF) I signaling pathway, translation inhibition and 

apoptosis. First, in ADAR1-deficient cells, endogenous dsRNA activates RNA sensor 

molecules MDA5 and RIG-I (Schneider, Chevillotte, and Rice 2014; Rehwinkel and Gack 

2020). Their activation causes expression of interferon I, which in turn leads to the activation 

of the interferon I signaling pathway and expression of interferon stimulated genes (ISGs), 

thus causing inflammation. Therefore, A-to-I editing of endogenous dsRNA allows their 

recognition as self to prevent auto-immune reaction (Pestal et al. 2015; Liddicoat et al. 2015; 

H. Chung et al. 2018). Second, in ADAR1-deficient cells and IFN type I induction, 

endogenous dsRNAs cause the activation of PKR (protein kinase R). PKR phosphorylates the 

eukaryotic initiation factor 2α (eIF2α), which affects the delivery of Met-tRNAi to the 

ribosome, leading to translation initiation inhibition (H. Chung et al. 2018). Third, in 

ADAR1-deficient cells and IFN type I induction, endogenous dsRNAs causes the activation 

of RNaseL, which cleaves endogenous RNAs, inhibits translation and promotes apoptosis 

(Figure 28) (Yize Li et al. 2017).  

In agreement with its many different roles, A-to-I editing by ADARs is associated to several 

diseases including immune diseases, cancer, and neurological and neurodegenerative 

disorders. 
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Figure 28. ADAR1 role in preventing an autoimune reaction 

A-to-I editing of endogenous dsRNAs by ADAR1 prevents recognition of these dsRNAs as “non-self” 

by viral sensor molecules that otherwise would lead to an autoimmune reaction. Unedited endogenous 

dsRNAs causes inflammation, translation inhibition and apoptosis through three mechanisms. First, 

unedited dsRNAs are recognized by MDA5 and RIG1 which activates the interferon type I response, 

leading to inflammation. Second, unedited dsRNAs activates the oligoadenylate synthetase 

(OAS)/RNaseL pathway which causes translation inhibition and apoptosis. Third, unedited dsRNAs 

activates protein kinase R (PKR), which phosphorylates eIF2α leading to translational inhibition. 

Based on (Yize Li et al. 2017; H. Chung et al. 2018; Nishikura 2016)  

 

Mutations in ADAR1, which affects the editing of endogenous dsRNAs, also causes the 

autoimmune Aicardi-Goutières syndrome (AGS). This syndrome is characterized by an 

increased interferon alpha expression characteristic of an excessive immune response (G. I. 

Rice et al. 2012). Overexpression of ADAR1p150 is associated with rheumatoid arthritis 

(RA) through the editing-dependent stabilization of Catepsin S transcript (Vlachogiannis et al. 

2020). ADAR1p150 overexpression is also associated to systemic lupus erythematosus, 

through the editing of the alpha regulatory subunit of type I protein kinase A (Laxminarayana, 

Khan, and Kammer 2002). 
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Both ADAR1 and ADAR2 are implicated in cancer. ADAR1 act as an oncogene in different 

types of cancer, for instance in chronic myeloid leukaemia (Zipeto et al. 2016), cutaneous 

carcinoma (Herbert 2019), hepatocellular carcinoma (L. Chen et al. 2013) and lung cancer 

(Amin et al. 2017). In contrast, ADAR2 has been shown to acts as a tumor suppressor in 

glioblastoma. ADAR2 activity is impaired in this type of cancer, which causes both a 

decrease in A-to-I editing of the GluR2 Q/R receptor (Oakes et al. 2017; J. Wei et al. 2014; 

Cenci et al. 2008) and an altered editing of miRNAs in the most severe grades of glioblastoma 

(Paul et al. 2017).  For instance, unedited form of miR-376a-5p and miR-589 target tumors 

suppressors transcripts, thus promoting glioblastoma cell proliferation and migration 

(Choudhury et al. 2012; Cesarini et al. 2018).  

In Amyotrophic Lateral Sclerosis (ALS), it has been shown that deficient A-to-I editing of the 

GluA2 receptor, due to ADAR2 deletion, downregulation or mislocalization, causes increased 

of Ca++ influx in motor neurons, which activates the calpain protease that cleaves TDP-43 

protein. Fragments of TDP-43 accumulates in the cytoplasm of affected neurons, which is a 

hallmark of ASL (Yamashita et al. 2012). In patients affected by the Alzheimer disease, it was 

shown a decreased editing of A-to-I sites in the hippocampus region (Khermesh et al. 2016). 

In adult rats, forebrain ischemia triggered decreased expression of ADAR2 in neurons of the 

hippocampus, which caused a reduction of A-to-I editing at the GluR2 Q/R. In addition, 

induced expression of ADAR2 lead to survival of these neurons (P. L. Peng et al. 2006). 

2.2 tRNA modifications, their roles and their implication in neurological 

diseases 

tRNAs are the most modified RNA macromolecules (Tsutomu Suzuki 2021). Modifications 

can concern the sugar or the base of the nucleosides and are distributed at various locations 

along the tRNA. These include the acceptor stem, the D stem loop, the anticodon stem loop 

(ASL), the variable loop (VL) and the T stem loop (Figure 29). 
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Figure 29.  tRNA cloverleaf structure and modifications 

a. Cloverleaf structure of the tRNA. The tRNA has five parts including: the acceptor stem, the 

dihydrouridine stem loop (DSL), the anticodon stem loop (ASL), the variable loop (VL) and the T 

stem loop (TSL). Nucleosides 34, 35 and 36 represent the anticodon, which recognizes by hydrogen 

bonding the three nucleobases of the codon of an mRNA in the ribosome. b. Modifications in the 

human cytoplasmic tRNA (Tsutomu Suzuki 2021). 

 

Modifications have different roles including tRNA folding, structural stabilization and 

flexibility. In additions, some modifications are determinants for correct aminoacylation, 

while others can prevent tRNA enzymatic cleavage (Tsutomu Suzuki 2021). Furthermore, 

tRNA modifications within the ASL are important for correct decoding and maintenance of 

the reading frame. Importantly, mutations in tRNA modifying enzymes have been associated 

to several diseases, the most frequent being neurological disorders, revealing the importance 

of these modifications and reviving our interest for tRNAs as effector molecules (Chujo and 

Tomizawa 2021). A summary of neurological disorders and their associated tRNA 

modifications, including position and modification enzymes, is shown in Table 1. 
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Table 1. Human neurological disorders associated to aberrant tRNA modifications 

Abbreviations: ID (intellectual disability), ASD (autism spectrum disorder), ASL (amyotrophic lateral 

sclerosis). Adapted from (Tsutomu Suzuki 2021; Chujo and Tomizawa 2021) 

 

2.2.1 Roles of modifications in the tRNA body  

tRNA modifications can induce local or global structural changes in tRNAs. Local structural 

changes are mediated notably by sugar 2’-O-methylation, base methylations, pseudouridine 

(Ψ), and dihydrourine modifications (Figure 30).  

Neurological disorder Gene tRNA modification 

Microcephaly, intellectual disability (ID), autism spectrum 

disorder (ASD), aggressive behavior, short stature 

PUS7 Ψ (8, 13) 

Microcephaly, ID, diabetes, short stature TRMT10A m1G (9) 

Lactic acidosis, hypotonia, 

polymicrogyria, deafness, early death 

TRMT10C m1G, m1A (9m)  

Neurodegeneration, cardiomyopathy, early death HSD17B10  

Partner protein of 

TRMT10C 

m1G, m1A (9m) 

Microcephaly, ID TRMT1 m2
2G (26, 26m) 

ID FTSJ1 Nm (32, 34) 

ID, Dubowitz-like syndrome, short stature, breast cancer NSUN2 m5C (34, 48, 49, 50, 

48m, 49m, 50m) 

ID, strabismus, microcephaly, epilepsy, speech delay ADAT3 I (34) 

Familial dysautonomia, male infertility, skin cancer (high 

expression) 

ELP1 ncm5U (34) 

ID, ASD ELP2 ncm5U (34) 

Amyotrophic lateral sclerosis (ALS), skin/breast cancers  ELP3 ncm5U (34) 

ID, ASD ELP4 ncm5U (34) 

ID, bladder cancer  ALKBH8 mchm5U (34) 

Microcephaly, ID, nephropathy, ambiguous genitalia, short 

stature, skin/breast cancers, early death 

CTU2 2’ thiolation: mcm5s2U 

(34) 

Hypertrophic cardiomyopathy, lactic acidosis, ID, short stature, 

early death 

MTO1 tm5U (34m) 

MELAS, ID, hearing loss, short stature, early death GTPBP3 tm5U (34m) 

Leigh syndrome, hepatopathy, lactic acidosis, hearing loss, 

early death 

MTU1 tm5s2U (34m) 

Microcephaly, seizure, lactic acidosis, muscle weakness, short 

stature, 5-AZA-resistant leukemia 

NSUN3 f5C (34m) 

Demyelinating neuropathy, cardiomyopathy, lactic acidosis, 

renal tubulopathy, cirrhosis, short stature 

TRMT5 m1G (37, 37m), 

OHyW (37) 

ALS TUW3 OHyW (37) 

Microcephaly, nephropathy, short stature, liver cancer (high 

expression), early death 

YRDC t6A (37, 37m) 

Microcephaly, nephropathy, short stature, early death OSGEP t6A (37) 

Microcephaly, nephropathy, short stature, early death TP53RK t6A (37) 

Microcephaly, nephropathy, short stature, early death TPRKB t6A (37) 

Microcephaly, nephropathy, short stature, early death LAGE3 t6A (37) 

Microcephaly, nephropathy GON7 t6A (37) 

Microcephaly, ID, cardiomyopathy, lung cancer (low 

expression), short stature 

TRIT1 i6A (37, 37m) 

Microcephaly, ID, nephropathy, short stature PUS3 Ψ (38, 39) 

Partial epilepsy with pericentral spikes TRMT44 Um (44) 

Multiple sclerosis METTL1 m7G (46) 

Microcephaly, ID, nephropathy, short stature WDR4 m7G (46) 
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Figure 30. Nucleoside modifications and ribose conformation 

a. Adenosine b. Uridine c. Guanosine d. Cytidine and their corresponding modifications (R=ribose) e. 

2’-O-methylated nucleosides f. Ribose puckering: C3’ endo and C2’ endo conformations (R= 

phosphate, B= base) g. anti adenosine and syn Adenosine (Väre et al. 2017). 
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Sugar modifications also play a role. 2’-O- methylation is found in tRNAs at different 

positions (4, 6, 18, 32, 34, 39, 44, 54 and 56) (Hori 2014). The 2’-O methylation of ribose 

prevents a nucleophilic attack made by the unmodified 2’-OH, that otherwise would degrade 

the tRNA molecule (Soukup and Breaker 1999). Furthermore, 2’-O methylation favors the 3’ 

endo sugar conformation that stabilizes an A-type helical region of tRNAs (Darrell R. Davis 

1998; Kawai et al. 1992). For instance, Gm18 and Gm56 (at the TΨC loop) stabilize the 

tertiary interaction with G19 (at the D loop). 

5-methylcitosine (m5C) in tRNAs is identified at several positions: in the ASL at positions 34 

and 38, at the junction between the variable loop and the TΨC stem-loop at positions 48, 49 

and 50 and at the acceptor stem at position 72. Different NSUN proteins are responsible of 

these modification at different position and not all m5C are present in one tRNA species. For 

instance, NSUN2 modifies tRNAs at positions 48-50 and tRNALeu at position 34 (Khoddami 

and Cairns 2013; Blanco et al. 2014; Tuorto et al. 2012). DNMT2 mediates formation of m5C 

at position 38 on tRNAsVal , tRNAGly and tRNAAsp (Goll et al. 2006; Schaefer et al. 2010; 

Tuorto et al. 2012). NSUN6 mediates methylation of C72 on tRNACys and tRNAThr (Haag et 

al. 2015). NSUN3 modifies the C34 of mitocondrial tRNAMet  (Van Haute et al. 2016; Nakano 

et al. 2016). 

Since the 5-methyl group it is not located on the Watson-Crick interface, it does not affect 

canonical base pairing. C48 interacts with G15, known as ‘Levitt-pair’. This non-canonical 

G15○C48 interaction brings together the D and variable loops important to keep the tRNA L-

shape (Levitt 1969). The m5C48 has a higher hydrophobic character compared to the 

unmodified cytosine, which is believed to favor stacking interactions. Furthermore, 

methylation of position 46 (m7G) and 58 (m1A) stabilize their ternary (C13●G22○m7G46) 

and binary (U54○ m1A) pairing interactions, respectively (P. F. Agris, Sierzputowska-Gracz, 

and Smith 1986). 

Ψ is found at different positions in the tRNA depending on the isoaceptor, organism and 

organelle (Spenkuch, Motorin, and Helm 2014). Pseudouridine stabilizes local tRNA 

structure by three means. First, Ψ has an increased hydrophobic character compared to 

uridine, which favors stacking interactions (D. R. Davis 1995; Cs et al. 1999). Second, Ψ 

favors the C3’ endo sugar conformation of its neighbors, which confers rigidity (Darrell R. 

Davis 1998). Third, pseudouridine has an additional hydrogen bond donor N1 compared to 

uridine. For instance, Ψ55 (located in the TΨC loop) form a tertiary interaction with G18 
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(within the D loop) (S. H. Kim et al. 1974). Ψ13 (at the end of the D stem) interaction with 

nucleoside 22 (U, G, C or A) is more stable than that involving U13, thereby contributing to 

the stabilization of the D stem (Kierzek et al. 2014). 

In contrast to the modifications mentioned above, which confer structural stability, 

Dihydrouridine (D) gives flexibility to the tRNA molecule by two means. First, since D is a 

non-aromatic base, it is no planar but puckered (F. Yu et al. 2011; Rohrer and Sundaralingam 

1970). Thereby, D does not form stacking interactions with aromatic bases. Second, the 

saturation of the C5=C6 double bond causes a C2’ endo conformation of its ribose and in that 

of the 5’ neighboring nucleoside, which destabilizes the tRNA local structure (Dalluge et al. 

1996). 

tRNA modifications can also have more global effects. Global structural effects on tRNA are 

mediated by modifications at position 9, 10 and 26. For instance, methylation at position 9 

(N1-methyladenosine (m1A9) or N1-methylguanosine (m1G9)) is necessary for correct folding 

of mitochondrial tRNAs (Helm et al. 1998). The m1A9 modification prevents misfolding by 

disrupting the Watson-Crick pairing between A9 and U64. In absence of m1A9 mitochondrial, 

tRNA-Lys adopts a rod-like structure, which is functional neither for aminoacylation by lysil-

tRNA synthetase nor for translation at ribosome (Helm, Giegé, and Florentz 1999). 

N2,N2 dimethylguanosine (m2
2G) at position 10 and 26 has been shown to be important for 

correct tRNA folding of thermophilic organisms and of some human cytoplasmic tRNAs. The 

modified m2
2G eliminates one hydrogen bond donor in the Watson-Crick interface of the 

precursor guanosine, thereby preventing its base pairing with C, but promoting pairing with G 

or A. For instance, in Pyrococcus abissy tRNA-Pro, the modified m2
2G10 is important to 

wobble pair with U25, lack of this modification causing an extended D-arm (Urbonavicius, 

Armengaud, and Grosjean 2006). Furthermore, in P. abissy tRNA-Asp, m2
2G10 prevents its 

pairing with C27, lack of m2
2G10 producing an extended D-loop (Urbonavicius, Armengaud, 

and Grosjean 2006). In Haloferax volcanii tRNA-Lys m2
2G at position 26 prevents base 

pairing of C25-G45 and C26-G44, lack of this modification producing an extended anticodon 

stem and shortened D stem (Steinberg and Cedergren 1995). Moreover, human cytoplasmic 

tRNA-Asn has a m2
2G modification at position 26, which prevents its pairing with C11, but 

promotes its pairing with A44 at the beginning of the anticodon stem, which further promotes 

a correct tRNA structure (Steinberg and Cedergren 1995). 
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2.2.2 Roles of modifications in the tRNA anticodon loop 

A functional anticodon loop should form a stable codon-anticodon pairing in the ribosome, 

which is absolutely required for efficient translation. The functional anticodon loop is 

characterized by a U-turn structure which is mediated by modifications at position 37. A 

modified position 37 prevents base pairing of nucleosides 32-38 and 33-37, which promotes 

an open seven-member anticodon loop for correct recognition of the codon in the ribosome 

decoding center (Cabello-Villegas, Winkler, and Nikonowicz 2002; Olejniczak and 

Uhlenbeck 2006; Stuart et al. 2000).  Furthermore, the hydrophobic character of the modified 

base at position 37 improves stacking interactions which stabilize the anticodon loop (Durant 

et al. 2005; Stuart et al. 2000). Furthermore, modified position 37 maintains the reading frame 

by supporting correct first base pairing between the third anticodon base and the first codon 

base, which is mediated by van der waals and hydrophobic interactions (P. F. Agris 1996). 

For instance, the absence of 2-methylthio N6-(cis-hydroxyisopentenyl) adenosine 37 

(ms2io6A) or N1-methylguanosine 37 (m1G37) triggers a +1 frameshinfting (Urbonavicius et 

al. 2003).  Similarly, lack of wybotusine 37 (yW37) in tRNA-Phe causes +1 and -1 

frameshifting (Waas et al. 2007). 

Another essential position in the anticodon loop is position 34, also known as the wobble 

position ((Crick 1966; Paul F. Agris et al. 2018); see below). Modifications at position 34 

have been shown to contribute to the maintenance of the reading frame. For instance, absence 

of Q34 for tRNAs coding for His, Tyr, Asn and Asp produces +1 frameshifting (Urbonavicius 

et al. 2003). Absence of mnm5s2U34 in E.coli tRNAs for Lys, Gln, Glu, Arg and Leu 

produces +1 frameshifting (Urbonavicius et al. 2003). 

Upon stress, some human cytoplasmic tRNAs are cleaved at the anticodon by the 

endoribonuclease angiogenin (Yamasaki et al. 2009). Some modifications prevent angiogenin 

cleavage, for instance 2’-O methylation at C34 (Cm34), Queuosine 34 (Q34) and m5C 

(Xiaoyun Wang et al. 2018). Specifically, in Cm34, the 2’-O-methylation modification is 

proposed to prevent deprotonation of 2’-OH, which is required for angiogenin activity (Vitali 

and Kiss 2019). m5C also prevents binding of angiogenin, but it is not known which m5C 

modified position (34, 48, 49, 50) contributes to prevent that cleavage (Blanco et al. 2014).  

2.2.3 Roles of modifications in the wobble position  

The genetic code has 61 codons that encode 22 amino acids, the remaining three codons 

(TAA, TAG, TGA) being used as stop codons. This means that some amino acids are encoded 
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by more than one codon, which is known as the degeneracy of the genetic code ((M. 

Nirenberg et al. 1965; Crick et al. 1961; M. W. Nirenberg and Matthaei 1961; Paul F. Agris et 

al. 2018). For instance, amino acids encoded by four different codons are known as amino 

acids belonging to a fourfold degenerate codon box; where the first two bases of the codon are 

conserved, and the third base of the codon are different and can be G, A, C or U (Paul F. 

Agris, Vendeix, and Graham 2007). 

Furthermore, the 61 codons are decoded by a smaller number of tRNAs (40-50 depending on 

the organism), which means that a single tRNA should recognize more than one codon. For 

instance, a tRNA recognizing a fourfold degenerate codon box forms canonical Watson-Crick 

pairing between bases 36 and 35 of the anticodon and the first two bases of the codon. 

However, the base at position 34 (known as wobble position) of the anticodon, must 

recognize four different bases at the third position of the codon. This recognition is made in a 

non-canonical manner, known as wobble pairing, and generally requires modifications of the 

nucleoside 34. Therefore, modifications at the wobble position of tRNAs often expand its 

decoding capacity. However, in some cases, modifications of the wobble position rather 

restrict its decoding capacity for accurate decoding (Paul F. Agris et al. 2018). 

2.2.3.1 Wobble modifications that restrict decoding capacity 

Isoleucine and methionine share the same fourfold codon box, where AUC, AUU and AUA 

code for isoleucine and AUG for methionine. In bacteria, tRNA-Ile-GAU decodes AUC and 

AUU. An additional tRNA-Ile-k2CAU which has a lysidine (k2C) modification at position 34 

is required to decode AUA as isoleucine but does not decode AUG (Henri Grosjean and Björk 

2004). Therefore, lysidine allows recognition of A and prevents recognition of G at the third 

position of the codon (Muramatsu et al. 1988). Lysidine is a modified cytidine containing a 

lysine at position 2. Lysidine can exists in two tautomeric forms, and it is predicted that one 

of them allows recognition of A, while both tautomers do not recognize G (Paul F. Agris et al. 

2018). Furthermore, lysidine is a determinant for correct amino acid charging by Isoleucyl-

synthetase (IleRS), thus IleRS can discriminate tRNA-Ile- k2CAU from tRNA-Met-CAU. 

In yeast and archea lysidine’s function is rather accomplished by pseudouridine and 

agmatidine (agm2C34), respectively (Mandal et al. 2010; Senger et al. 1997). Agmatidine is a 

modified cytidine containing a decarboxy-arginine at position 2. The structure of the tRNA-

Ile- agm2CAU bound to the AUA codon in the ribosome, shows a single hydrogen bond 

between the agm2C34 and the A at the third position of the codon (A3); in addition, the 
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terminal amine of agmatidine hydrogen bonds the O’4 of the ribose of a downstream 

nucleoside (Voorhees et al. 2013). Since agmatidine and lysidine are chemically similar, the 

interactions made by agmatidine might represent a conserve mode recognition and 

stabilization of the AUA codon (Voorhees et al. 2013). 

2.2.3.2 Wobble modifications that expand decoding capacity 

There are six amino acids (Ala, Gly, Pro, Ser, Thr and Val) that are encoded by at least one 

fourfold degenerated codon boxes. For each of these amino acids, the first two bases of the 

codon are conserved but the third base of the codon is different, and bears a U, C, G or A 

(reviewed by Paul F. Agris et al. 2018). In prokaryotes, for each of those amino acids, there 

are several tRNAs but among them one can decode all four codons of the degenerate codon 

box. This tRNA has the 5-oxyacetic acid (cmo5) modification at position U34, which enables 

recognition of all U, C, G and A at the third position of the codon (Nasvall, Chen, and Bjork 

2004; Näsvall, Chen, and Björk 2007).  

For instance, in E. coli, the cmo5U34 “pre-structures” the ASL of tRNA-Val-UAC by two 

means, to enhance its pairing capacity to near cognate codons of the GUN valine codons. 

First, the 3’-OH adopts a 3’ endo conformation which provides stability (Weixlbaumer et al. 

2007; Kawai et al. 1992; 1991). Second, a hydrogen bond is formed between the 2’-OH of 

U33 and the O5 of the cmo5 modification, which constrains the U34 (Weixlbaumer et al. 

2007). Thereby, the modification of tRNA-Val-cmo5UAC can recognize U and C ending 

codons. Furthermore, U34 must be modified to pair with G at the third position of the codon. 

But, the cmo5U34-G3 pair is no longer a wobble interaction, instead they interact by three 

hydrogen bonds thanks to the enol form of the cmo5U34, as a reminiscence of a C-G pair 

(Weixlbaumer et al. 2007). 

Furthermore, E. coli tRNA-Val-cmo5U34AC contains another modification, m6A at position 

37. This later modification prevents intraloop hydrogen bond formation within the ASL and 

promotes base stacking, thereby forcing the ASL to adopt an open loop structure which is 

required for codon-anticodon pairing within the ribosome (Paul F. Agris, Vendeix, and 

Graham 2007). The ASL of tRNA-Val-UAC with neither cmo5 at U34 nor m6 at A37 binds 

weakly to the GUA codon and does not bind either to GUG, GUU and GUC codons within 

the 30S ribosome (Vendeix et al. 2008). This shows the importance of modifications in the 

ASL for expanding the decoding capacity.  



81 

 

Amino acids Asp, Asn, His and Tyr are represented by twofold degenerated codon box. For 

each of these amino acids, the first two bases are conserved and the third base of the codon 

bears either a G or a U. tRNAs decoding these codons have a Queuosine (Q) or its 

glycosylated derivatives at position 34 to be able to recognize both G and U ending codons 

(Morris, Brown, and Elliott 1999). Furthermore, position 37 of these tRNAs are modified, 

bearing often a Wyosine which enhances anticodon-codon pairing by stacking interactions. In 

addition, Wyosine pre-structures the ASL by preventing formation of hydrogen between bases 

32 and 37 (de Crécy-Lagard et al. 2010). In mitochondria, Wyosine is replaced by i6A or by 

methylated purines at position 37 (Takeo Suzuki and Suzuki 2014). 

Lysine is coded by AAG and AAA codons. In mammals, tRNA-Lys-CUU decodes the AAG 

codon and tRNA-Lys-UUU can decode both lysine codons. However, this later tRNA is 

modified at U34 to xm5s2U34 or derivatives thereof, to be able to recognize both codons and 

for translocation on the ribosome (Phelps et al. 2004). In bacteria, the xm5s2U34 modification 

is mnm5s2U34. This modification adopts keto-enol tautomeric forms, one tautomer can pair 

with A and the other with G (Murphy et al. 2004; Paul F. Agris et al. 2018). Additionally, 

tRNA-Lys-UUU has a modification at position 37, t6A, which inhibits formation of intraloop 

hydrogen bonds that would otherwise condensate the ASL (Murphy et al. 2004). 

In mitochondria 5-formylcytidine (f5C) modification at position 34 in tRNA-Met is important 

for recognition of both AUG and AUA codons as methionine (Takemoto et al. 2009). f5C 

modification is catalyzed by both the methyltransferase NSUN3 and the dioxygenase 

ALKBH1 (Nakano et al. 2016; Haag et al. 2016).  

Finally, Adenosine at position 34 pairs with U at the third position of the codon. However, 

when Adenosine is converted to Inosine, the I34 can recognize U, C and A bases at the third 

position of the codon (Crick 1966). Thus, A-to-I editing of the anticodon, expands its 

decoding capacity. For instance, in bacteria the ASL-Arg-ACG must be modified to ASL-

Arg-ICG to be able to bind CGU, CGC and CGA Arg codons in the A site of the ribosome 

(Murphy and Ramakrishnan 2004; Cantara et al. 2012). The unmodified ASL-Arg-ACG binds 

only to the CGU codon and does not bind the two other codons CGC and CGA (Cantara et al. 

2012). 
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2.3 A-to-I editing of tRNA-Arg(ACG) wobble adenosine in prokaryotes by the 

TadA homodimer 

In bacteria, an homodimer of the TadA protein catalyzes the hydrolytic deamination reaction 

that converts A34 into I34 in one tRNA isotype, tRNA-Arg(ACG) (Wolf, Gerber, and Keller 

2002). TadA belongs to the larger family of cytidine deaminases (CDA) (A. P. Gerber and 

Keller 2001). TadA has an overall fold formed of a central β-sheet flanked by α-helices. 

Helices α1, α5 are opposite to the dimer interface while helices α2-to-α4 are located at the 

dimer interface (Figure 31a) (J. Kim et al. 2006; Kuratani et al. 2005; Losey, Ruthenburg, and 

Verdine 2006). Helices α2-α4 and their loops form the active site of Tad, each monomer 

contributing however to both active sites of the complex. The active site of TadA contains a 

zinc ion which is coordinated by His53, Cys83, Cys86 and a water molecule that participate 

in catalysis (Losey, Ruthenburg, and Verdine 2006). In addition, a conserved Glu55 mediates 

proton transfer during catalysis, mutation of this conserved Glu into Ala producing a 

catalytically inactive enzyme (Elias and Huang 2005). The catalytic mechanism of A-to-I 

editing is proposed to be similar to that of cytidine deaminases (Betts et al. 1994; S. J. Chung, 

Fromme, and Verdine 2005). Glu55 acts as a proton shuttle, which both abstracts a proton 

from the zinc-bond water molecule to produce a hydroxide ion; and protonates the N1 of the 

adenosine 34. Thereby, Glu55 reduces the double bond between N1 and C6 of adenosine, 

which renders the C6 more susceptible to the hydroxide ion attack to form the tetrahedral 

intermediate. Next, the C6-NH2
6 bond cleavage is mediated by transfer of proton from OH6 to 

NH2
6, this proton is then abstracted by Glu55. The tetrahedral intermediate collapses after 

abstraction of this proton by Glu55 and delivery of this proton to the leaving amine to produce 

the inosine and ammonia (Figure 31b). (Wilson, Rudolph, and Quiocho 1991; Kinoshita et al. 

2003; Hall et al. 2011; T.-P. Ko et al. 2003; Sh et al. 2004). 

The structure of TadA in complex with the ASL of its substrate, tRNA-Arg-ACG, showed 

that, at the entrance of the TadA active site, several pockets are formed by the two TadA 

monomers and that interact with the ASL, notably the anticodon loop. These pockets 

accommodate bases 33 to 37; there is no pockets for the base pair 32-38, but this pair interacts 

with Tad A as well (Losey, Ruthenburg, and Verdine 2006). Residues at the C-terminal alpha 

helix of TadA have been proposed to interact the tRNA; in addition, mutations of these 

residues have been shown to affect TadA activity (Elias and Huang 2005). Indeed, the 

structure of TadA/ASL shows that residues forming the C-terminal helix of TadA interacts 

with the ASL. For instance, F144 and F145 form stacking interactions with C35 and G36 
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respectively, R149 interacts to the phosphate of U33 and forms two hydrogens bonds to the 

G36 base (Losey, Ruthenburg, and Verdine 2006). Interestingly, in absence of a substrate, this 

alpha helix is only partially observed or is not present at all in the electron density, showing 

that it can adapt to recognize TadA ASL substrate (Elias and Huang 2005). 

 

Figure 31.TadA structure and catalytic mechanism 

a.Structure of Staphylococcus aureus TadA in complex with the anticodon stem loop (ASL) 

of tRNA-Arg. TadA has an overall fold composed of a central β-sheet surrounded of α-

helices. Homodimerization of TadA (TadA monomers are colored red and cyan) have two 

zinc binding sites corresponding to each monomer, where the ASL is bound. b. Proposed 

catalytic mechanism of deamination. In the active site of TadA, the zinc ion is coordinated by 

H53, C83, C86 and a water molecule. The E55 abstract one proton from the zinc-bound water 

molecule to produce a hydroxide ion. E55 also protonates the N1 of the incoming adenosine 

34, which reduces the double bound between N1 and C6 of adenosine rendering the C6 more 

susceptible to the hydroxide ion attack to form the tetrahedral intermediate. The C6-NH2
6 

bond cleavage is mediated by transfer of proton from OH6 to NH2
6, this proton is then 

abstracted by Glu55. The tetrahedral intermediate collapses after abstraction of this proton by 

Glu55 and delivery of the proton to the leaving amine yields inosine and ammonia (Losey, 

Ruthenburg, and Verdine 2006). 

 

2.4 A-to-I editing of tRNA wobble position in eukaryotes by the ADAT 

heterodimer 

The A-to-I editing in eukaryotes is mediated by the Adenosine Deaminase Acting on tRNAs 

(ADATs). There are three types of ADATs: ADAT1, ADAT2 and ADAT3, all of them also 

have a deaminase domain that is similar to that of cytidine deaminases (Schaub and Keller 

2002). ADAT1 mediates the A-to-I editing at position 37 in tRNA-Ala and at position 57 in 

archaeal tRNAs (H. Grosjean et al. 1996; A. Gerber et al. 1998). ADAT2 and ADAT3 
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(ADAT2/3) form a complex in the nucleus to perform A-to-I editing at position 34 on tRNAs 

(Torres et al. 2015). In contrast to the single substrate of the prokaryotic Tad A, eukaryotic 

ADAT2/3 complex have up to eight tRNAs isotypes as substrates. These substrates contain an 

adenosine at position 34 and include: tRNA-Ala-AGC, -Pro-AGG, -Thr-AGT, -Val-AAC, -

Ser-AGA, -Arg-ACG, -Ile-AAT and Leu- AAG. 

Amino acids Ala, Pro, Thr and Val are encoded by four different codons, i.e. fourfold 

degenerate. Ile is encoded by three different codons, threefold degenerate. Arg, Ser and Leu 

are sixfold degenerate (M. Nirenberg et al. 1965; Paul F. Agris, Vendeix, and Graham 2007). 

In contrast to the bacterial protein TadA which is able to deaminate A34 from an ASL alone, 

the ADAT2/3 complex requires a full length tRNA to deaminate A34 (Auxilien et al. 1996; 

Roura Frigolé et al. 2019). ADAT2/3 substrates do not require a 5’ leader, 3’ trailer, the 

3’CCA, or a previous modification in another base within the tRNA for A-to-I editing (Torres 

et al. 2015; Roura Frigolé et al. 2019).  

Although both ADAT2 and ADAT3 have a deaminase domain, only ADAT2 is the active 

subunit. ADAT3 has been proposed to be inactive since the conserved glutamate participating 

in catalysis by proton shuttling is mutated into valine (A. P. Gerber and Keller 1999). 

Nevertheless, ADAT2 requires the presence of ADAT3 to perform the deamination reaction. 

How ADAT3 contributes to A-to-I editing is however unknown. Sequence comparison of 

TadA and mouse ADAT2/3 show that mouse ADAT2 has 49.7% sequence similarity with E. 

coli TadA. Surprisingly, when comparing TadA and ADAT3, it is observed that only the C-

terminal part of ADAT3 (residues 177- 349) has 45% of sequence similarity with E. coli 

TadA. The N-terminal domain of ADAT3 is an additional domain, characteristic of ADAT3, 

that is neither present in E. coli TadA, nor in eukaryotic ADAT2. 

2.5 ADAT mutations and disease association 

Several mutations in ADAT3 gene have been identified in patients affected by a neurological 

syndrome. This syndrome is characterized by intellectual disability (ID), strabismus, 

microcephaly, epilepsy, hypotonia, speech delay and grow failure. Forty one patients have 

been shown to carry the homozygous missense c.382G > A mutation in ADAT3 gene, which 

leads to the replacement of valine 128 into methionine in the ADAT3 protein (Sharkia et al. 

2019; Alazami et al. 2013; El-Hattab et al. 2016). Two other patients were shown to carry a 

compound heterozygous missense mutation of ADAT3, where each allele encodes a different 

ADAT3 variant, i.e. Val196Ala and Val196Leu (Thomas et al. 2019). Furthermore, one 
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patient presented a homozygous 8bp duplication in ADAT3 gene leading to a N-terminal 

truncation in ADAT3 (Salehi Chaleshtori et al. 2018). 

2.6 Questions associated 

If the mechanism and tRNA recognition properties of prokaryotic TadA have been thoroughly 

addressed, much remains to be investigated on ADAT. Notably, several questions remain 

unanswered. First, what is the role of ADAT3 in ADAT? Second, what is the role of the 

specific N-terminal domain of ADAT3? Third, in contrast to prokaryotes where a TadA 

homodimer is sufficient for A-to-I editing, why do eukaryotes need a heterodimeric complex 

to accomplish the same purpose? Fourth, how does ADAT2/3 achieves recognition of tRNAs 

containing A34? Fifth, how does ADAT2/3 disease mutant affect the inosine levels of 

tRNAs? Sixth, is the affinity of ADAT2/3 disease-mutant to tRNAs decreased compared to 

that of the wild type (WT) complex? Finally, seventh, is the activity of ADAT2/3 disease-

mutants decreased compared to that of the WT complex? 
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Thesis objectives  

My major interest lies in the understanding of human diseases and how these can be cured. 

The two main projects that I have conducted during my PhD have addressed these questions, 

looking at the mechanistic of proteins and protein complexes involved in essential processes 

and that could be targeted to gain insights into therapeutic interventions, diagnostic and 

patient-care. Notably, my projects have tackled projects in the dynamic fields of epigenetics 

and epitranscriptomics, where many effectors are known to be involved in the onset and/or 

progression of diseases. 

My thesis objectives have therefore matched my scientific interests and addressed the 

following questions:  

 

Concerning tcDAC2: 

• Solve the structure of tcDAC2 to determine its features that differentiate it from 

human HDACs. 

• Solve the structure of tcDAC2 in complex with inhibitors to understand how to 

develop new anti-parasitic drugs. 

 

Concerning the ADAT2/ADAT3 complex: 

• Solve the structure of mouse ADAT2/ADAT3 WT and disease-mutant complexes to 

study the mechanism by which the most common mutation V128M in ADAT3 trigger 

the disease phenotype. 

• Study the role of ADAT3, and ADAT3-Nter domain. 

• Characterize the activity and binding affinities of ADAT2/3 WT and disease-mutant 

complexes. 
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Results 

Article 1 

 
Characterization of Histone Deacetylase 8 (HDAC8) Selective Inhibition Reveals 

Specific Active Site Structural and Functional Determinants (published) 

HDAC8 has been shown to be upregulated in different tumors including neuroblastoma, and 

treatment of a neuroblastoma cell model with selective HDAC8 inhibitors resulted in cell 

differentiation and growth arrest. Nevertheless, the mode of binding of these HDAC8 specific 

inhibitors is not known. Furthermore, since human HDAC8 specific inhibitors PCI-34051 and 

NCC-149 (hereafter termed PCI and NCC) also inhibit in vitro and in vivo schistosome 

HDAC8, to study the structural determinants of PCI and NCC selective inhibition of HDAC8 

enzymes, smHDAC8 was used as a model. Furthermore, several compounds targeting 

selectively smHDAC8 over human HDACs were developed previously in collaborators’ 

teams to fight schistosomiasis. Therefore, to know the mode of binding of these different 

selective HDAC8 inhibitors, my team has co- crystallized them in complex with the 

smHDAC8 enzyme. 

The structure of smHDAC8 in complex with these HDAC8 selective inhibitors showed the 

hydroxamic part of the inhibitors coordinates the catalytic zinc and hydrogen bonds with 

Tyr341, H141 and H142. Furthermore, the L shape of these inhibitors allow their capping 

group to interact with Tyr341 and residues of the L6 loop (P291 and H292). Thereby we 

could determine a specific pocket in HDAC8 enzymes where HDAC8-specific inhibitors 

bind. This pocket is formed by residues of different loops. The base of the pocket is formed 

by Tyr 341 (L7 loop) that participates in catalysis, while the walls of the pocket are formed by 

residues of the L1 and L6 loops. The capping group of HDAC8-specific inhibitors lays over 

and interacts with the catalytic tyrosine. Other HDACs do not present this pocket. For 

instance, in HDAC1, 2, 3,6 and10 this pocket is covered by residues of the L1 and L6 loops 

forming a L1-L6 lock. In class IIa HDACs, the pocket does not exist since the catalytic 

tyrosine is replaced by a histidine. 

Further mutational experiments showed that the replacement of hHDAC8 L6 loops by those 

of human HDAC1 L6 loop did not change the overall conformation of this loop, as observed 

in HDAC8, but resulted in decreased activity of HDAC8 and increased IC50 values of PCI and 
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NCC against HDAC8. These results demonstrated the importance of the specific HDAC8 

pocket for binding of HDAC8 selective inhibitors. On one hand, we could determine why 

homemade inhibitors are potent and are selective inhibitors for smHDAC8 over human 

HDACs, and how these inhibitors can be used as drug leads for further development to fight 

schistosomiasis. On the other hand, the discovery of the HDAC8 selective pocket will guide 

the development of more potent and selective human HDAC8 inhibitors for the treatment of 

cancer. 

I joined this project as a master student and have been realizing the structural analysis of the 

human HDAC8 where its L6 loop was replaced by that of human HDAC1. I have notably 

solved the structure of this mutant of human HDAC in complex with the pan-HDAC inhibitor 

Quisinostat(QSN). 
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ABSTRACT: Metal-dependent histone deacetylases (HDACs) are key epigenetic regulators that represent promising
therapeutic targets for the treatment of numerous human diseases. Yet the currently FDA-approved HDAC inhibitors
nonspecifically target at least several of the 11 structurally similar but functionally different HDAC isozymes, which hampers
their broad usage in clinical settings. Selective inhibitors targeting single HDAC isozymes are being developed, but precise
understanding in molecular terms of their selectivity remains sparse. Here, we show that HDAC8-selective inhibitors adopt a L-
shaped conformation required for their binding to a HDAC8-specific pocket formed by HDAC8 catalytic tyrosine and HDAC8
L1 and L6 loops. In other HDAC isozymes, a L1−L6 lock sterically prevents L-shaped inhibitor binding. Shielding of the
HDAC8-specific pocket by protein engineering decreases potency of HDAC8-selective inhibitors and affects catalytic activity.
Collectively, our results unravel key HDAC8 active site structural and functional determinants important for the design of next-
generation chemical probes and epigenetic drugs.

■ INTRODUCTION

Acetylation of lysine residues in proteins is a major signaling
mark that impacts most cellular processes.1−3 In the cell
nucleus, acetylation of histones has been shown to be essential
for modulating chromatin structure and for acting in epigenetic

signaling that drives and regulates nuclear mechanisms, cellular
processes, and development.1,3,4 Protein lysine acetylation is a
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reversible process relying on the opposing effects of
acetyltransferases and deacetylases.3,5,6 In addition, the
acetylation marks on lysines are recognized by epigenetic
readers harboring structural modules (e.g., bromodomains)
that enable the recruitment of cellular effectors to specific
subcellular and genomic loci.5,7

Because of the functional importance of acetylation
mechanisms, their deregulation has been linked with multiple
human diseases, including cancer.4,8−11 The reversibility of
acetylation and the possibility of modulating recognition of
acetylated lysines by bromodomains provide a way to
pharmacologically modulate acetylation pathways. Thus,
epigenetic regulators involved in these pathways represent
important therapeutic targets.4,8−10,12,13

Accordingly, among the currently approved epigenetic drugs,
a majority (Vorinostat (SAHA), Romidepsin, Belinostat,
Panobinostat, and Chidamide) target lysine deacetylases.13−15

The family of lysine deacetylases has been divided into four
classes depending on their folds and their sequence similarities.
Classes I, II (IIa and IIb), and IV adopt an arginase-deacetylase
α/β fold and rely on a zinc ion for activity (thereafter referred
to as histone deacetylases or HDACs).6 Class III deacetylases
are referred to as sirtuins and adopt a Rossmann fold, relying
on NAD+ for activity.6 Eleven HDACs and seven sirtuins are
found in humans.
The currently approved drugs against lysine deacetylases

target only proteins from the HDAC family. However, these
drugs show poor selectivity against single members of the
structurally similar but functionally different human HDAC
isozymes, targeting at least two and generally more than two
HDAC isozymes, thus hampering their broad therapeutic
usage.13,15 Several small-molecule inhibitors exhibiting selec-
tivity for specific HDACs have been developed. PCI-34051
and NCC-149 were among the first HDAC isozyme-selective
inhibitors discovered.16−18 These two aromatic hydroxamate
derivatives show high selectivity for human HDAC8
(hHDAC8), an HDAC isozyme that has been shown to be
overexpressed in several cancers19−21 and whose mutations can
lead to the Cornelia de Lange syndrome.22−24

Specifically, PCI-34051, which is an indole-based derivative,
is currently among the most selective HDAC8 inhibitors with a

selectivity index of 290 and 400 for HDAC6 and HDAC1,
respectively, making it a strong chemical tool for studying the
biological role of HDAC8 in vivo.16,25−28 In addition, our work
on HDAC8 from the human-pathogenic flatworm Schistosoma
mansoni (smHDAC8) has led to the design of new selective
HDAC8 inhibitors targeting both the human and schistosome
enzymes or, for some of them, showing selectivity toward
schistosome HDAC8.29,30

To date, the experimental structural and mechanistic bases
underlying HDAC8 selective inhibition by PCI-34051, NCC-
149, and other related selective compounds remain poorly
understood. Structural work on HDAC8 and computational
studies have suggested that selective inhibitors target specific
structural features of HDAC8 active site, potentially making
use of the malleability of this active site.17,18,31−34 Yet, no clear
experimental evidence has been provided so far. To address
this issue, we have dissected the molecular basis of HDAC8-
selective inhibition by combining biochemical, biophysical, and
crystallographic studies on hHDAC8 and smHDAC8.
Our results reveal that HDAC8-selective inhibitors bind into

a specific HDAC8-selective pocket formed by the active site
catalytic tyrosine and by residues from the L1 and L6 loops.
This specific enzyme−ligand recognition is favored by the
constrained L-shaped conformation of HDAC8-selective
inhibitors. This selective binding relies on a specific
conformation of the HDAC8 L6 loop and a shorter L1 loop
that are not observed in any other HDAC isozyme. Our
mutational studies further reveal HDAC8 structural determi-
nants that support HDAC8 selective inhibition and function.
Collectively, our results highlight the structural/functional
similarities and dissimilarities between the various HDAC
isozymes and pave the way for the development of new HDAC
isozyme-selective chemical probes for cell biological research
and inhibitors to treat human diseases.

■ RESULTS
In Vitro and in Vivo Effects of PCI-34051 and NCC-

149. PCI-34051 and NCC-149 have been developed to target
human HDAC8 (hHDAC8) selectively.16−18 To investigate
whether these inhibitors also target Schistosoma mansoni
HDAC8 (smHDAC8), we have looked at their inhibition

Figure 1. HDAC8 inhibition and binding by inhibitors PCI-34051, NCC-149, and QSN. (A) Chemical structures of PCI-34051, NCC-149, and
Quisinostat (QSN). (B) IC50 values and binding affinities/thermodynamic parameters of PCI-34051, NCC-149, and QSN for human HDAC8
(hHDAC8) and Schistosoma mansoni HDAC8 (smHDAC8).
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and binding to smHDAC8. As a comparison, we have used the
highly potent but nonselective HDAC inhibitor Quisinostat
(QSN) which is in phase II clinical trials.35,36

Measurements of the half-maximal inhibitory concentration
(IC50) showed that all three inhibitors possess activity in the
submicromolar range against hHDAC8 and smHDAC8. NCC-
149 showed the most potent inhibition, followed by QSN and
PCI-34051 (Figure 1). Measurement of the thermodynamic
parameters using isothermal titration calorimetry (ITC)
confirmed the inhibition results obtained, the equilibrium
dissociation constant (Kd) values determined being in the same
range as the corresponding IC50 values, with the exception of
QSN that showed a lower Kd value for smHDAC8 (Figures 1
and 2).

The biological effects, especially the anticancer properties of
PCI-34051 and NCC-149 in various cell types, have been
characterized,16−18,25−28 and we have previously shown that
pan-HDAC inhibitors affect schistosome pathogens.30,37 We
therefore asked whether PCI-34051 and NCC-149 could also
have an antiparasitic effect on schistosomes. Our various
biological assays confirmed that PCI-34051 and NCC-149
affect the pathogens, triggering their apoptosis (Supporting
Information, Figure S1). These results demonstrate that both
hHDAC8 and smHDAC8 can be used for studying HDAC8
inhibition by PCI-34051 and NCC-149.
So far, few structures of HDACs in complex with selective

inhibitors have been solved. Moreover, in many HDAC/
inhibitor structures, the active site of the HDAC and the

Figure 2. ITC measured affinities and thermodynamic signatures of PCI-34051, NCC-149, and Quisinostat (QSN) binding to hHDAC8 and
smHDAC8. ITC profiles of the titration of hHDAC8 (A−C) and smHDAC8 (D−F) with PCI-34051 (A,D), NCC-149 (B,E), and QSN (C,F).
Top panels: titration data of the enzymes into the corresponding inhibitor solution. DP: Differential power. Bottom panels: integrated heat
measurements for the titration enzyme with the corresponding inhibitor.
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bound inhibitor are involved in extensive crystal packing
contacts. This complicates the delineation between biologically
relevant and crystal packing-driven conformations and
interactions of the HDAC active site loops and the inhibitors.
Therefore, in addition to the cocrystallization attempts of
hHDAC8 with inhibitors, we have used the possibility offered
by our apo smHDAC8 crystals to look at HDAC8/inhibitor
interactions in a crystal lattice-open environment.30

Despite intensive efforts, we were not able to obtain well-
diffracting crystals of hHDAC8 in complex with PCI-34051,

NCC-149, and QSN. In contrast, soaking experiments of apo
smHDAC8 crystals with all three inhibitors were successful
and yielded high resolution complex structures (Figure 3;
Supporting Information, Table S1).

Binding Mode of QSN to smHDAC8. Analysis of the
smHDAC8/QSN structure revealed that QSN adopts a
straight conformation as its piperidine-pyrimidine linker allows
limited conformational flexibility (Figure 3A). The QSN
hydroxamate warhead coordinates the catalytic zinc and
simultaneously interacts via hydrogen bonding with the

Figure 3. Structural characterization of QSN, PCI-34051, and NCC-149 binding to smHDAC8 (PDBs 6HSH, 6HQY, 6HRQ) (A−C). Binding
modes of QSN (A), PCI-34051 (B), and NCC-149 (C) to smHDAC8. Upper panels: Simulated annealing omit electron density map contoured at
2σ for the inhibitors when bound to smHDAC8. Middle panels: Binding mode of QSN, PCI-34051, and NCC-149 in the active site of smHDAC8.
The inhibitors and important residues are shown as sticks. smHDAC8 L6 loop is colored green. The catalytic zinc ion is shown as orange sphere.
Zinc coordination and hydrogen bonds are shown as dashed lines. Only HDAC8-selective inhibitors PCI-34051 and NCC-149 adopt an L-shaped
conformation and interact with the catalytic tyrosine and the L6 loop. Lower panels: Two dimensional illustrations of binding. Zinc coordination,
hydrogen bonds, and aromatic interactions are shown as dashed lines. The corresponding distances between the atoms and/or chemical groups are
given in Å. Hydrophobic contacts are shown by gray arcs with spokes radiating toward the atoms involved.
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histidine dyad, H141 and H142 (hHDAC8 H142 and H143)
and with the catalytic tyrosine Y341 (hHDAC8 Y306)
hydroxyl, as commonly observed for most other hydrox-
amate-containing HDAC inhibitors. Furthermore, the QSN
piperidine-pyrimidine linker is sandwiched between the side
chains of smHDAC8 F151 (hHDAC8 F152) and F216
(hHDAC8 F208), where it forms planar π−π stacking and
nonpolar contacts.
Specifically, the QSN piperidine ring adopts a chair

conformation, which allows the QSN methylamino-methyl
linker to form a hydrogen bond (2.4 Å) with the carboxyl
group of smHDAC8 D100 (hHDAC8 D101), a conserved
class I HDAC residue that has been shown to interact with the

backbone of incoming acetylated peptides.33,38 Finally, the
QSN capping methyl-indole group is solvent exposed, making
minimal nonpolar contacts with Y99 (hHDAC8 Y100).
Interestingly, we previously observed a very similar binding
mode to smHDAC8 for another pan-HDAC inhibitor, M344,
including an interaction between D100 and the M344 internal
amide group.30 The M344 conformation is less constrained by
its linker, which suggests that this binding mode is common to
and favored by many pan-HDAC inhibitors. In agreement, a
similar binding mode was also observed upon SAHA binding
to human HDAC2 in a crystal lattice-free environment.39

Binding Mode of PCI-34051 to smHDAC8. The PCI-
34051 hydroxamate warhead interacts with the catalytic zinc

Figure 4. Structural characterization of 1, 6, and 9 HDAC8-selective inhibitors binding to smHDAC8 (PDBs 5FUE, 6HTI, 6HU0). (A−C)
Binding modes of compounds 1 (A), 6 (B), and 9 (C) to smHDAC8. Upper panels: Simulated annealing omit electron density map contoured at
2σ for 1, 6, and 9 when bound to smHDAC8. Middle panels: Binding mode of 1, 6, and 9 in the active site of smHDAC8. Lower panels: Two
dimensional illustrations of binding. Representations, coloring and display of interactions are as in Figure 3.
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and active site residues as observed for QSN (Figure 3B).
However, in contrast to QSN, the hinge connecting the central
indole-based spacer and the methoxyphenyl group of PCI-
34051 favors binding of its capping group onto the side chain
of smHDAC8 Y341 (hHDAC8 Y306). This tyrosine, together
with the catalytic zinc, has been shown in hHDAC8 to be
involved in catalysis by polarizing the leaving acetyl group of
the incoming acetylated lysine.33 Here, the methoxyphenyl
capping group is perpendicularly (86°) oriented over the
aromatic ring of this tyrosine, which favors T-shaped π−π
stacking (4.9 Å). Thus, the binding of PCI-34051 onto Y341 is
favored by the L-shape of this inhibitor.
The methoxyphenyl capping group of PCI-34051 is

positioned in close vicinity to the smHDAC8 L6 loop, being
inserted in a small pocket shaped by the side chains of P291
and H292 (hHDAC8 P273 and M274). While the methoxy
group forms nonpolar contacts with the pyrrolidine ring of
P291, the phenyl ring of the inhibitor interacts (4.3 Å) via
either π−π or cation−π interaction with H292, depending
upon the protonation state of the histidine (Figure 3B).
The smHDAC8 and hHDAC8 differ by one residue in their

active sites, where hHDAC8 M274 is replaced by smHDAC8
H292. Because this latter residue is involved in inhibitor
binding, we asked whether the smHDAC8-H292M mutant
binds PCI-34051 in the same way as the wild-type (WT)
enzyme. The crystal structure of PCI-34051 bound to the
“humanized” smHDAC8-H292M mutant reveals that PCI-
34051 still adopts a L-shaped conformation when bound to
the smHDAC8-H292M mutant, but this conformation is
slightly different from the one adopted with the WT enzyme
(Supporting Information, Table S1, Figure S2A−C).
Specifically, PCI-34051 still lies over Y341 catalytic tyrosine

but appears more centered in the pocket created by
smHDAC8 Y341, F151, and the L6 loop. In contrast to the
WT enzyme, the central indole group of PCI-34051 is axially
rotated by an angle of ∼20°, which favors the positioning of
the capping methoxyphenyl group over the aromatic ring of
Y341 (4.8 Å), effecting nearly parallel (8.9°) π−π stacking. As
a consequence, the PCI-34051 capping group interacts
differently with the L6 loop than is observed with the WT
enzyme but still making close nonpolar contacts with the
aliphatic ring of P291 and the side chain of M292 in this loop
(Supporting Information, Figure S2A).
Binding Mode of NCC-149 to smHDAC8. NCC-149

hydroxamate also binds in a canonical way to the catalytic zinc
and active site residues, and the rest of the L-shaped inhibitor
is turned toward and interacts with Y341 and the smHDAC8
L6 loop (Figure 3C). Specifically, the 1,2,3-triazole ring of the
linker is oriented in a position (4.9 Å) that is slightly off
perpendicular (∼83°) to the aromatic ring of Y341, indicating
their π−π contacts. At the same time, the 1,2,3-triazole ring
packs against L6 loop H292, which allows their mutual T-
shaped (∼67°) aromatic interactions. In addition, and as
observed for PCI-34051, the phenylthiomethyl capping group
of NCC-149 is inserted in the small subpocket of the HDAC8
L6 loop, where it effects both upright (∼76°) π−π stacking
with H292 and hydrophobic contacts (3.6 Å) with P291.
We also solved the structure of NCC-149 bound to the

smHDAC8-H292M mutant. Here, the hydroxamate and linker
of NCC-149 bind very similarly to the smHDAC8-H292M
mutant and to the WT enzyme and show fewer conformational
changes than observed with PCI-34051. Interestingly, the
1,2,3-triazole ring is closer to the L6 loop, where it interacts

with M292 via a sulfur−aromatic interaction (3.7 Å),
suggesting a similar interaction with hHDAC8 (Supporting
Information, Figure S2D−F). This binding mode still favors T-
shaped (82°) π−π stacking between the 1,2,3-triazole and
Y341 (4.7 Å), as well as hydrophobic contacts between the
internal benzene ring and the two phenylalanines, F151 and
F216. However, the terminal phenylthiomethyl capping group
of the inhibitor changes its position and is turned away from
the L6 loop, lying in another binding subpocket formed by
smHDAC8 K20 and F21 (L1 loop) and Y341 and F343 (L7
loop), whose hydrophobic character is conserved in hHDAC8
(Supporting Information, Figure S2D).
The conformational adaptation of NCC-149 to the

smHDAC8-H292M selective pocket is eased by the intrinsi-
cally higher conformational flexibility of this inhibitor that
allows the repositioning of its capping group. In the case of
PCI-34051, which is more rigid as it contains only a one-atom
hinge, a major part of the inhibitor had to be repositioned. Yet,
these changes do not affect the major interaction of HDAC8-
selective inhibitors with the uncovered aromatic ring of the
catalytic tyrosine and with residues of the L6 loop, showing the
importance of these elements as key binding surfaces for these
selective inhibitors.

Selective Inhibition of smHDAC8 over Other Human
HDACs. Previous work on the selective inhibition of
smHDAC8 has yielded the development of an inhibitor series
of 3-benzamido-benzohydroxamates that show strong selectiv-
ity for smHDAC8 and hHDAC8 over other human HDACs.29

The structure of smHDAC8 with the simplest inhibitor of this
series (1) revealed that the capping benzamido moiety lays
over Y341 (3.9 Å), its benzene ring capping group further
making nonpolar contacts with the smHDAC8 L6 loop,
notably with P291 (3.6 Å) (Figure 4A). This inhibitor also
exploits smHDAC8-specific interactions with residues K20 and
H292 (hHDAC8 K33 and M274).29

Many of the 3-benzamido-benzohydroxamate inhibitors that
were subsequently developed displayed higher potency than 1
in inhibiting smHDAC8.29 To understand the molecular basis
of these observations, we have further solved the structures of
smHDAC8 bound to several of these inhibitors (compounds
2−11) (Figure 4; Supporting Information, Figure S3, Table
S2, Table S3).
All of these compounds showed a similar mode of binding to

smHDAC8 as 1. Yet, slight differences in chemical
composition impacted specific interactions, potentially relating
to the differences in the IC50 values observed. Compounds 2−
4 only have different substituents at the para position of the
benzohydroxamate moiety compared to 1. These compounds
bind very similarly to smHDAC8 as 1 (Supporting
Information, Figure S3). Their lower IC50 values most likely
stem from the additional contacts of their substituent groups
with F216, as well as the possible stabilization by these groups
of the noncanonical geometry of the amide group of these
inhibitors.
In the case of 5 and 6, which have respectively larger

biphenyl and benzothiophene capping groups, these latter form
more extensive hydrophobic contacts (3.5 Å) with P291
(Figure 4B; Supporting Information, Figure S3). In the case of
7, which only has an inverted internal amide compared to 1,
the orientation and the length of the hydrogen bonds between
7 and smHDAC8 K20 and H292 appear more favorable for
interaction (Supporting Information, Figure S3).
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Compounds 8−10 are particularly interesting because they
also show a higher selectivity for smHDAC8 over hHDAC8
(3-, 4.5-, and 6-fold, respectively) (Figure 4C; Supporting
Information, Figure S3, Table S2). 8 has one additional
methylene group between the internal amide and the phenyl
capping group compared to 1. Compound 8 appears to bind
less deeply in the pocket to maximize its interactions with
Y341 and the L6 loop. This change is compatible with the
presence of smHDAC8 H292 but would be sterically
unfavorable with hHDAC8 M274, which possibly explains
the weaker inhibition observed for the human enzyme.
Compounds 9 and 10 both have a dichlorophenyl rather

than a phenyl capping group and bind perfectly into the pocket
formed by smHDAC8 Y341 and the L1 and L6 loops (Figure
4C; Supporting Information, Figure S3). The presence of the
halogen atoms in the capping group of 9/10 forces the
inhibitor to be slightly tilted toward the L6 loop, where it
forms cation−π interaction (4.3 Å) with smHDAC8 H292.
The bulkier character of the dichlorophenyl capping group
may complicate the adaptation of 9/10 to the active site of
hHDAC8.
Indeed, the predicted docking poses of 9 and 10 in

hHDAC8 show that their dichlorophenyl capping groups are
turned around 180° in comparison to their position in
smHDAC8 and effects van der Waals interactions with the
hydrophobic residues of the L6 loop P273 and M274
(Supporting Information, Figure S4). When comparing the
obtained IC50 values of compounds 9/10 bearing a
dichlorophenyl capping group with their parent counterparts

3/4, which have a phenyl capping group, it becomes clear that
the observed selectivity of the former compounds for
smHDAC8 over hHDAC8 arises from a significantly decreased
inhibitory activity toward hHDAC8. Compared to compounds
3/4, compounds 9 and 10 show a 7−10-fold decrease in their
inhibitory activities toward hHDAC8 (Supporting Information,
Table S2). To further explain the selectivity of the
dichlorophenyl derivatives, we carried out 100 ns molecular
dynamics (MD) simulations for smHDAC8/10 and
hHDAC8/10 complexes, as well as for smHDAC8/4 and
hHDAC8/4 complexes for comparison.
MD simulations of smHDAC8/4 crystal structure (Support-

ing Information, Figure S5A) reveal a relatively stable binding
mode, where the phenyl capping group is placed parallel to
Y341 in the side pocket, forming π−π stacking interactions, in
addition to cation−π interactions with H292. During the MD
simulation of smHDAC8/10 crystal structure (Supporting
Information, Figure S5B), the dichlorophenyl capping group
similarly remains in the side pocket. Despite the loss of the
π−π stacking interactions with Y341, compound 10 is still able
to form strong cation−π interactions with H292, which are
stable throughout MD. This might explain why the
dichlorophenyl derivative only shows a slight decrease in
inhibitory activity as compared to compound 4.
Similarly, MD simulations of the hHDAC8/4 docking

complex (Supporting Information, Figure S5C) show that
the phenyl capping group mostly remains stable in the side
pocket, where it is placed perpendicular to Y306 of the side
pocket, showing strong π−π stacking interactions besides van

Figure 5. Structural delineation of HDAC8 selective inhibition. (A−D) Close-up views shown as ribbon and sticks of the superposed structures of
(A) smHDAC8, smHDAC8-H292M and hHDAC8 (PDBs 6HQY, 6HSF, 1T67), (B) hHDAC4 and hHDAC7 (PDBs 5A2S, 3C0Z), (C)
hHDAC1, hHDAC2, and hHDAC3 (PDBs 4BKX, 4LXZ, 4A69), and (D) zebrafish zHDAC6-(catalytic domain1)CD1 and zHDAC6-CD2, and
zHDAC10 (PDBs 5G0J, 5TD7). The catalytic zinc is shown as orange sphere. HDAC8-selective inhibitor PCI-34051 is shown in (A) as light-blue
sticks when bound in HDAC8-selective pocket. In the other HDACs, this pocket is not formed because residues from L1 and L6 loops are
protruding and forming a lock over the catalytic tyrosine (other class I and class IIb HDACs) or its replacement histidine (class IIa HDACs). (E)
Surface representation of the pocket accommodating the linker and capping groups of the HDAC8-selective inhibitors. The PCI-34051 inhibitor is
represented as sticks and lays on the catalytic tyrosine (purple). The pocket walls are formed by residues from the L1 (yellow) and L6 (green)
loops. (F,G,H) Surface representation of the same region in hHDAC4 (PDB 5A2S) (F), hHDAC3 (PDB 4A69) (G), and hHDAC6-CD2 (PDB
5EDU) (H) using the same color code as in (E). In these latter HDACs, L1 and L6 loop residues interact and form a L1-L6 lock over the pocket.
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der Waals interactions with M274. In contrast, our MD
simulation of hHDAC8/10 structure indicates that the
predicted binding mode of the dichlorophenyl derivative 10,
where the capping phenyl ring is situated parallel to Y306, is
not stable. Within less than 1 ns of the MD simulation time,
the capping group flips by 90° and is placed perpendicular to
Y306, with the o-chloro substituent pointing toward the side
chain of Y306. (Supporting Information, Figure S5D). The
π−π stacking interactions with Y306, observed with compound
4, are thus lost. Thus, a possible explanation for the decreased
inhibitory activity of 10 for hHDAC8 as compared to
compound 4 is that the dichlorophenyl capping group can
only form weak van der Waals interactions between its o-chloro
group and the side chain of Y306 and between its phenyl
capping group and the side chain of M274.
We have used another benzohydroxamate inhibitor (11)

which has an internal amine rather than an internal amide in its
linker and shows a low nM IC50 for hHDAC8 but only a low
μM IC50 for smHDAC8 (Supporting Information, Table S2).
The smHDAC8/11 structure reveals that this inhibitor does
not form any strong interaction with K20 and H292, and its
capping group interacts less extensively with the L6 loop
(Supporting Information, Figure S3, Figure S6). The inhibitor
binds centrally into the pocket, where it forms hydrophobic
contacts with F216 (3.4 Å) and Y341 (3.7 Å), in a
conformation identical to that observed for PCI-34051 when
bound to the smHDAC8-H292M mutant (Supporting
Information, Figure S6). This suggests that HDAC8-selective
inhibitors bind more centrally in this pocket in hHDAC8 than
in smHDAC8 due to the slight different physicochemical
properties of the active sites of these two proteins.
Finally, an unrelated compound, 12, which has a triazole

linker, binds similarly to smHDAC8, interacting with Y341 and
the L6 loop (Supporting Information, Figure S3). This
compound also adopts an L-shaped conformation to bind to
the enzyme. 12 does not make direct contacts to K20 and
H292, which might explain its higher IC50 value for smHDAC8
(Supporting Information, Table S2). This compound displays,
however, a 4-fold higher potency for smHDAC8 over
hHDAC8. Collectively, our results highlight how small
chemical variations may be used to influence inhibition
potency.
Structural Specificity of the HDAC8-Selective Pocket.

Our findings show an HDAC8 selective inhibition relying on
the binding of the selective inhibitors to a pocket that forms a
shallow groove and that we have termed HDAC8-selective
pocket. This pocket is defined by the catalytic tyrosine side
chain (L7 loop), which forms the pocket bottom and residues
from the L6 loop and, to a lesser extent, of the L1 loop of
HDAC8 that both form the sides of the pocket.
The HDAC8-selective pocket is highly specific to this

enzyme. Indeed, in class IIa HDACs, the catalytic tyrosine is
replaced by a histidine whose side chain is turned away from
the active site and cannot provide the same interaction surface
as HDAC8 catalytic tyrosine (Figure 5). The situation is
different for HDAC isozymes 1, 2, 3, 6, and 10 (thereafter
called HDAC1−3,6,10) that all have retained a catalytic
tyrosine at the same position. Specifically, these isozymes have
a L6 loop that displays a similar conformation to that observed
in HDAC8 (Figure 5). L6 loops in HDAC1−3,6,10, however,
protrude slightly more over the catalytic tyrosine side chain
than in the case of HDAC8 and could sterically perturb the
binding of HDAC8-selective inhibitors (Figure 5).

Yet, our results with the smHDAC8-H292M mutant show
that HDAC8-selective inhibitors can adapt to small changes
within the HDAC8-selective pocket and could potentially
overcome a more protrusive L6 loop. However, another
specific and conserved feature of HDAC1−3,6,10 is a larger L1
loop that extends toward the L6 loop. Notably, at the tip of the
HDAC1−3,6,10 L1 loop, a proline (or an isoleucine residue in
HDAC10) is present that forms hydrophobic interactions with
L6 loop residues and the catalytic tyrosine, thus forming a lock
over the catalytic tyrosine and preventing the formation of a
pocket similar to the HDAC8-selective pocket (Figure 5).
In HDAC8, the L1 and L2 loops have been shown to display

flexibility, being able to change their conformation to adapt to
different inhibitors such as the large largazole inhibitor and its
analogues (Supporting Information, Figure S7).40,41 This raises
the question of whether the same L1 loop flexibility might exist
in HDAC1−3,6,10. Current structural data on HDAC1−
3,6,10, however, show that their L1 loops make much more
extensive contacts with the rest of the enzyme, which most
likely explains this lack of flexibility. Notably, the recent work
on HDAC6/inhibitor complexes demonstrate that L1 loop
conformational stability is important for the interactions of L1
loop residues with inhibitors capping groups to achieve
HDAC6 selective inhibition.42−46

These major structural differences between HDAC8 and the
other HDAC isozymes would explain how HDAC8 selective
inhibition is achieved by inhibitors such as PCI-34051 and
NCC-149. This is supported by docking studies of PCI-34051
and NCC-149 with other HDAC isozymes (Supporting
Information, Figure S8). These studies show that in case of
HDAC1−3 and HDAC10, these inhibitors cannot reach
properly and chelate the catalytic zinc ion. This is not as
clear for the HDAC6 isozyme. Therefore, to assess the stability
of the predicted docking poses and to further study the
selectivity of PCI-34051 and NCC-149 toward HDAC8, we
performed comparative 100 ns MD simulations on human
HDAC6 and HDAC8 isoforms complexed with both inhibitors
(Supporting Information, Figures S9 and S10). In hHDAC8,
PCI-34051 shows stable binding with an RMSD at ∼2 Å
compared to the predicted docking pose. The capping group
shows little deviation and remains in the side pocket
throughout the 100 ns MD simulation (Supporting Informa-
tion, Figure S9A). The same is observed for NCC-149, which
displays a stable RMSD at ∼2 Å compared to the docking
pose, except for a short increase in RMSD at 65−70 ns, with
the capping group mostly remaining in the side pocket
(Supporting Information, Figure S10A).
In smHDAC8, PCI-34051 shows higher RMSD deviation at

∼3−4 Å compared to the crystal structure. The high RMSD
arises from the movement of the capping group, which
however remains in the side pocket throughout the simulation
time (Supporting Information, Figure S9B). The MD
simulation of the smHDAC8/NCC-149 crystal structure
yielded similar results as observed for the smHDAC8/PCI-
34051 complex (Supporting Information, Figure S10B).
In contrast, MD simulations of hHDAC6/PCI-34051 and

hHDAC6/NCC-149 complexes, as predicted by docking,
show high RMSD deviations for both ligands with RMSD
values at ∼5 and up to 7 Å, respectively (Supporting
Information, Figures S9C and S10C). Throughout the 100
ns simulation, the ligands maintain their chelation to the
catalytic zinc ion. Meanwhile, the capping group of both
ligands does not show any preferred conformation and remain
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surface exposed throughout the MD simulation, showing little
interactions with the surrounding protein residues (Supporting
Information, Figures S9C and S10C). Collectively, the MD
simulations confirm the hypothesis made upon docking and
are in agreement with the biochemical, biophysical, and
crystallographic results obtained.
Essential Roles of L1 and L6 Loops in HDAC8

Catalysis and Inhibition. To further question the
importance of HDAC8 L1 and L6 loops conformation in
catalysis and inhibitor binding, we have performed a
mutational analysis of these loops in HDAC8 and studied
the effect of these mutations by biochemical, biophysical, and
structural means. Despite an identical number of residues, the
HDAC8 L6 loop has a conformation that is slightly different
from that adopted by the corresponding loops in HDAC1−
3,6,10. This slight conformational change prevents L6 loop
residues from protruding over the catalytic tyrosine (Figure 5).
Sequence and structural comparisons highlighted two

residues that could, at first sight, be responsible for this
specific conformation of HDAC8 L6 loop: hHDAC8 P273/
smHDAC8 P291 and hHDAC8 C275/smHDAC8 R293.
However, we could not exclude the possibility that larger

rearrangements are required, and we therefore created several
different mutants for both hHDAC8 and smHDAC8 (Figure
6A; Supporting Information, Table S4).
First, specific point mutants (hHDAC8 P273R and P273R/

C275G and smHDAC8 P291R and P291R/R293G) were
made, where the residues were replaced by their HDAC1
counterparts. Second, we created mutants where we exchanged
the HDAC8 L6 loop completely with that of HDAC1. We also
constructed mutants where not only the L6 loop but also the
L1 loop had been exchanged. Finally, triple mutants were also
generated where a leucine (hHDAC8 L179/smHDAC8 L187)
was replaced by an isoleucine, as observed in HDAC1, because
this mutation could possibly facilitate an L6 loop conforma-
tional change (Figure 6A; Supporting Information, Table S4).
Except for the point mutants, all smHDAC8 mutants turned

out to be insoluble. In contrast, all hHDAC8 mutants were
soluble. Surprisingly, activity assays showed that all mutants
had drastically reduced activity (Supporting Information, Table
S4). While smHDAC8 single point mutants lost around one-
third of their activity, hHDAC8 point mutants or L6 loop
replacement mutants showed around 10-fold activity loss.
Mutants of hHDAC8 combining L6 loop replacement with

Figure 6. HDAC8 mutants inhibition by PCI-34051, NCC-149, and QSN, and structure of the human HDAC8 mL6/QSN complex. (A)
Structure-based sequence alignment of L1, L4, and L6 loop sequences from various HDACs. Red boxes show the regions that have been swapped
between HDAC1 and HDAC8 in the mutational analysis. (B) IC50 values for PCI-34051, NCC-149, and QSN on human HDAC8 WT and
mutants. Assays were done in triplicate. Error bars represent the SD. (C) Close-up view of the hHDAC8-selective pocket in the human HDAC8
mL6/QSN complex (left panel: PDB 6HSK) compared to WT hHDAC8 bound to PCI-34051 (right panel: model based on PDBs 1T67 and
6HSF) and the superposition of the two structures (middle panel). The side chain of the arginine R273 (from the hHDAC8 mL6/QSN complex)
replacing P273 (from WT hHDAC8) binds into the HDAC8-selective pocket where PCI-34051 (and the other HDAC8-selective inhibitors) were
shown to bind. This mutation, which is the only common mutation to all mutants used, is most likely responsible for the general decrease of activity
observed for these mutants.
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either L1 loop replacement or the L179I point mutation
showed a 50-fold loss of activity, and the triple mutant
displayed almost no activity.
We used thermal shift assay experiments to assess whether

the mutations affect the stability of the various mutants. All
mutants only showed a decreased Tm of about 5 °C compared
to the WT enzymes but did not indicate partial or complete
unfolding of the proteins (Supporting Information, Table S4).
Because of the residual activity of the mutants, we next
measured the IC50 values for PCI-34051, NCC-149, and QSN
for all mutants. All inhibitors showed significantly higher IC50
values indicative of a poorer inhibition capacity (Figure 6B;
Supporting Information, Table S5). This was most pro-
nounced for inhibitor PCI-34051, with a more than 64-fold
increase of the IC50 value for the triple HDAC8 mutant. The
IC50 values for NCC-149 were also significantly increased but
not as much as for PCI-34051. QSN also displayed decreased
inhibition, albeit to a much lesser extent, possibly mirroring
only the slight stability decrease of the mutants but supporting
our conclusions on the crucial role of L1 and L6 loops for
HDAC8 selective inhibition.
To investigate the molecular basis of conformational

changes of the L1 and L6 loops following mutations, we
attempted to solve the structures of the different HDAC8
mutants in complex with PCI-34051, NCC-149, and QSN.
Although different mutants gave crystals in the presence of
some of these inhibitors, only the crystals obtained with the
human HDAC8 mL6/QSN complex led to exploitable
structural data (Supporting Information, Table S6). To our
knowledge, this is the first structure of compound QSN bound
to human HDAC8. Here again the capping group of the
inhibitor is extensively involved in crystal packing and it is
impossible to understand whether the binding conformation of
QSN, which is different from that observed when bound to
smHDAC8, represents a favored binding conformation in
solution to hHDAC8 (Supporting Information, Figure S11).
Strikingly, the structure of this complex revealed that, despite
the complete exchange of the L6 loop, the conformation of this
loop remains as observed in hHDAC8 WT (Figure 6C). The
hHDAC8 P273R replacement, however, leads to the partial
occupation of the HDAC8-selective pocket by the side chain of
the arginine replacing the proline (Figure 6). In fact, the only
mutation common to all our smHDAC8 and hHDAC8
mutants is this proline to arginine change. In hHDAC1 and
hHDAC3, this arginine is involved in inositol phosphate
binding and is important for activity.38,47,48 Our results
therefore further highlight the importance of the L6 loop for
class I HDACs activity and inhibitor binding and pinpoint
differences between HDAC8 and the other members of this
class that can be used for selective inhibition of the former
enzyme.

■ DISCUSSION AND CONCLUSIONS
To date, HDAC8 is one of the most investigated HDAC for
selective inhibition and numerous crystallographic studies have
been performed on human HDAC8 in complex with, mostly,
nonselective inhibitors to understand the molecular basis of
the inhibition of this enzyme.33,34,40,41,49−54 Many of these
studies have revealed how HDAC8 active site residues and
loops, notably the L1 and L2 loops, display flexibility, thus
making the design of HDAC8 selective inhibitors a
complicated task. In addition, in many structures, the bound
inhibitor is involved in extensive crystallographic contacts,

which makes it difficult to assess whether the observed
conformations of the inhibitor, notably of its capping group,
but also potentially of the active site loops, are biologically
favored.
Yet, HDAC8 selective inhibitors have been designed,

showing that selective inhibition of this enzyme can be
achieved. One of the most potent and best known HDAC8
selective inhibitor is PCI-34051.16 However, so far, the
molecular basis for its selective inhibition remains poorly
understood. We have previously shown that our smHDAC8
crystals can be used to look at inhibitor binding in a crystal
lattice-unbiased manner.29,30,55−58 Here, we have used this
feature to look at HDAC8 selective inhibition using a large set
of selective inhibitors of this enzyme, including PCI-34051.
Our results provide a comprehensive and detailed molecular

view of HDAC8 selective inhibition, highlighting a specific
HDAC8-selective pocket where selective inhibitors form
preferential interactions with HDAC8 catalytic tyrosine and
L6 loop residues. These results particularly emphasize the
balance between chemical structure and inherent conforma-
tional flexibility of the inhibitors, with important implications
for selective inhibition. In addition, the restricted conformation
of HDAC8 L6 loop, compared to the more flexible character of
the L1 loop, points out the importance of the L6 loop for
selective inhibition. Moreover, the constrained conformation
of the L7 loop that bears the catalytic tyrosine also appears as
an essential feature of HDAC8 selective inhibition. Specifically,
the position of the tyrosine side chain, which is locked by the
interaction of its hydroxyl with the inhibitor’s hydroxamate,
most likely constrains the reported flexibility of the L7 loop.59

Interestingly, in class IIa HDACs the replacement of the
catalytic tyrosine by a histidine creates a specific pocket at the
position of the tyrosine side chain. This feature prevents
HDAC8-selective inhibitors from binding to class IIa HDACs
and has been exploited to design class IIa-selective inhibitors
that cannot distinguish, however, between the different class
IIa isozymes.60

In the case of HDAC1−3,6,10, although the catalytic
tyrosine is conserved and the L6 loop is similar in these
isozymes, the HDAC8-selective pocket is not present due to a
larger L1 loop in HDAC1−3,6,10 that covers the catalytic
tyrosine and forms a lock together with loop L6 over this
selectivity pocket. The structures of HDAC6 in complex with
HDAC6-selective inhibitors show that the capping group of
these inhibitors interact with the proline at the tip of the L1
loop as well as with the preceding histidine residue. This
mirrors the interaction observed between the HDAC8-
selective inhibitors and the smHDAC8 L6 loop P291−H292
motif. Surprisingly, these inhibitors are selective for HDAC6
although the same motif is conserved in HDAC1−3 L1 loops
that show similar conformations as HDAC6 L1 loop. Selective
inhibition appears to rely on small structural differences
between HDAC1−3 and HDAC6 and on small thermody-
namic differences in selective inhibitor binding.42−46 This
parallels our study that demonstrate how selective inhibition
can be affected by small changes in protein conformation and
inhibitor composition.
Interestingly, the HDAC8-selective pocket can adapt to

bulkier inhibitors that can also interact with the back of the
pocket, as observed for compound NCC-149 when bound to
the smHDAC8-H292M mutant, thus potentially paving the
way for the design of more potent HDAC8-selective inhibitors.
Of note, the reduced conformational flexibility of compound
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PCI-34051, if it prevents this inhibitor from easily adapting to
small changes within the HDAC8 active site, might also explain
why this inhibitor is so selective for this enzyme.
The existence of a unique selective specific pocket in

HDAC8 and the effects observed on activity when this pocket
is partially occupied indicate that it might also be essential for
the recognition of specific targets. Collectively, our results
unravel the structural determinants underlying HDAC8
selective inhibition and pave the way toward the design of
more potent HDAC selective inhibitors, the development of
novel epigenetic drugs, and the delineation of HDACs specific
biological role through chemical biology approaches.

■ EXPERIMENTAL SECTION
Small-Molecule Inhibitors. The inhibitors PCI-34051 and

Quisinostat (QSN) were purchased from Selleck Chemicals (USA).
The NCC-149 inhibitor was purchased from the Tokyo Chemical
Company (Japan). The smHDAC8-selective inhibitors were synthe-
sized and characterized as described previously29,56 unless stated
below.
Compound 6 (3-(benzthiophene-7-carboxamido)-4-chlorobenzo-

hydroxamate) was synthesized as follows (Supporting Information,
Figure S12A): Procedure. (a) Benzthiophene-7-carboxylic acid (1.4
mmol) was cooled to 0 °C and then thionyl chloride (3 mmol) was
added dropwise. The mixture was heated under reflux for 30 min.
After evaporating the excess of thionyl chloride under vacuum, the
obtained acid chloride was dissolved in dry THF (50 mL) and added
to a solution of methyl 3-amino-4-chlorobenzoate (1.4 mmol) and
DIPEA (3 mmol) in THF. The reaction was monitored by TLC.
Subsequently, the solvent was evaporated under vacuum and the
mixture was dissolved in ethyl acetate (50 mL) and washed with aq
sodium hydroxide solution. The organic layer was evaporated under
reduced pressure, and the product was purified by column
chromatography (chloroform/methanol, 99:1), yield 88.8%. (b)
The obtained amide was dissolved in methanol (25 mL) and 1 M
aq sodium hydroxide solution (10 mL) and heated to 50 °C for 2 h.
The reaction was monitored by TLC. Subsequently, the solvent was
evaporated under reduced pressure and the product was dissolved in
ethyl acetate and washed with 1 M HCl solution, the organic layer was
finally evaporated under reduced pressure, yield 85.0%. (c) The
substituted benzoic acid derivative (1 mmol) was dissolved in dry
THF (50 mL), and PyBOP (1.2 mmol) was added. To the activated
acid, a mixture of NH2OTHP (1.5 mmol) and DIPEA (2.5 mmol) in
dry THF (5 mL) was added, and the reaction mixture was stirred
overnight at room temperature. The solvent was evaporated under
reduced pressure, and the mixture was dissolved in ethyl acetate (50
mL) and washed with aq potassium hydrogen carbonate solution and
brine. The organic layer was evaporated under reduced pressure, and
the product was purified by column chromatography (chloroform/
methanol/TEA, 99.5:0.45:0.05). The obtained product was dissolved
in THF, and a catalytic amount of diluted HCl was added and was
stirred at room temperature. The reaction was controlled by TLC.
After that, the solvent was evaporated under reduced pressure and the
mixture was dissolved in ethyl acetate (50 mL) and washed with
brine. The organic layer was evaporated under reduced pressure, and
the product was purified by column chromatography (chloroform/
methanol/formic acid, 95:4.95:0.05). Yield: 35%. Analytical data MS
m/z: 345.23 (Cl35), 347.24 (Cl37) [M − H]−. 1H NMR (400 MHz,
DMSO-d6) δ 11.37 (s, 1H), 10.42 (s, 1H), 9.14 (s, 1H), 8.22 (d, J =
7.3 Hz, 1H), 8.15 (d, J = 7.7 Hz, 1H), 8.02 (s, 1H), 7.85 (d, J = 5.2
Hz, 1H), 7.74−7.63 (m, 2H), 7.59 (t, J = 7.5 Hz, 1H), 7.53 (d, J = 5.2
Hz, 1H). HRMS m/z: 369.0072 [M + Na]+ calculated,
C16H11N2O3ClSNa

+ 369.0071. HPLC: rt 10.68 min (99.65%).
Yield: 120 mg; 0.35 mmol; 25%.
Compound 12 (1-[5-chloro-2-(4-fluorophenoxy)phenyl]-N-hy-

droxy-1H-1,2,3-triazole-4-carboxamide) was synthesized as follows
(Supporting Information, Figure S12B). Procedure: (a) 2-Amino-4-
chlorophenol (7.0 mmol) was dissolved in 1 M HCl (20 mL). At −5

°C, a solution of sodium nitrite (8.4 mmol) in water (2 mL) was
added dropwise over a period of 5 min. After stirring additional 5 min,
urea (50 mg) was added. Then the mixture was added to a cold
solution of sodium azide (14 mmol) and sodium acetate (0.06 mmol)
in water (10 mL). The resulting mixture was stirred for 2 h at −5 °C.
Then it was extracted with diethyl ether (3×). The combined organic
layers were dried (Na2SO4), filtered, and the solvent removed under
reduced pressure. The residue was purified by flash column
chromatography (cyclohexane/ethyl acetate = 10/1), yield 86%. (b)
The obtained azide (3.0 mmol) was dissolved in a 1:1 mixture of
water and tert-butyl alcohol (15 mL). Methyl propiolate (4.0 mmol),
sodium ascorbate (0.20 mmol), and copper(II) sulfate pentahydrate
(0.04 mmol) were added, and the mixture was stirred for 18 h at
room temperature. Then water was added, and the mixture was
extracted with ethyl acetate (3×). The combined organic layers were
dried (Na2SO4), filtered, and the solvent removed under reduced
pressure. The residue was purified by flash column chromatography
(cyclohexane/ethyl acetate = 2/1), yield 89%. (c) A 100 mL round-
bottom flask was charged with the obtained triazole (0.59 mmol),
Cu(OAc)2 (0.59 mmol), 4-fluorophenylboronic acid (0.71 mmol),
and powdered 4 Å molecular sieves. Then dichloromethane (4.5 mL)
was added. After the addition of triethylamine (2.9 mmol), the
reaction mixture was stirred at ambient temperature overnight. Then
the suspension was filtered and the filtrate diluted with water and
extracted with ethyl acetate (3×). The combined organic layers were
dried (Na2SO4), filtered, and the solvent removed under reduced
pressure. The residue was purified by flash column chromatography
(cyclohexane/ethyl acetate = 9/1 → 3/1), yield 13%. (d) A 5.4 M
solution of sodium methoxide in methanol (1.1 mmol) was added to a
solution of the obtained diphenyl ether (0.11 mmol) and hydroxyl-
amine hydrochloride (0.55 mmol) in dry methanol (3 mL). The
mixture was stirred at ambient temperature overnight. Then the
solvent was removed under reduced pressure and the residue was
purified by automatic flash column chromatography using a Biotage
purification apparatus (5% → 50% ACN in H2O, Biotage SNAP KP-
C18-HS 12 g). Fractions containing the desired product were
combined, dried from acetonitrile under reduced pressure, and then
subjected to lyophilization; yield 95%. Analytical data: 1H NMR
(DMSO-d6) δ 7.02−7.06 (m, 1H), 7.15−7.20 (m, 2H), 7.22−7.28
(m, 2H), 7.53−7.57 (m, 1H), 7.87−7.90 (m, 1H), 8.31 (s, 1H). 13C
NMR (DMSO-d6) δ 116.9 (d, J = 23.7 Hz, 2C), 120.4 (1C), 121.1 (d,
J = 8.7 Hz, 2C), 123.1 (1C), 125.7 (1C), 127.4 (1C), 128.8 (1C),
130.2 (1C), 147.1 (1C), 148.4 (1C), 151.3 (d, J = 2.4 Hz, 1C), 158.3
(1C), 158.8 (d, J = 241 Hz, 1C). HRMS (m/z): [M + H]+ calculated
for C15H11ClFN4O3 349.0498, found 349.0522. HPLC: tR = 16.0 min,
purity 95.7%.

Purity of Chemicals. The purity of all compounds used was
assessed by HPLC. All synthesized compounds have a purity higher
than 95%. The purity for the PCI-34051 and Quisinostat (QSN)
compounds purchased from Selleck Chemicals is 99.01% and 99.62%,
respectively, as stated by the manufacturer (see HPLC data in the
following webpages: http://www.selleckchem.com/products/pci-
34051.html and http://www.selleckchem.com/products/JNJ-
26481585.html). The purity for the NCC-149 compound purchased
from the Tokyo Chemical Company is 96.00% as stated by the
manufacturer (see http://www.tcichemicals.com/eshop/en/sg/
commodity/H1340/). The HPLC traces for all other compounds
are provided in Supporting Information, Figure S13A−L).

Cloning, Expression and Purification of HDAC8 Proteins.
The full-length cDNA constructs (WT and mutants) for hHDAC8
and smHDAC8 were amplified by polymerase-chain reaction (PCR)
and cloned into bacterial expression vectors. The hHDAC8 (WT and
mutant) gene was inserted between the NdeI and BamHI restriction
sites of the pnEA-3HT expression vector,61 where it is in frame with a
sequence coding for a N-terminal poly histidine affinity purification
tag followed by thioredoxin and a protease 3C cleavage site. The
smHDAC8 (WT and mutant) gene was cloned between the NdeI and
BamHI restriction sites of the pnEA-tH expression vector61 and is in
frame with a sequence coding for a C-terminal thrombin cleavage site
followed by a poly histidine affinity purification tag.

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.8b01087
J. Med. Chem. XXXX, XXX, XXX−XXX

K

http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.8b01087/suppl_file/jm8b01087_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.8b01087/suppl_file/jm8b01087_si_001.pdf
http://www.selleckchem.com/products/pci-34051.html
http://www.selleckchem.com/products/pci-34051.html
http://www.selleckchem.com/products/JNJ-26481585.html
http://www.selleckchem.com/products/JNJ-26481585.html
http://www.tcichemicals.com/eshop/en/sg/commodity/H1340/
http://www.tcichemicals.com/eshop/en/sg/commodity/H1340/
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.8b01087/suppl_file/jm8b01087_si_001.pdf
http://dx.doi.org/10.1021/acs.jmedchem.8b01087


For wild-type smHDAC8 overproduction, a modified protocol was
used compared to that published previously. Expression was carried
out in BL21(DE3) cells in 2 × LB medium. Cultures were grown and
induced at 37 °C with 0.7 mM IPTG in the presence of 100 μM
ZnCl2. After overnight incubation at 37 °C, cells were harvested and
resuspended in lysis buffer A (150 mM NaCl, 50 mM Tris pH 8.0).
Lysis was done by sonication, the lysate was clarified by
centrifugation. The supernatant was loaded onto Talon Superflow
Metal Affinity Resin (Clontech) pre-equilibrated with the lysis buffer
A. The his-tagged protein was released from the Talon resin by
thrombin protease treatment in buffer B (50 mM KCl, 10 mM Tris
pH 8.0) and subsequently loaded onto a 16/60 Superdex 200 gel
filtration column (GE Healthcare) pre-equilibrated with buffer C (50
mM KCl, 10 mM Tris-HCl pH 8.0 and 2 mM DTT). Peak fractions
were concentrated with an Amicon Ultra centrifugal filter unit. This
protocol yielded three times more protein for the wild type enzyme.
smHDAC8 mutants could not be purified using this protocol and
their overproduction was carried out as described initially.30,62

hHDAC8 overproduction was carried out in Escherichia coli
BL21(DE3) cells in 2 × LB medium. Culture induction was done
at 23 °C by adding 0.5 mM final isopropyl-1-thio-β-D-galactopyrano-
side (IPTG, Euromedex), in the presence of 100 μM ZnCl2.
Harvested bacteria were resuspended in lysis buffer (50 mM KCl,
10 mM Tris-HCl pH 8.0) and lysed by sonication. The lysate was
clarified by centrifugation (17500 rpm, 50 min, 4 °C, Sorvall Lynx
6000 Thermo Scientific). The supernatant was loaded onto Talon
Superflow Metal Affinity Resin (Clontech) pre-equilibrated with lysis
buffer. The his-thioredoxin-tagged protein was released from the
Talon resin by 3C protease treatment and subsequently loaded onto a
16/60 Superdex 200 gel filtration column (GE Healthcare) pre-
equilibrated with the purification buffer (50 mM KCl, 10 mM Tris-
HCl pH 8.0, and 0.5 mM TCEP). The recombinant protein was
concentrated with an Amicon Ultra centrifugal filter unit.
Mutagenesis Experiments. The mutant constructs were

generated using standard PCR-based nested protocols and inserted
into the corresponding expression vectors. The L1 and L6 loops
exchange mutants were designed based on structural comparison. The
hHDAC1 L6 sequence S265LSGDRLGC was introduced instead of
the T268IAGDPMCS sequence in hHDAC8, to create the hHDAC8
mL6 mutant. In the second step, the hHDAC1 L1 sequence
Y23YGQGHPMK was introduced instead of the L31AKI sequence in
hHDAC8 mL6, to create the double hHDAC8 mL1/mL6 mutant.
Finally, the triple mutant hHDAC8 mL1/mL6/L179I was generated
by the introduction of an isoleucine residue in the L179 position,
using the double hHDAC8 mL1/mL6 mutant as a template.
smHDAC8 mutants were produced as described for hHDAC8
mutants. Sequences replaced in smHDAC8 were the same as the
ones replaced in hHDAC8.
Crystallization and X-ray Data Collection. Diffraction-quality

crystals of the native smHDAC8 enzyme were obtained at 17 °C after
3 days by mixing equal volumes of smHDAC8 (2.5 mg/mL) with
reservoir solution composed of 21% PEG 3350 (Fluka) and 0.05 M
Na+/K+ L-tartrate, and crystallized using the hanging-drop vapor
diffusion technique. After 3 days, grown crystals were soaked for 20 h
in mother liquor supplemented with the corresponding inhibitor (10
mM final concentration of the inhibitor, preparation from a 100 mM
stock in N,N-dimethylformamide (DMF) or DMSO). Crystals used
for X-ray data collection were briefly transferred in reservoir solution
supplemented with 22% glycerol and flash-frozen in liquid nitrogen.
Co-crystallization of hHDAC8 mL6 together with QSN (Quisino-

stat) inhibitor was performed using the hanging-drop vapor diffusion
technique. The hHDAC8 mL6/QSN complex was formed by
incubating the hHDAC8 mL6 mutant protein (5 mg/mL) with
QSN (5 mM resuspended in DMF) at 4 °C for 1 h. Diffraction-
quality crystals were obtained at 20 °C after 3−4 days by mixing equal
volumes of the hHDAC8 mL6/QSN complex with reservoir solution
composed of 20% polyethylene glycol 3350 (Fluka), 0.2 M KNO3 and
0.1 M Bis-tris propane pH 7.5. Crystals used for X-ray data collection
were briefly transferred in reservoir solution supplemented with 22%
glycerol and flash-frozen in liquid nitrogen. Crystallographic data

obtained in this project were collected at 100 K on SOLEIL beamline
PROXIMA1, ESRF beamlines ID30b, ID29 and ID23 and SLS PX
beamlines.

Structure Determination, Model Building, and Refinement.
The crystallographic data were processed and scaled using
HKL200063 or XDS.64 Phases for smHDAC8/inhibitor complexes
were obtained by molecular replacement followed by rigid body
refinement against smHDAC8 native structure as a model (4BZ5).
The initial models were refined through several cycles of manual
building using Coot65 and automated refinement with Phenix.66 The
structure of hHDAC8 mL6 complexed with QSN was solved by
molecular replacement with Phenix66 using the hHDAC8 structure
(PDB 1T67) as a search model. The final models were validated using
tools provided in Coot65 and Molprobity.67 Visualization of structural
data was done with Pymol (The PyMOL Molecular Graphics System,
version 2.0; Schrödinger, LLC), and two-dimensional diagrams
summarizing molecular interaction between inhibitors and HDAC8
enzymes were prepared with the help of the LigPlot program.68

Atomic coordinates and structure factors of the smHDAC8 and
hHDAC8 mL6 complexes were deposited in the Protein Data Bank
under the PDB codes 6HQY, 6HRQ, 6HSH, 6HSF, 6HSG, 6HSZ,
6HT8, 6HTG, 6HTH, 6HTI, 6HTT, 6HTZ, 6HU0, 6HU1, 6HU2,
6HU3, and 6HSK.

HDAC Activity and Inhibition Assays. Catalytic activity and
inhibition assays of smHDAC8 and hHDAC8 were performed as
described earlier.30 Briefly, the hHDAC8 and smHDAC8 activity
testing was carried out with the HDAC8 Fluorimetric Drug Discovery
Kit (Fluor de Lys(R)- HDAC8, BML-KI178) from Enzo Life
Sciences, according to the manufacturer’s instructions with a substrate
concentration of 50 μM. Fluorescence was measured in a plate reader
(BMG Polarstar) with excitation at λ = 390 nm and emission at λ =
460 nm. IC50 values were determined with OriginPro (version 9.0.0,
Northampton, Massachusetts).

Studies on Schistosoma mansoni in Culture. The effects of
PCI-34051 and NCC-149 compounds on the viability of S. mansoni
schistosomula (Puerto Rican strain) were tested using a microscopy-
based assay, as described previously.69 In brief, schistosomula (2000
per well), prepared by standard mechanical transformation from
cercaria,70 were maintained in 6-well plates in M199 medium kept at
pH 7.4 with 10 mM HEPES and supplemented at 37 °C in a humid
atmosphere containing 5% CO2. Three different concentrations of
inhibitors (25, 50, and 100 μM) were tested, the inhibitors were
dissolved in DMSO, and the culture medium was refreshed each day.
The assessment of parasite mortality was carried out after microscopic
examination, based on three criteria: a granular appearance,
tegumental defects and the absence of motility. At least 300
schistosomula were observed at each time point for each condition
and results were expressed as a percentage of viable larvae remaining.
Three biological replicates (different batches of larvae) were examined
in duplicate for each condition.

The stability of adult worm pairs and egg production were assayed
as previously described.70 Adult worm pairs were obtained from
infected golden hamsters (Mesocricetus auratus) by perfusion, washed
in M199 medium and ten pairs placed in 2 mL of M199 buffered
complete medium (as for schistosomula above) in each well of a 6-
well culture plate. Worms were maintained in culture for 5 days at 37
°C (humid atmosphere, 5% CO2) before the addition of HDAC8-
selective inhibitors, the application of DMSO alone served as a
negative control experiment. Both the culture medium and the
inhibitors were refreshed daily. The number of couples remaining as
pairs was determined daily by microscopy and the medium of each
well containing eggs laid by the couples was recovered and
centrifuged to allow eggs to be counted under the microscope.
Three biological replicate experiments were performed in triplicate.

TUNEL Assay. Detection of DNA strand breaks in inhibitor-
treated S. mansoni schistosomula was done using the terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
method using the In Situ Cell Death Detection Kit TMR Red
(Roche). The method designed for cell suspensions was followed as
described in the manufacturer’s instructions with few modifications.
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Briefly, 2000 schistosomula were treated with 100 μM PCI-34051 or
NCC-149 for 96 h, in 6-well plates containing 2 mL of complete
medium. The treatment with DMSO alone served as negative control
experiment. After 96 h incubation, culture media were removed and
the schistosomula were centrifuged (1,000 rpm, 2 min), washed three
times in PBS buffer, and then fixed in 2% formaldehyde for 60 min.
Schistosomula were afterward washed once more in PBS and
permeabilization solution (0.1% Triton X-100, 0.1% sodium citrate)
was added for 10 min on ice. Labeling of schistosomula with 4′,6-
diamidino-2-phenylindole (DAPI) and TMR Red dUTP was
performed according to the manufacturer’s instructions and
TUNEL-positive parasites were observed by fluorescence using an
AxioImager Z1-Apotome microscope (Zeiss).
Isothermal Titration Calorimetry (ITC). ITC experiments were

done at 25 °C using a PEAQ microcalorimeter (Malvern Instru-
ments). All protein samples were purified in the same ITC buffer (50
mM KCl, 10 mM Tris pH = 8.0 and 0.5 mM TCEP). In a typical
experiment, aliquots of 2.0 μL of HDAC8 protein sample at 200 μM
were injected into an inhibitor solution at 20 μM placed in the ITC
cell. Blank experiments were used to retrieve signal due to solvent
(DMSO or DMF) dilution into ITC buffer. Data were analyzed with
PEAQ-ITC Analysis Software (Malvern Instruments) and with
Affinimeter (Software 4 Science Developments).
Differential Scanning Fluorimetry. Thermal stability of

HDAC8 proteins was analyzed by a label-free differential scanning
fluorimetry (DSF) approach using a Prometheus NT.48 instument
(NanoTemper Technologies). Briefly, the shift of intrinsic tryptophan
fluorescence of HDAC8 proteins upon gradual temperature-triggered
unfolding (temperature gradient 20−95 °C) was monitored by
detecting the emission fluorescence at 330 and 350 nm. The
measurements were carried out nanoDSF-grade high sensitivity glass
capillaries (NanoTemper Technologies) at a heating rate of 1 °C/
min. Protein melting points (Tm) were inferred from the first
derivative of the ratio of tryptophan emission intensities at 330 and
350 nm. Finally, the ΔTm value of an HDAC8 protein for a particular
inhibitor was calculated as the difference between the Tm values of
the inhibitor-bound and inhibitor-free proteins. All the assays were
done in triplicate.
Docking Experiments. Crystal structures of hHDAC1−3,

hHDAC8, and hHDAC6-CD2 for docking as well as zHDAC10 for
homology modeling of hHDAC10 were downloaded from Protein
Data Bank (corresponding PDBs 4BKX, 4LXZ, 4A69, 2V5X, 5EDU,
5TD7). Also the zHDAC6 CD1−2 structure with Nexturastat A
(PDB 5G0J) was downloaded from PDB in order to retrieve
conserved water molecules for docking to hHDAC6-CD2. Specifi-
cally, water molecule W2141 coordinating the zinc ion was extracted
from zHDAC6 and inserted in the superimposed structure of
hHDAC6-CD2. This water molecule was used to stabilize the
monodentate coordination of the zinc ion by the inhibitor, as is
observed for hydroxamic acids with bulky aromatic linkers in HDAC6
X-ray structures. The homology model of human HDAC10 was built
on zebrafish HDAC10 structure71 using MODELER version 9.11.72

Structures of inhibitors were generated in MOE version 2014.09
(Molecular Operating Environment (MOE), 2014.09; Chemical
Computing Group Inc., 1010 Sherbooke St. West, Suite 910,
Montreal, QC, Canada, H3A 2R7, 2014).
Protein and inhibitor structures were further prepared for docking

in Schrödinger Suite (Schrödinger Suite 2014-2, Maestro version 9.8;
Protein Preparation Wizard; Epik version 2.8; Glide version 9.8;
Schrödinger, LLC, New York, NY, 2041, UA4). Human HDAC1−
3,6,10 were prepared using the Protein Preparation Wizard tool.
Hydrogen atoms and missing amino acid residues side chains were
added. Solvent molecules were removed except for two conserved
water molecules: one near the catalytic zinc ion and another above the
zinc coordinating histidine residue (H180, hHDAC8 numbering).
Next, hydrogen bond networks and amino acid residues protonation
states and tautomers were optimized. Finally, protein models were
subjected to energy minimization using OPLS-2005 force field with
default settings. Inhibitor structures were prepared with LigPrep and
ConfGen tools. Namely, the tautomeric forms and stereoisomers were

created and energy minimization was performed with OPLS force
field using Ligprep. Conformers were generated with default settings
(fast) and energy minimization of the output conformations was
performed using ConfGen.

Molecular docking was performed using Glide from the
Schrödinger Suite. Receptor grids were generated using default
settings. The Standard Precision docking protocol with default
settings without any constraints was used, except the number of
docking poses for postdocking minimization per ligand was increased
to 20 and the maximal number of output poses per ligand was
increased to 2.

Molecular Dynamics Simulations. Initial coordinates of the
smHDAC8/inhibitor complexes were taken from the newly resolved
crystal structures of smHDAC8 in complex with PCI-34051, NCC-
149, and compounds 4 and 10. Coordinates of PCI-34051, NCC-
149, and compounds 4 and 10 in complex with hHDAC8, as well as
PCI-34051 and NCC-149 in complex with HDAC6 were taken from
the obtained docking poses described above. All ligands were
generated in the negatively charged hydroxamate form, and the
protein residues were charged at pH 7, where the His residue
coordinating the negatively charged O atom of the hydroxamate was
assigned a positive charge (HIP residue). Water molecules and K+

ions were kept.
MD simulations were performed using Amber16 package (AMBER

2016, UCSF, San Francisco, California, USA, 2016). Force field
parameters for all ligands were assigned using the Antechamber
package and AM1-BCC atomic charges.73,74 The TLEaP module of
Amber16, the ff03 force field75 and the General Amber Force Field
(GAFF)76 were applied to the protein residues and ligand,
respectively, and the 12−6−4 LJ-type nonbonded model parameters77

for divalent ions in SPC/E water model was used for the catalytic
Zn2+ ion. The complex structures were solvated in an octahedral
periodic box of SPC/E water molecules78 at a margin of 10 Å and the
system was neutralized using Na+ counterions.

The system was first subjected to consecutive steps of
minimization. The first step encompassed 3000 iterations (first
1000 steepest descent and then 2000 conjugate gradient), where only
solvent atoms were minimized, while restraining the protein and
ligand atoms as well as the Zn2+ ion to their initial coordinates with a
force constant of 10 kcal·mol−1·Å−2. In the second step, the whole
system was minimized with no restraints using 4000 iterations (first
2000 steepest descent and then 2000 conjugate gradient). The system
was then heated to the production temperature of 300 K through 100
ps of MD, while keeping the complex atoms (protein, ligand, and zinc
ion) restrained with a force constant of 10 kcal·mol−1·Å−2 to prevent
large structural deviations. Constant volume periodic boundary was
set to equilibrate the temperature of the system by Langevin
thermostat using a collision frequency of 2 ps−1. The system was
subsequently subjected to a pressure equilibration routine for 100 ps
at 300 K, where a constant pressure of 1 bar was applied.

Finally, a production run of 100 ns was simulated at constant
temperature (300 K) using the Langevin thermostat with a collision
frequency of 2 ps−1. Constant pressure periodic boundary was used to
maintain the pressure of the system at 1 bar using isotropic position
scaling with a relaxation time of 2 ps. During the temperature
equilibration and MD routines a nonbonded cutoff distance of 10.0 Å
was used by applying the Particle Mesh Ewald (PME) method79 for
long-range electrostatic interactions. The SHAKE algorithm80 was
applied to constrain all bonds involving hydrogen. A time step of 2 fs
was used for equilibration and the production of MD. All simulations
were run using PMEMD.cuda implementation from AMBER16 on
CUDA-enabled NVIDIA graphics processing units (GPUs).

The trajectories were analyzed using the CPPTRAJ module of
AMBER and visualized using VMD. Plots were generated using the R
package, and the pictures using PYMOL.

PAINS Filter. All the herein described compounds were filtered for
pan-assay interference compounds (PAINS). For this purpose,
PAINS1, PAINS2, and PAINS3 filters, as implemented in
Schrödinger’s Canvas module (Schrödinger Suite 2014−2, Canvas
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version 2.0), were employed. None of the compounds was flagged as
PAINS.
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Figure S1. Fitness analysis of schistosomes treated with inhibitors PCI-34051 and NCC-149. (A) Time-course 
analysis of schistosomula viability. S. mansoni schistosomula were cultivated in the presence of PCI-34051 or 
NCC-149, and their viability was assessed by microscopic observations at the indicated time points post treatment 
(p.t.). Schistosomula cultivated in the DMSO alone served as a control. (B) Dose- and time-dependent mortality 
of schistosomula induced by PCI-34051 and NCC-149. S. mansoni schistosomula (1000 per well) were incubated 
in 1 mL of culture medium with varying quantities of inhibitors or the solvent (DMSO). Both inhibitors have a 
dose-dependent effect on larval viability, with PCI-34051 inducing a somewhat stronger phenotypic response than 
NCC-149. Assays were done in triplicate; error bars represent the SD. (C) Induction of separation of S. mansoni 
adult worm pairs. The paired status of male and female adult worms was assessed daily in the presence of varying 
quantities of PCI-34051 and NCC-149. Both inhibitors have a dose-dependent effect on adult worm pairing. 
Assays were done in triplicate; error bars represent the SD. (D) TUNEL assays. Fluorescent microscopy of S. 
mansoni schistosomula incubated with DMSO alone (top panels), PCI-34051 (middle panels), or NCC-149 
(bottom panels) for 96 h. DAPI (blue), TUNEL (yellow) and merged figures are presented. (E) Quantification of 
TUNEL positivity of schistosomula incubated for 96 h with PCI-34051 or NCC-149 (both at 100 μM), or with 
DMSO alone. Mortality of in vitro cultivated schistosomes treated with PCI-34051 and NCC-149 is due to the 
triggering of apoptosis. Assays were done in triplicate; error bars represent the SD. 
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Figure S2. Structures of PCI-34051 and NCC-149 bound to the smHDAC8-H292M mutant. (A-C) Close-up view 
of HDAC8-selective inhibitor PCI-34051 bound to smHDAC8 WT (C) and the smHDAC8 H292M mutant (A), 
and the superposition of the two structures (B). The upper panels show the structures and the lower panels provide 
a schematic view of the interaction. In the structures, the inhibitors and important residues are shown as sticks. 
The L6 loop is colored green. The catalytic zinc ion is shown as an orange sphere. Zinc coordination and hydrogen 
bonds are shown as dashed lines. In the schematic views, zinc coordination, hydrogen bonds and aromatic 
interactions are shown as dashed lines, and the corresponding distances are given in Å. Hydrophobic contacts are 
shown by grey arcs with spokes radiating toward the atoms involved. (D-F) Same as for (A-C) with the NCC-149 
selective inhibitor. (PDB IDs 6HYQ, 6HRQ, 6HSF, 6HSG). 
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Figure S3. Close-up view of HDAC8-selective inhibitors bound to smHDAC8. (A-K) Close-up views of 3-
benzamido-benzohydroxamates HDAC8-selective inhibitors 1-11 bound to smHDAC8. (L) Close-up view of the 
unrelated 1-[5-chloro-2-(4-fluorophenoxy)phenyl]-N-hydroxy-1H-1,2,3-triazole-4-carboxamide inhibitor 12 that 
also shows HDAC8-selective inhibition. All inhibitors bind into a HDAC8-specific pocket formed by catalytic 
tyrosine Y341 and residues from L1 and L6 loops. Inhibitors and important residues are shown as sticks. The L6 
loop is colored green. The catalytic zinc ion is shown as an orange sphere. Zinc coordination and hydrogen bonds 
are shown as dashed lines. (PDB IDs 5FUE, 6HSZ, 6HT8, 6HTG, 6HTH, 6HTI, 6HTT, 6HTZ, 6HU0, 6HU1, 
6HU2, 6HU3). 
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Figure S4. Docking results of compounds 9 and 10 bound to human HDAC8. Inhibitor 9 (A), pale blue colored 
sticks, and 10 (B), pale pink colored sticks, are shown at the human HDAC8 binding pocket. Protein backbone is 
represented as a pale salmon colored ribbon. Protein residues are shown as grey colored sticks and the zinc ion as 
an orange sphere. The ribbon and residues of the L6 loop are colored in green. Yellow dashed lines represent zinc 
coordination and hydrogen bonds. (PDB ID 2V5X for hHDAC8 structure used for docking). 
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Figure S5. Snapshots and RMSD plots of 100 ns MD simulations of (A) crystal structure of smHDAC8/4 (PDB 
ID 6HTG), (B) crystal structure of smHDAC8/10 (PDB ID 6HU1), (C) docking pose of 4 in hHDAC8, (D) docking 
pose of 10 in hHDAC8. (PDB ID 2V5X for hHDAC8 structure used for docking). 
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Figure S6. Comparison of the binding modes of compound 11 and PCI-34051 to smHDAC8. Structures of 
compound 11 bound to smHDAC8 (A) and PCI-34051 bound to the smHDAC8-H292M mutant (C), and the 
superposition of these two structures (B). Both inhibitors bind with a similar conformation to smHDAC8 that most 
likely mimics the binding of HDAC8-selective inhibitors to hHDAC8. Protein residues are shown as sticks, the 
catalytic zinc ion is shown as an orange sphere, and L6 loop residues are colored green. (PDB IDs 6HSF, 6HU2). 
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Figure S7. Structural plasticity and flexibility of human HDAC8 L1 and L2 loops. Structure of a largazole analog 
(PDB ID 4RNO) (A) and inhibitor M344 (PDB ID 1T67) (C) bound to human HDAC8, and the superposition of 
both structures (B). HDAC8 L1 and L2 loops show strong plasticity and flexibility to accommodate the inhibitors 
in their active sites. In contrast, L6 and L7 (containing the catalytic tyrosine 306) loop conformations are 
constrained, providing a stable unique surface for the interaction with HDAC8-selective inhibitors. The proteins 
are shown as ribbons and the inhibitors as sticks, the catalytic zinc ion is shown as an orange sphere. 
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Figure S8. Docking poses of PCI-34051 and NCC-149 in different HDAC isozymes. Modelling of binding of 
HDAC8-selective inhibitors PCI-34051 (A,B) and NCC-149 (C,D) to hHDAC1-3 (PDB IDs 4BKX, 4LXZ, 
4A69) (A,C), hHDAC6-CD2 (PDB ID 5EDU) and hHDAC10 (modelled from PDB ID 5TD7) (B,D). The 
hydroxamic acid group of both L-shaped HDAC8-selective inhibitors is not able to reach the catalytic zinc ion in 
HDAC1-3 and HDAC10 and to chelate it in a bidentate fashion. Meanwhile, in HDAC6, the hydroxamate group 
also shows a monodentate chelation of the zinc ion similar to that observed in the crystal structures of zHDAC6 
with the benzohydroxamate derivatives Nexturastat A and HPOB (PDB IDs 5G0J, 5EF7). Moreover, the capping 
groups of both inhibitors are resting on the surface of the protein and cannot interact strongly with the catalytic 
tyrosine due to the lock imposed by residues from L1 and L6 loops of these different HDACs. As a result, inhibitors 
are more solvent-exposed, which most likely negatively influences their inhibitory activity. Protein backbone is 
represented as ribbon. Color codes for protein backbones and corresponding inhibitor docking poses are depicted 
in the figure. Protein residues (grey color) and inhibitors (see color codes in figure) are shown as sticks, the 
catalytic zinc ion as orange sphere. 
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Figure S9. Snapshots and RMSD plots of 100 ns MD simulations of (A) docking pose of PCI-34051 in hHDAC8, 
(B) crystal structure of PCI-34051 in smHDAC8 (PDB ID 6HQY), (C) docking pose of PCI-34051 in hHDAC6. 
Models of hHDAC8 and hHDAC6 established from PDB IDs 2V5X and 5EDU. 
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Figure S10. Snapshots and RMSD plots of 100 ns MD simulations of (A) docking pose of NCC-149 in hHDAC8, 
(B) crystal structure of NCC-149 in smHDAC8 (PDB ID 6HRQ), (C) docking pose of NCC-149 in hHDAC6. 
Models of hHDAC8 and hHDAC6 established from PDB IDs 2V5X and 5EDU.  
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Figure S11. Binding mode of Quisinostat (QSN) in the structure of the human HDAC8 mL6/QSN complex. (A) 
Conformation of QSN bound to the human HDAC8 mL6 mutant (left panel) and to smHDAC8 (right panel) (PDB 
IDs 6HSH,6HSK). QSN does not interact with the L6 loop in either structure. The conformation difference 
observed most likely stems from the involvement of QSN in crystal packing in the hHDAC8 mL6/QSN complex. 
(B,C) Overall (B) and close-up (C) views of QSN involvement in crystal packing. QSN is absolutely required for 
crystallization.  
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Figure S12. Synthesis pathways. Synthesis pathways for (A) the 3-(benzthiophene-7-carboxamido)-4-
chlorobenzohydroxamate inhibitor (6) and (B) the 1-[5-chloro-2-(4-fluorophenoxy)phenyl]-N-hydroxy-1H-1,2,3-
triazole-4-carboxamide inhibitor (12). The synthesis steps are described in detail in the experimental section of the 
manuscript. 
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Article 2 
 

The atypical structure and active site modularity of the essential Trypanosoma cruzi 

histone deacetylase DAC2 as inhibition target (submitted) 

Chagas disease is caused by an infection of the parasite Trypanosome cruzi. Around 7 million 

people are infected worldwide by this parasite that cause tens of thousands of deaths yearly. 

Treatment of the acute phase is efficient only in 70% of the case. In addition, the acute phase 

is not easily detected, leading to a chronic infection that cannot be treated by any drug so far. 

The chronic phase is characterized by complicated symptoms affecting the heart, brain and 

digestive system, no treatment is available at this stage and can cause a sudden death as well. 

The histone deacetylase 2 of Trypanosome cruzi (tcDAC2) has been shown to be essential for 

the viability of T. cruzi. Therefore, tcDAC2 represents a target for drug development. The 

piggyback strategy, which combines high throughput screening and structure-based drug 

development, was already proved efficient to develop several inhibitors drug-leads to fight 

schistosomiasis. Therefore, to develop inhibitors targeting tcDAC2 the piggyback was also 

applied on this enzyme. I have joined this project as master student and continued it during 

my PhD. I have notably been involved in all the protein engineering and stabilization by 

inhibitor steps, prior to structure determination and further characterization of this enzyme. I 

have participated in the structure determination of the tcDAC2 in complex with the 

Quisinostat (QSN) inhibitor and have afterwards solved the structure of the tcDAC2 in 

complex with  TB56 (inhibitor developed by our collaborators). 

Specifically, I have rationalized inhibitor compounds to be used in complex with tcDAC2 for 

crystallization experiments, by performing thermal shift assays. These experiments showed 

that Quisinostat (QSN), TB56 and TB75 increased the thermal stability of tcDAC2. 

Therefore, these inhibitors were used for crystallization assays. I could crystallize and solve 

the structure of tcDAC2 in complex with two inhibitors, QSN and TB56 which revealed 

tcDAC2 specific features compared to human HDACs. Notably, most of the loops forming 

the catalytic site of tcDAC2 are like that of human HDAC8, but the loop 6 is like that of 

human HDAC1-3. These features cause a partial interaction between the L1 and L6 loops of 

tcDAC2, which is different from human HDACs. 

Furthermore, tcDAC2 has a specific pocket next to its active site, this pocket, formed between 

the L5 and L6 loops is due to the replacement of bulkier residues Phe/Tyr and Lysine (in 
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human HDACs) by a smaller residues Ile266 and Ala261, respectively, in tcDAC2. Moreover, 

tcDAC2 presents a smaller foot pocket compared to human HDAC1-3 and the presence of the 

human HDAC8 foot pocket depends on the conformation of a W141. This latter residue is 

replaced by a Leu residue in HDAC1-3 and in tcDAC2 by R196, showing a different residue 

composition of the foot pockets. Therefore, many specific features of tcDAC2 can be 

exploited for the development of selective inhibitors targeting tcDAC2, combining a 

structure-based drug development and high-throughput strategies. This latter strategy has 

been applied by using the European Lead Factory (ELF) program that enabled us to have 

tcDAC2 tested with half a million compounds from 7 large pharmaceutical companies. The 

results of this screen are still further used for selective drug design against tcDAC2. 
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Abstract 

Epigenetics plays a prominent role in the phenotypic plasticity and antigenic variation of eukaryotic 

pathogens. Targeting pathogens epigenetic machineries thus represents a valid approach to fight 

parasitic diseases. Yet, identification of bona fide targets in parasites and the development of selective 

anti-parasitic drugs still represent major bottlenecks. Here, we show that the zinc-dependent histone 

deacetylases (HDACs) of the flagellate protozoan parasite Trypanosoma cruzi are key epigenetic 

regulators that have significantly diverged from their human counterparts. Depletion of the T. cruzi 

class I HDACs (tcDAC1 or tcDAC2) compromises cell cycle progression and division and leads to cell 

death. Notably, tcDAC2 displays an acetyl-lysine deacetylase activity essential to the parasite and 

shows major structural differences with human HDACs. Specifically, tcDAC2 harbours a modular active 

site that defines a unique subpocket that can be targeted by inhibitors that show substantial anti-

parasitic effects in cellulo and in vivo. Our study reveals that the targeting of the many atypical histone 

deacetylases in pathogens pave the way to anti-parasitic selective epigenetic chemical impairment. 
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Introduction 

High phenotypic plasticity and antigenic variation is the hallmark of eukaryotic parasites that enable 

them to adapt to their different hosts and escape their immune surveillance. Cumulative evidence 

shows that epigenetic processes play a prominent role in these transformations. Epigenetic effectors 

in pathogens thus represent important potential drug targets, and repurposing of epigenetic drugs has 

been identified as an effective strategy to reduce the time and financial costs associated with anti-

parasitic drug development (Andrews et al., 2012b, Andrews et al., 2012a, Andrews et al., 2014, Wang 

et al., 2015, Hailu et al., 2017, Schiedel and Conway, 2018, Fioravanti et al., 2020). Combining 

repurposing with a piggyback strategy, where the chemical scaffolds of the repurposed drugs are 

modified, can further foster the design of parasite-selective compounds with little or no cross-

reactivity with human enzymes. 

Currently, most approved epigenetic drugs target zinc-dependent histone lysine deacetylases (HDACs) 

(Eckschlager et al., 2017, Falkenberg and Johnstone, 2014, Li and Seto, 2016). This explains why 

repurposing of HDAC inhibitors to fight neglected diseases is receiving considerable attention 

(Andrews et al., 2012b, Andrews et al., 2012a, Andrews et al., 2014, Wang et al., 2015, Hailu et al., 

2017, Fioravanti et al., 2020). Acetylation of lysines in eukaryotes is a major reversible post-

translational modification that links metabolism to cell signalling and plays a critical role in the 

regulation of key cellular processes (Choudhary et al., 2009, Choudhary et al., 2014, Drazic et al., 2016, 

Marmorstein and Zhou, 2014, Seto and Yoshida, 2014, Verdin and Ott, 2015, Narita et al., 2019). In 

humans, the dysregulation of acetylation mechanisms is implicated in the onset and progression of 

numerous diseases (Eckschlager et al., 2017, Falkenberg and Johnstone, 2014, Fujisawa and 

Filippakopoulos, 2017, Li and Seto, 2016). Nevertheless, the reversible nature of acetylation can be 

used to pharmacologically modulate eukaryotic acetylation pathways (Eckschlager et al., 2017, 

Falkenberg and Johnstone, 2014, Li and Seto, 2016, Schiedel and Conway, 2018). 

HDACs are generally named according to their similarity with the 11 human HDAC isozymes which have 

been divided into four classes: class I (HDAC1, 2, 3, 8), class IIa (HDAC4, 5, 7, 9), class IIb (HDAC6, 10) 

and class IV (HDAC11) (Porter and Christianson, 2019, Seto and Yoshida, 2014). Specifically, class IIa 

HDACs have lost their essential catalytic tyrosine, replaced by a histidine, and are thought to play a 

scaffolding role in macromolecular complexes (Desravines et al., 2017, Hudson et al., 2015, Park et al., 

2018). Not only histones but also other non-histone proteins are targeted by the various active HDAC 

isozymes which can even display specific or dual deacetylation and deacylation activities (Sabari et al., 

2017, Narita et al., 2019). 
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We have previously used repurposing and piggyback strategies, combining structure-based and high-

throughput screening approaches, on smHDAC8, the homolog of human class I HDAC8 from the 

parasitic flatworm Schistosoma mansoni that causes schistosomiasis. Our studies have led to the 

design of smHDAC8-selective inhibitors but have also enabled the characterization of the 

structure/function relationships of HDAC8 enzymes to help with the development of selective anti-

cancer drugs (Bayer et al., 2018, Heimburg et al., 2016, Heimburg et al., 2017, Marek et al., 2013, 

Marek et al., 2015, Marek et al., 2018). This work has highlighted the challenge in developing selective 

anti-parasitic drugs targeting HDACs, notably due to the high structural similarity of the active sites of 

smHDAC8 and human HDACs. However, HDACs from other parasites show stronger phylogenetic 

differences with human HDAC enzymes, suggesting that the selectivity issue might be easier to 

overcome in these parasites (Scholte et al., 2017, Wang et al., 2015). 

This is the case of the HDACs of Trypanosoma brucei and Trypanosoma cruzi that are responsible for 

African trypanosomiasis (Sleeping sickness (Büscher et al., 2017)) and American trypanosomiasis 

(Chagas disease (Perez-Molina and Molina, 2018)), respectively. While the fight against human African 

trypanosomiasis has made significant progress, with only a few tens of thousands of people infected 

and a continuous decrease of new cases each year, Chagas disease remains a major threat with millions 

of people infected and tens of thousands of yearly deaths (Büscher et al., 2017, Perez-Molina and 

Molina, 2018, Varikuti et al., 2018). Notably, the side effects and the acute phase-restricted efficacy of 

the drugs Benznidazole and Nifurtimox currently used to treat Chagas disease are major issues and call 

for the development of new drugs (Scarim et al., 2018, Varikuti et al., 2018). 

Four HDACs are found in T. cruzi and T. brucei that show restricted phylogenetic resemblance to human 

HDACs and that have been attributed to HDAC class I (tcDAC1/tbDAC1 and tcDAC2/tbDAC2) and class 

IIb (tcDAC3/tbDAC3 and tcDAC4/tbDAC4) (Scholte et al., 2017). So far, functional characterization of 

these HDACs has predominantly been performed in T. brucei, showing that tbDAC1 and tbDAC3, but 

not tbDAC2 and tbDAC4, are essential and act in helping the parasite to evade the host immune 

response (Ingram and Horn, 2002, Wang et al., 2010). In contrast, little is known about T. cruzi HDACs. 

Importantly, protein acetylation patterns in both pathogenic species are different, even for histone 

proteins, suggesting substantial functional divergences in the acetylation pathways of these flagellate 

parasites (Mandava et al., 2007, Moretti et al., 2018, Picchi et al., 2017). 

Treatments of both T. brucei and T. cruzi parasites with HDAC inhibitors have identified molecules that 

could potentially target these protozoans, but direct repurposing was impaired due to toxicity 

problems. However, these studies suggested the presence of unique features within the trypanosome 

HDACs that could be exploited to develop selective inhibitors targeting these enzymes (Andrews et al., 
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2012a, Campo, 2017, Carrillo et al., 2015, Engel et al., 2015, Hailu et al., 2017, Kelly et al., 2012, Scarim 

et al., 2018, Varikuti et al., 2018, Zuma and de Souza, 2018, Fioravanti et al., 2020). 

Here we show that trypanosome HDACs harbour very specific features compared to human HDACs. 

Surprisingly, T. cruzi class I HDACs tcDAC1 and tcDAC2 are both functionally essential to the parasite, 

in contrast to T. brucei where only tbDAC1 is essential. Specifically, tcDAC2 has retained canonical 

functional determinants and displays an acetyl-lysine deacetylase activity that can be inhibited. The 

crystal structure of tcDAC2 bound to different inhibitors reveals a zinc-dependent deacetylase fold but 

with major differences in its overall structure as well as in its active site compared to the various human 

HDACs. Notably, tcDAC2 displays an atypical fold and the loops forming its active site show structural 

similarities either with loops of the HDAC1/HDAC2/HDAC3 (hereafter termed HDAC1-3) isozymes 

family or with loops of the HDAC8 isozyme, revealing the combinatorial modularity of histone 

deacetylase active sites. Importantly, tcDAC2 harbours a unique pocket in its active site that is targeted 

by one of the inhibitors used in our structural study. In cellulo and in vivo, parasitic infection is affected 

by this inhibitor, which thus represents a starting scaffold for designing more potent and more 

selective inhibitors targeting tcDAC2. Collectively, our results reveal the atypical nature of the 

Trypanosoma cruzi DAC2 lysine deacetylase which extends to other parasitic HDACs and pave the way 

to the rational design of selective inhibitors to fight Chagas and potentially other parasitic diseases. 

Results 

Trypanosome HDACs are atypical 

Phylogenetic analyses have suggested that DAC1 enzymes are more related to the HDAC1-3 isozymes 

family, but DAC2, DAC3 and DAC4 enzymes could not be specifically assigned to a precise isozyme 

family (Ingram and Horn, 2002, Scholte et al., 2017). We have extended sequence analyses to better 

understand the divergences observed. Specifically, two contiguous residues at the tip of HDAC active 

site L6 loop inform on HDAC isozyme family, partners and substrates (Millard et al., 2013, Watson et 

al., 2012, Watson et al., 2016, Hai and Christianson, 2016, Miyake et al., 2016, Hai et al., 2017, Porter 

and Christianson, 2019, Marek et al., 2018). In DAC1 enzymes, an arginine-leucine (RL) motif is found 

(Supplementary Figure 1A) which is typical of HDAC1-3 isozymes, where the arginine plays an essential 

role for recruiting partners and for activity (Millard et al., 2013, Watson et al., 2012, Watson et al., 

2016). 

In contrast, in DAC2, a proline-leucine (PL; tcDAC2) or proline-tyrosine (PY; tbDAC2) motif is found, 

reminiscent of both class I HDAC8 proline-methionine (PM) and class II PL motifs (Figure 1; 

Supplementary Figure 1B). Surprisingly, in DAC3 a leucine-leucine (LL) motif is found which is not 

observed in any other trypanosome or human HDACs (Supplementary Figure 1C), while DAC4 displays 
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a canonical class II PL motif (Supplementary Figure 1D). Additional sequence analyses (Supplementary 

Figure 1) further show that DAC3 and DAC4 have a single catalytic domain, in contrast to the tandem 

domains observed in human class IIb HDACs. Compared to human HDACs, DAC2, DAC3 and DAC4 also 

contain small-to-medium size insertions in their catalytic domains whose roles are unknown. In 

addition, the DAC3 enzymes catalytic domain is split in its middle by a ~170 residue long insertion that 

should protrude from the HDAC core without affecting its structural integrity (Supplementary Figure 

1C).  

Further analyses of sequence identities/similarities between the catalytic domains of trypanosome and 

human HDACs show that all trypanosome HDACs have low identities (< 40%) compared to human 

HDACs, DAC2 and DAC4 showing the strongest divergence (identities < 30%) (Supplementary Figure 

2A-B). Surprisingly, the identities/similarities are even lower when comparing the four parasitic 

isozymes between themselves, suggesting a strong functional divergence for each parasitic isozyme 

(Supplementary Figure 2C). Moreover, comparisons of the same isozymes from T. brucei and T. cruzi 

also reveal considerable divergence (Supplementary Figure 2C). While the DAC1 enzymes are strongly 

conserved (85% identity), DAC3 and DAC4 show intermediate conservation (64%), and the DAC2 

enzymes have the lowest sequence identity (51%). These differences possibly relate to the changes in 

acetylation patterns observed in these two parasites (Mandava et al., 2007, Moretti et al., 2018, Picchi 

et al., 2017). 

Strikingly, careful comparison of tbDAC2 and tcDAC2 sequences reveals major differences in their 

respective active sites. T. brucei DAC2, which has been shown to be non-essential (Ingram and Horn, 

2002), has many active site residues involved in zinc coordination, acetyl-lysine binding and catalysis 

replaced by non-canonical amino acids, including the replacement of its catalytic tyrosine by an 

asparagine, thus questioning its function as a bona fide deacetylase. In contrast, T. cruzi DAC2 has 

retained all canonical active site residues and could therefore have a fully functional deacetylase 

activity (Figure 1; Supplementary Figure 1B). Collectively, our sequence analyses confirmed the atypical 

character of trypanosome HDACs, suggesting that they could represent potential drug targets. These 

results also highlighted the unexpected difference between T. brucei and T. cruzi class I DAC2 enzymes, 

which prompted us to further characterize trypanosome class I HDACs, notably tcDAC2. 

T. cruzi DAC1 and DAC2 are both essential to the parasite 

We first investigated in vivo the essential character of T. cruzi class I HDACs. Gene targeted deletion 

experiments by homologous recombination showed that both tcDAC1 and tcDAC2 are essential to T. 

cruzi since null parasites did not grow in culture and ended up dying over time. In addition, single and 

double allele knocked-out cells presented a lower proliferative rate than wild type parasites (Figure 
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2A-B) and DNA content quantification by flow cytometry revealed aberrant cell cycle progression 

(Figure 2C-D) that could be explained by the presence of several abnormal cells containing multiple 

nuclei/kinetoplasts (Figure 2E). 

To further investigate the unexpected essential character tcDAC2 compared to tbDAC2, we 

complemented these results by generating null mutants with the CRISPR/Cas9 technology for tcDAC2 

using three different sgRNAs to direct Cas9 to distinct positions in the tcDAC2 gene sequence. This 

strategy resulted in aberrant cells that were not able to divide, consistent with the phenotype expected 

for an essential gene. DNA content quantification by flow cytometry revealed abnormal cell cycle 

progression (Figure 2F) with defects ranging from cells without DNA to cells with several 

nuclei/kinetoplasts (Figure 2G). 

We then used the essential character of tcDAC2 to further characterize this enzyme by 

complementation assays with different constructions and by using a T. cruzi cell line stably expressing 

Cas9. An initial construction with the original tcDAC2 DNA sequence in the sgRNA target region and 

encoding wild type (WT) tcDAC2 (tcDAC2_sens) was used as negative control. After sgRNA transfection, 

the cells transfected with the tcDAC2_sens construct showed abnormal cell cycle and cell morphology 

along with reduced cell proliferation (Figure 2H-I; Supplementary Figure 3). In contrast, cells 

transfected with a construction of WT tcDAC2 but containing an altered sequence not recognized by 

the sgRNA (tcDAC2_res) restored the wild type phenotype (Figure 2H-I; Supplementary Figure 3), 

confirming that the depletion of tcDAC2 causes lethality. 

HDACs where the catalytic tyrosine is replaced by a phenylalanine are known to be mostly inactive. 

We used the same complementation strategy with a catalytic Y371F mutant of tcDAC2 whose DNA 

sequence was not recognized by the sgRNA (tcDAC2_Y371F). Our results showed that the cells 

containing the tcDAC2_Y371F construct presented a deleterious phenotype, similar to tcDAC2 knocked 

out cells, as observed by alteration in cell cycle progression, cell proliferation and cell morphology 

(Figure 2H-I; Supplementary Figure 3), showing the importance of tyrosine 371 for tcDAC2 function. 

We then used the same strategy to investigate the long and highly acidic tcDAC2 C-terminal tail (Figure 

1) whose functional role is unknown. The complementation strategy using a construction deleted for 

this C-terminal tail (tcDAC2_∆C) showed that, in contrast to the tcDAC2_Y371F mutant, cells expressing 

the tcDAC2_∆C mutant did not present any detectable phenotype, showing that this tail is functionally 

dispensable in vivo (Figure 2H-I; Supplementary Figure 3). 

T. cruzi DAC2 possesses an acetyl-lysine deacetylase activity that can be inhibited 

We next characterized tcDAC2 biochemically and biophysically. During purification, the shorter C-

terminal construct of tcDAC2 (tcDAC2_∆C), which is sufficient for parasitic survival, showed a strong 
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increase in solubility compared to the WT enzyme and was subsequently used in our studies. Size 

exclusion chromatography and dynamic light scattering analyses showed that tcDAC2_∆C is mostly 

monomeric, suggesting tcDAC2 similarity with HDAC8. However, thermal shift assays revealed its lower 

thermal stability compared to human and S. mansoni HDAC8 enzymes (Figure 3A). 

Deacetylation assays showed that tcDAC2_∆C possesses an acetyl-lysine deacetylase activity, slightly 

lower than human HDAC8 on the substrates used (Figure 3B). In agreement with our in vivo 

experiments, the Y371F mutant was completely inactive (Figure 3B), suggesting that tcDAC2 has a bona 

fide deacetylase activity relying on its canonical catalytic residues. Inhibition assays were then 

performed using pan-HDAC (SAHA (Vorinostat), Quisinostat), HDAC1-3-selective (Entinostat, 

Mocetinostat), HDAC8-selective (PCI-34051, NCC-149) inhibitors as well as a set of in-house available 

HDAC inhibitors (TB51, TB56, TB72 and TB75; chemical structures and synthesis provided in 

Supplementary Methods) that we developed during the work on smHDAC8. We identified these latter 

compounds as putative tcDAC2 inhibitors by in silico docking experiments with a tcDAC2 model 

established using human and S. mansoni HDAC8 as templates. Quisinostat (hereafter termed QSN) and 

the TB compounds had IC50 values in the low nM and µM range, respectively, showing that tcDAC2 

deacetylase activity can be inhibited potently (Figure 3C; Supplementary Table 1). However, neither 

SAHA nor any of the HDAC1-3-selective and HDAC8-selective inhibitors showed strong inhibitory 

effects in these assays. 

T. cruzi DAC2 stabilization and structure determination 

Attempts to crystallize the tcDAC2_∆C protein to permit structure determination yielded only 

unreproducible, poorly diffracting crystals. Since tcDAC2 contains several medium-sized insertions 

compared to human HDAC8 that could hamper crystallization (Insertions 1, 2 and 3; Figure 1), we 

hypothesized that removing some specific regions in these insertions could stabilize the enzyme, 

facilitating its crystallization. Protein engineering experiments on tcDAC2_∆C showed that only partial 

deletions in insertion 2 can be tolerated in terms of solubility. Specifically, only one precise deletion in 

this insertion could lead to a construct (tcDAC2_∆Ins2; Figure 1) showing a significant increase in 

thermal  (~10°C) and proteolytic stability compared to tcDAC2_∆C (Figure 3A; Supplementary Figure 

4A), suggesting that the part removed is a solvent exposed, possibly unstructured loop region. This 

tcDAC2_∆Ins2 construct also showed a moderately increased deacetylase activity compared to 

tcDAC2_∆C (Figure 3B). 

Importantly, the tcDAC2_∆Ins2 mutant could rescue the death phenotype of the tcDAC2 knockout in 

vivo, indicating that the part removed is not functionally essential for parasite survival (Supplementary 

Figure 4B). The tcDAC2_∆Ins2 protein could be reproducibly crystallized but the small crystals obtained 
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did not diffract. We therefore looked at inhibitor-induced tcDAC2_∆Ins2 thermal stabilisation using 

notably the most potent inhibitors characterized in our in vitro inhibition study. All inhibitors tested 

increased the thermal stability of the enzyme (Supplementary Figure 4C). Specifically, the highest 

increase was observed with the pan-HDAC inhibitor Quisinostat (QSN) that increased the stability of 

the enzyme by ~18°C, followed by the novel inhibitors TB56 and TB75 with ~13°C increase. Co-

crystallization experiments with all tested inhibitors yielded crystals only in presence of QSN and TB56. 

The crystals of both complexes showed good diffraction and complete crystallographic data sets could 

be collected in cryogenic conditions at 1.75 (QSN) and 2.3 (TB56) Å resolution at the synchrotron. 

Structure determination was performed by molecular replacement using our initial homology-model 

of tcDAC2 and both tcDAC2/QSN and tcDAC2/TB56 structures were refined through manual building 

and automated refinement, the final models showing good data collection and refinement statistics 

(Supplementary Table 2). 

T. cruzi DAC2 has an atypical class I HDAC structure 

Our structures showed that tcDAC2_∆Ins2 (hereafter termed tcDAC2 for simplicity) possesses a 

classical arginase/HDAC fold composed of a central β-sheet sandwiched between several α-helices 

(Figure 4A). Search with DALI (Holm, 2020) showed unambiguous similarity of tcDAC2 with class I 

HDACs, notably HDAC8. Precise comparison revealed however that although a large N-terminal part of 

tcDAC2 superposes well with human class I HDACs, the majority of the C-terminal part of tcDAC2 turns 

out to be structurally divergent (Figure 4B). This was surprising since all human class I enzymes (HDAC1-

3 and HDAC8) show a high similarity in their overall structures, differences being mostly observed at 

the amino acid level and for the conformation of some active site loops (Figure 4B). 

The differences observed between tcDAC2 and class I human HDACs start from the end of tcDAC2 α8-

helix, which is longer than its human counterparts. Following this helix, Insertion 3 is fully visible in our 

two tcDAC2 structures and packs tightly against the tcDAC2 core, forming specific interactions (Figure 

4B). Interestingly, many of the aforementioned small sequence insertions found in tcDAC2 compared 

to human HDAC1-3 and HDAC8 (Figure 1; Supplementary Figure 1B) appear to form small extended 

loops in the vicinity of Insertion 3, defining a specific surface on tcDAC2. Similarly, Insertion 1, which is 

only partially seen in density in our structures, is also found in the close vicinity of Insertion 3, packing 

against tcDAC2 core, also participating in this tcDAC2-specific surface (Figure 4B). 

Following Insertion 3, the only structurally similar part between tcDAC2 C-terminal region and the 

same region in human HDAC1-3 and HDAC8 concerns the region spanning the 310-helix η10 that adopts 

a common fold and is similarly positioned in all these enzymes (Figure 1 and 4B). However, tcDAC2 

again diverges structurally from human class I HDACs immediately after this region. Specifically, 
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whereas human class I HDACs have a short straight stretch of residues (LC loop) that links the η10 

region to their αC-helix, the tcDAC2 LC loop harbours additional residues that form a bulge extending 

toward the active site. This tcDAC2 extended LC loop lies over the active site L6 loop, with the side 

chain of arginine R439 forming a bidentate interaction with L6 loop main chain carbonyls (Figure 4C). 

This longer LC loop of tcDAC2 ends up at the same position where human HDAC αC-helices start, these 

latter human helices packing tightly against their HDAC cores through multiple hydrophobic 

interactions. Surprisingly, an αC-helix in tcDAC2 is only observed for the tcDAC2/TB56 complex, but 

not for the tcDAC2/QSN complex, where no electron density is observed for this helix. In addition, the 

tcDAC2 αC-helix does not pack against the HDAC core but, instead, projects away from this core and 

is involved in crystal packing (Supplementary Figure 5A). 

We have tentatively modelled the binding of the tcDAC2 αC-helix as observed in human HDAC1 and 

HDAC8. An interaction similar to the one observed in the human HDACs appears impossible in tcDAC2, 

several hydrophobic residues being replaced by charged residues at the end of its αC-helix and both 

surfaces displaying a positive charge (Supplementary Figure 5A). In fact, as seen in our two tcDAC2 

structures, a few residues preceding and starting the tcDAC2 αC-helix form specific hydrophobic 

interactions with the tcDAC2 core and position the start of the tcDAC2 αC-helix differently, further 

explaining the difference observed with human class I HDACs (Supplementary Figure 5B). Therefore, 

the fact that this helix is not observed in the tcDAC2/QSN structure, although our two structures 

otherwise superpose very well, suggests that this region is disordered and could only fold and adopt 

its specific position upon interaction with a partner and/or a substrate. 

Finally, we have shown that part of tcDAC2 Insertion 2 could be removed for crystallization. The 

remaining part of Insertion 2 mostly interacts with the tcDAC2 core, whereas our structures show that 

the part removed for crystallization would most likely bulge out of the structure without making strong 

contacts with the rest of the protein, in agreement with our deletion experiments (Figure 4A). 

Interestingly, superposition of tcDAC2 with the hsHDAC1/MTA1 (PDB code 4bkx) and hsHDAC3/NCOR 

(PDB code 4a69) complexes shows that Insertion 2, but also Insertion 1, would both clash with the 

binding of either MTA1 or NCOR homologs (Figure 4D). This latter feature, in addition to the absence 

of an arginine in the tcDAC2 L6 loop and the observed monomeric form of this enzyme, further 

supports the functional difference between tcDAC2 and the isozymes of the HDAC1-3 family. 

T. cruzi DAC2 active site displays HDAC1-3 and HDAC8 features 

As expected from our sequence analyses, tcDAC2 has a zinc ion at the bottom of its active site which 

is coordinated canonically by the two aspartates, D237 and D328, and one histidine, H239 (hsHDAC8 

D178, D267 and H180). Similarly, the catalytic tyrosine Y371 (hsHDAC8 Y306) is perfectly positioned to 
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play a role in catalysis as well as the histidine dyad H197 and H198 (hsHDAC8 H142 and H143) (Figure 

5A). In addition, phenylalanines F207 and F267 (hsHDAC8 F152 and F208) form the hydrophobic tunnel 

that normally accommodates the aliphatic part of the incoming acetylated lysine. Finally, glutamate 

E156 is present at the position where hsHDAC8 D101 is positioned to interact with the main chain of 

the incoming acetylated lysine substrate (Figure 5A). Mutation of this glutamate to alanine (E156A) 

causes the reduction by half of tcDAC2 deacetylase activity (Figure 3B).  Thus, tcDAC2 has a bona fide 

deacetylase active site also observed in other human class I enzymes (Figure 5A). 

We next looked at the conformations of the loops forming the tcDAC2 active site and compared them 

to those of active site loops from human class I HDACs. Similar to what is observed between the 

different human HDACs, the loops forming the bottom of the tcDAC2 active site (L3, L4 and L7 loops) 

show no strong conformational changes compared to their human counterparts. Looking at the loops 

forming the upper part of the tcDAC2 active site pocket, we observe that the tcDAC2 L1 loop is very 

similar to the hsHDAC8 L1 loop, this loop being much shorter than that of the hsHDAC1-3 isozymes 

family (Figure 5B). Likewise, a strong structural similarity is observed between tcDAC2 and hsHDAC8 

L2 loops, while those of hsHDAC1-3 adopt a slightly different conformation. The same similarity applies 

for tcDAC2 and hsHDAC8 L5 loops when compared with those of hsHDAC1-3 (Figure 5B). 

Surprisingly, however, this is not the case for the tcDAC2 L6 loop that adopts a bona fide hsHDAC1-3 

L6 loop conformation, markedly different from that of the hsHDAC8 L6 loop (Figure 5B). A 

conformational change of this loop in tcDAC2 appears highly unlikely since it is covered and appears 

kept in position by the LC loop of tcDAC2, notably R439 (Figure 4C). This is in agreement with our 

previous observation of the high conformational stability of the hsHDAC8 L6 loop despite its full 

replacement by that of hsHDAC1 (Marek et al., 2018). 

T. cruzi DAC2 contains a unique active site pocket that can be targeted by inhibitors 

The presence of both HDAC1-3- and HDAC8-specific loops in the tcDAC2 active site clearly confers an 

atypical and specific character to the active site of this this parasite enzyme. We previously showed 

that HDAC8 enzymes have a unique pocket in their active site, which we termed the HDAC8-selective 

pocket, that can specifically accommodate HDAC8-selective inhibitors and could also be employed for 

specific substrate recognition (Marek et al., 2018). This pocket is composed of the catalytic tyrosine 

side chain at its bottom and its walls are made up of residues from HDAC8 L1 and L6 loops. 

Notably, we showed that the HDAC8 active site L6 loop composition, specific conformation and rigidity 

are critical for the design of HDAC8-selective inhibitors but also for the activity of this enzyme, 

mirroring the functional importance of this loop in other HDACs (Millard et al., 2013, Porter and 

Christianson, 2019, Watson et al., 2012, Watson et al., 2016, Marek et al., 2018, Hai and Christianson, 
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2016, Miyake et al., 2016, Hai et al., 2017). The HDAC8-selective pocket only exists in HDAC8, being 

filled in by hydrophobic residues from the L1 and L6 loops (L1-L6 lock) in other human HDACs (Marek 

et al., 2018). Due to the HDAC8 character of the tcDAC2 L1 loop and the HDAC1-3 character of the 

tcDAC2 L6 loop, this pocket is also partially filled in tcDAC2, causing a partial L1-L6 lock (Figure 5C), 

thus explaining that HDAC8-selective inhibitors cannot strongly inhibit tcDAC2 (Figure 3D). 

Careful analysis of the tcDAC2 active site reveals, however, the presence of a unique pocket in this 

enzyme, not observed in the structures of other human HDACs (Figure 5C). This pocket is located 

between tcDAC2 L5 and L6 loops. The unique character of this pocket is due to the replacement of a 

bulky phenylalanine/tyrosine residue, observed in all human HDAC structures solved so far, by a 

smaller isoleucine residue (I266) in the tcDAC2 L5 loop (Figures 1 and 5D; Supplementary Figure 1B). 

In addition, the back of the pocket is freed by a short alanine residue (A261) replacing longer arginine 

or lysine residues in human HDAC structures, and overlooked on the side opposite to the active site 

zinc by a long glutamate residue replacing generally shorter residues in human HDACs (Figure 1 and 

5D; Supplementary Figure 1B).  

Since our two tcDAC2 structures were solved in presence of the HDAC inhibitors QSN and TB56, we 

analysed the binding mode of these inhibitors to tcDAC2. We observe that both inhibitors bind in the 

tcDAC2 active site with their hydroxamate warhead coordinating the catalytic zinc, interacting with the 

hydroxyl group of Y371 catalytic tyrosine and both histidines H197 and H198 (Figure 6), as observed in 

many HDAC/hydroxamate inhibitor-containing structures. The rigid linker of QSN binds into the 

hydrophobic channel formed by F207, F267 and L6 loop L335, its capping group stacking on top of the 

L5 loop, notably F267 (Figure 6A). However, QSN does not interact with residues of the tcDAC2-unique 

pocket. This is different for TB56 whose dibenzofuran moiety also binds into the pocket formed by 

F207, F267 and L6 loop L335 but also occupies the entrance of the tcDAC2-unique pocket (Figure 6B). 

This demonstrates that the tcDAC2-unique pocket can be targeted to develop novel inhibitors that 

could be selective for this trypanosome enzyme. 

Finally, not only the active site but also the foot pocket at the base of HDAC active sites can be targeted 

by inhibitors. In hsHDAC1-3, this pocket is reduced in size due to various hydrophobic residues that fill 

it in, while in hsHDAC8 its size can change according to the conformations adopted by tyrosine Y111 

and tryptophan W141. Interestingly, in tcDAC2 an arginine (R196) is found in replacement of 

hydrophobic hsHDAC8 W141, and the equivalent leucine in hsHDAC1-3, thus increasing the charged 

character of this foot pocket that could also be used to selectively target tcDAC2.  The unique character 

of the tcDAC2 foot pocket could also explain why the benzamide-based HDAC1-3-selective inhibitors 

(Mocetinostat, Entinostat), which bind selectively into the foot pocket, also perform poorly in our 

inhibition studies. 

Anti-parasitic effects of inhibitors 
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We next investigated the effects of QSN and the tcDAC2 specific pocket-targeting compound TB56, 

together with the anti-trypanosome drug Benznidazole (hereafter termed BZN), in in cellulo infection 

models using two previously validated protocols using different cell lines and two different T. cruzi 

strains (Buckner et al., 1996, MacLean et al., 2018, Romanha et al., 2010). Specifically, these protocols 

made use (i) of the T. cruzi Tulahuen strain infecting L929 cells with an indirect readout determining 

the β-galactosidase activity and (ii) of the T. cruzi Dm28c strain infecting Vero cells using a direct high-

content image-based readout. Cytotoxicity assays were performed at different time points for both 

protocols and revealed that BZN has no effect on L929 cells and only very little toxicity on Vero cells, 

as previously reported (Araujo-Lima et al., 2018, MacLean et al., 2018, Martin-Escolano et al., 2018) 

(Figure 7A-B). In contrast, QSN showed significant cytotoxicity (CC50 in the range 0.01-0.09 µM) for 

both cell lines, in agreement with recently reported cytotoxicity assays for different cell lines (Morales 

Torres et al., 2020). TB56 showed a lower cytotoxicity than QSN, with CC50 values ranging between 4.3 

and 9.9 µM, depending on the cell line (Figure 7A-B). 

We next tested the effect of the three compounds on the T. cruzi parasite in infected cells, using three 

readout time points (24, 48 and 72h) (Figure 7C-D; Supplementary Figure 6). Later time points were 

not used since the infected cells start to be lysed by the parasites after 72h. In these assays, BZN 

showed EC50 values between 2.1 and 15.2 µM for both T. cruzi strains. Similarly, TB56 showed EC50 

values in the range 1.7-6.6 µM on both T. cruzi strains. Importantly, we observed in our high-content 

image-based experiments that TB56 is more toxic to the parasite than to the cells when kept at 

sufficiently low concentration (3.3 µM; Supplementary Figure 6D-E). These assays therefore indicated 

that TB56 represents a potentially promising anti-parasitic lead compound. 

In contrast to BZN and TB56, the EC50 values measured for QSN were different depending on the 

protocol used, with values in the range 2.5-115.7 µM for the Tulahuen strain and 0.05-0.18 µM for the 

Dm28c strain (Figure 7C-D). Further contrasting with the two other compounds, even when the EC50 

values of QSN were close to the CC50 for the infection of Vero cells by the Dm28c strain, our high-

content image-based assays showed that QSN is more toxic to the cells than to the T. cruzi strain 

(Supplementary Figure 6C,E). Therefore, in contrast to its potential use for treating cancer cells 

reported recently (Morales Torres et al., 2020), QSN appears less well-suited as potential anti-Chagas 

disease agent. 

The positive results obtained with TB56 prompted us to investigate further this compound in a mouse 

infection model in comparison with BZN. We first carried out a pharmacokinetic study to assess the 

TB56 dose to be used. 50 mg/kg TB56 was administered to two male mice intravenously (i.v.) and to 

two male mice orally by gavage (p.o.). The doses were well tolerated and we observed during the first 

hour a high TB56 plasma concentration with i.v. administration and a moderate TB56 plasma 

concentration with p.o. administration (Figure 7E). However, the plasma concentrations decreased 
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rapidly to below 1 µM at 3 hours post-administration. A TB56 dose of 50 mg/kg/day was chosen for 

the mouse infection model. 

While the mice treated with Benznidazole recovered fully at 9 days post infection (dpi), the mice 

treated with TB56 showed a significant reduction in parasite load at 7 dpi compared to the control 

group, but much less at 9 dpi, showing that TB56 had an effect but could not fully stop the infection 

(Figure 7F-G). The TB56 plasma concentration decrease observed during the pharmacokinetic study 

could explain the milder effect of TB56 in these in vivo assays. Nevertheless, although TB56 does not 

reach the same level of in vivo efficacy as observed with the drug Benznidazole, it shows a potential as 

a starting lead compound for the development of new drugs against T. cruzi and paves the way for the 

design of inhibitors binding into the tcDAC2-unique pocket. 

Discussion 

The fight against eukaryotic parasites remains a major health issue when no vaccine and only a few 

drugs are available to treat them. We have previously shown that targeting the epigenetic machinery 

of eukaryotic pathogens through repurposing and piggyback strategies represent a valid strategy to 

tackle this issue, although selectivity has to be addressed (Bayer et al., 2018, Heimburg et al., 2016, 

Heimburg et al., 2017, Marek et al., 2013, Marek et al., 2015, Marek et al., 2018, Schiedel et al., 2015, 

Monaldi et al., 2019). Here we have used a similar approach to target histone deacetylases (HDACs) 

from the eukaryotic flagellate Trypanosoma cruzi that causes tens of thousands of deaths yearly. Our 

study shows that trypanosome HDACs could be bona fide anti-parasitic drug targets as they have 

evolved specific features that should facilitate addressing the selectivity issue. 

Specifically, our structure of tcDAC2 shows major changes in its C-terminal part that distinguish this 

enzyme from human HDACs and define specific structural elements at its surface that could be used 

by tcDAC2 to interact with specific partners and targets. This specificity is reinforced by tcDAC2 

insertions 1 and 2, and the absence of an arginine in its L6 loop, which prevent interactions to be made 

with partners as observed for the human HDAC1/MTA1 and HDAC3/NCoR complexes (Millard et al., 

2013, Watson et al., 2012, Watson et al., 2016), or the unique positioning of the tcDAC2 αC-helix. Thus, 

the atypical character of tcDAC2 suggested by the initial phylogenetic analyses is confirmed at the 

structural level. 

The specific character of tcDAC2 is also found in the organization of its active site. While most of the 

loops that form the tcDAC2 active site adopt a conformation close to that of HDAC8 loops, the L6 loop 

conformation is highly similar to that observed for the HDAC1-3 isozyme family. However, in contrast 

to the tcDAC2 C-terminal half whose structure has evolved novel features, tcDAC2 active site loops still 

retain canonical structural features as observed in human HDACs, only the combination of the loops 

being different and creating specificity. This modularity of the tcDAC2 active site raises the question of 
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target recognition by tcDAC2, one possibility being that tcDAC2 deacetylates targets that are normally 

processed by different HDACs in humans. 

Another non-mutually exclusive possibility would be that the combination of these different loops 

creates a surface that recognizes a completely different sequence motif specific to T. cruzi proteins. 

Accordingly, we observe the presence in the tcDAC2 active site of a unique pocket that potentially does 

not exist in human HDACs. This pocket recalls the unique pocket found in HDAC8 that appears 

important for HDAC8 activity (Marek et al., 2018). Importantly, reminiscent of the HDAC8-selective 

pocket, the tcDAC2-unique pocket could be used to develop selective inhibitors to fight Chagas disease. 

Specifically, we show that one inhibitor used in our study can partially occupy this pocket and shows 

anti-parasitic effects in in cellulo and in vivo models of infection. Although the in vivo effects are 

surpassed by the Chagas disease-approved drug Benznidazole, the fact that our compound has potency 

in the low micromolar range and is rapidly degraded in vivo leaves room for the development of novel 

stable drug candidates. The fact that it does not make use of the full interaction potential of the 

tcDAC2-unique pocket potentially explains its reduced selectivity and provides a clear path for 

structure-guided improvement. Other hydroxamic acid-based HDAC inhibitors are approved for 

therapy of human diseases, which shows that the pharmacokinetic weakness can be overcome in this 

class of inhibitors.  

Thus, tcDAC2 represents a novel target to develop new drugs against T. cruzi since this enzyme is 

functionally essential to the parasite in contrast to the T. brucei tbDAC2 homolog. Importantly, analysis 

of the conservation of active site residues in different trypanosome species shows that most of them 

have a DAC2 enzyme which resembles tcDAC2 and not tbDAC2 (Supplementary Table 3). DAC2 

therefore also represent a potential therapeutic target in these other trypanosome species. More 

generally, our results show that the different trypanosome HDACs, due to their atypical character, 

could also be used as drug targets. Most importantly, this also applies to the other major pathogens 

causing leishmaniosis and malaria that also harbour evolutionarily distinct zinc-dependent histone 

deacetylases (Scholte et al., 2017) but whose structures still remain unknown. Therefore, our work 

opens new avenues toward the species-specific epigenetic targeting of eukaryotic pathogens. 

STAR Material and Methods 

Sequence comparisons 

For sequence comparisons, only the deacetylase domains were considered. Those of human HDACs 

were chosen based on available structural data. For those of trypanosome HDACs, the boundaries of 

these domains were defined based on inter-parasitic sequence conservation, sequence conservation 

between the parasitic and human HDACs, secondary structure predictions and disorder predictions. 



16 
 

These analyses revealed the existence of a large, almost 200 residues long and potentially disordered 

region in the centre of the trypanosome DAC3 enzymes. Sequence similarities and identities were 

calculated on the identified deacetylase domains (excluding the DAC3 insertion) using the global 

EMBOSS-Needle alignment program (Madeira et al., 2019). Multiple sequence alignments were done 

with MAFFT (Katoh et al., 2019). 

Parasite culture 

Infective trypomastigote forms from T. Cruzi Tulahuen strain were obtained through culture in 

monolayers of mouse L929 fibroblasts (NTCT clone 929 (ATCC CCL 1)) in RPMI-1640 medium (Gibco 

BRL), containing 10% FBS (Gibco) and 2 mM glutamine (Gibco) at 37 °C in a humid 5% CO2 environment 

(Romanha et al., 2010). T. cruzi Dm28c (Contreras et al., 1988) epimastigotes were cultured in liver 

infusion tryptose (LIT) medium (Camargo, 1964) supplemented with 10% fetal bovine serum (FBS) 

without agitation at 28 °C. 

Gene targeted deletion by homologous recombination 

Gene targeted deletion was achieved by homologous recombination. The flanking sequences of the 

tcDAC1 and tcDAC2 genes were initially amplified by PCR from T. cruzi Dm28c genomic DNA, using 

specific primers. Neomycin phosphotransferase or hygromycin phosphotransferase B containing 

cassettes were amplified from pTc2KO-neo and pTc2KO-hyg (Pavani et al., 2016), respectively. 

Complete knockout cassettes were obtained by fusion PCR using the individual fragments and external 

primers. 

Single and double knock out strains for both tcDAC1 and tcDAC2 were obtained as previously described 

(de Souza et al., 2010). Briefly, epimastigote forms of T. cruzi Dm28c were transfected with 20 μg of 

5’flank-hyg-3’flank cassette DNA and selected in LIT medium supplemented with hygromycin B (500 

µg/ml). The hygromycin resistant population was subsequently transfected with 20 µg of 5’flank-neo-

3’flank cassette DNA and selected in LIT medium supplemented with hygromycin B (500 µg/ml) and 

G418 (500 µg/ml). The selected population was used for further analyses. 

Gene targeted deletion mediated by CRISPR-Cas9 

Null mutants were also obtained by the CRISPR/Cas9 methodology using a T. cruzi Cas9-GFP expressing 

strain (Romagnoli et al., 2018). For this purpose, sgRNA sequences were designed using the Eukaryotic 

Pathogen CRISPR guide RNA/DNA Design Tool (Peng and Tarleton, 2015). DNA templates were 

generated by using PCR to amplify the sgRNA scaffold sequence from plasmid pX330 (Peng and 

Tarleton, 2015) with specific forward primers that contain the T7 promoter and a 20-bp target-specific 

sequence (Supplementary Figure 7). The sgRNA was obtained by in vitro transcription using the 

MEGAshortscript T7 kit (Ambion) according to the manufacturer’s instructions. 

CRISPR-Cas9 mediated knock out was obtained by transfection of 5 x 106 Cas9-GFP expressing cells 

with 20 μg of specific sgRNA using the U-033 program in an Amaxa Nucleofector device as previously 



17 
 

described (Romagnoli et al., 2018). All the analyses were carried out between 1- and 3-days post-

transfection. 

tcDAC2 complementation assays 

Next, we designed a genetic complementation strategy to investigate specific mutations on tcDAC2 

which are relevant for its functional characterization. The experimental strategy is based on the 

CRISPR-Cas9 technology combined with two variants of the tcDAC2 gene sequences, one sensitive and 

another resistant to a specific sgRNA. The sensitive variant (tcDAC2_sens) serves as a negative control 

(knock out phenotype) since it has no alteration in the original tcDAC2 sequence (Supplementary 

Figure 7A) being cleaved by Cas9 at the same time as the genomic tcDAC2 copy, while the resistant 

versions contain silent mutations at the sgRNA recognition site, so that the sequence is not cleaved by 

Cas9 as it is not recognized by the sgRNA (Supplementary Figure 7B). 

Thus, DNA templates designed to be resistant to Cas9 cleavage allow gene replacement by specific 

mutants of the tcDAC2 gene to test for complementation of genomic knockout (tcDAC2_res, 

tcDAC2_Y371F and tcDAC2_∆C). Briefly, tcDAC2_res corresponds to the positive control of the 

complementation assay, since it contains no change outside the sgRNA recognition site, and 

tcDAC2_Y371F and tcDAC2_∆C are the test molecules, since they contain, respectively, a substitution 

of the catalytic residue and a deletion of a C-terminal domain. 

All four different DNA templates were obtained by site-directed mutagenesis from previously obtained 

plasmids followed by fusion PCR and cloning of the resulting PCR products into pGEM-T-Easy 

(Promega). In addition, a blasticidin S resistance cassette digested from pTc2KO-bsd (derived from 

pTc2KO-hyg (Pavani et al., 2016)) was cloned into all plasmids and the complete constructs were 

confirmed by DNA sequencing. 

Cas9-expressing T. cruzi cells were independently transfected with 30 µg of each construct 

(ptcDAC2_res, ptcDAC2_Y371F, ptcDAC2_∆C and ptcDAC2_sens; Supplementary Figure 7C) and the 

four resulting populations were stably maintained under selection marker pressure (12.5 µg/ml 

blasticidin) (Supplementary Figure 7C). For the complementation assays, the blasticidin-selected 

populations were transfected with a tcDAC2 specific sgRNA to knockout the endogenous tcDAC2 gene 

(Supplementary Figure 7C). All the analyses were performed between 1- and 10-days post-

transfection. 

Cell cycle analysis 

Cell cycle analyses were performed in a FACSAria II (Becton-Dickinson) cytometer. A total of 1 x 106 

cells were harvested (3000 x g, 5 minutes), suspended in 100 µl of PBS and mixed with 100 µl of 

propidium iodide staining solution (3.4 mM Tris-HCl pH 7.4, 0.1% NP40, 10 µg/ml RNAse A, 10 mM 

NaCl, 30 µg/ml propidium iodide). Propidium iodide was excited by a 488 nm laser and emitted light 
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was collected using a 616/23 bandpass filter (PE-Texas Red channel). Single cells were gated based on 

pulse area versus pulse width of the PE-Texas Red channel, excluding cell aggregates and debris. DNA 

content of gated cell population was analysed (Nunez, 2001) using FlowJo V10.1r7. 

Morphological characterization 

Morphological characterization was obtained as previous described (Romagnoli et al., 2018). Briefly, a 

total of 1-10 x 105 cells were deposited on a glass slide, allowed to dry and fixed in methanol. After 

drying, samples were clarified for 4 min with 5 M HCl and washed 5 times with water. After a second 

drying step, the samples were stained with Panotico (Laborclin). Parasites were observed by light 

microscopy using a Nikon Eclipse E600 or a Leica DMi8 microscope. 

Cell proliferation analysis 

For cell proliferation analysis, epimastigote cultures were established at a density of 0.5 - 1 × 106 

cells/ml and population growth was monitored during four days, by cell counting in a Z series Coulter 

counter (Beckman Coulter). 

Molecular cloning and mutagenesis 

The tcDAC2 wild-type gene and its mutants were PCR-amplified and cloned between the NdeI and 

BamHI restriction sites of the pnEA/3CH vector that encodes a C-terminal His-tag preceded by a 

protease 3C site (Diebold et al., 2011, Vincentelli and Romier, 2016). E. coli DH5α cells were used for 

cloning and re-amplification of plasmid vectors, whereas E. coli BL21 (DE3) cells were used for 

recombinant production of tcDAC2. The tcDAC2 gene mutants were generated by fusion PCR or rolling 

circle strategies, gel-purified and ligated into the plasmid pnEA/3CH. All clones were verified by DNA 

sequencing. 

Large-scale overproduction and purification of tcDAC2 

E. coli BL21 (DE3) cells were transformed with the plasmid coding for the various tcDAC2 constructs of 

interest using 100 μg/ml ampicillin for plasmid selection. Ampicillin-resistant colonies were inoculated 

in large agar plates (15 cm) which were then incubated overnight at 37°C. Film-forming E. coli cells 

were suspended in 10 ml 2xLB medium per large agar plate (15 cm). The bacterial suspension was used 

to inoculate 5-L Erlenmeyer flasks (1 L 2xLB medium, ampicillin 100 μg/ml) where cells grew (200 rpm, 

37°C, and 6 h) until reaching OD600 of 0.8. Induction was done at 22°C by adding 0.7 mM isopropyl-1-

thio-β-D-galactopyranoside (IPTG) (Euromedex). Harvested bacteria were suspended in lysis buffer (50 

mM KCl, 10 mM Tris-HCl pH 8.0) and lysed by sonication. The lysate was clarified by centrifugation 

(17,000 rpm, 55 min, 4°C, Sorvall Lynx 6000 Thermo Scientific). The supernatant was loaded onto Talon 

Superflow Metal Affinity Resin (Clontech) pre-equilibrated with the lysis buffer. The His-tagged 

proteins were released from the Talon resin by protease 3C (home-made) treatment and subsequently 

loaded onto 16/60 Superdex 200 gel filtration column (GE Healthcare) pre-equilibrated with the lysis 

buffer supplemented with 0.5 mM TCEP (pH 7.0). 
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TB compounds synthesis 

Synthesis of the TB compounds as well as analytical characterization are described in Supplementary 

methods, including the synthesis schemes. 

tcDAC2 activity and inhibition assays 

Upon initial purification of the tcDAC2 enzyme, several assays were investigated to measure tcDAC2 

activity. Two assays have been shown to measure reproducibly tcDAC2 deacetylase activity and have 

been used subsequently for our mutational and inhibition studies.  First,  tcDAC2 activity tests were 

carried out with the Ac-Leu-Gly-(TFA)Lys-AMC substrate (Sigma), according to the manufacturer’s 

instructions with a substrate concentration of 50 µM. Fluorescence was measured in a plate reader 

(BMG Polarstar) with excitation at λ =390 nm and emission at λ = 460 nm. IC50 values were determined 

with OriginPro (version 9.0.0, Northampton, Massachusetts). Second, tcDAC2 activity tests were 

carried out with the fluorogenic substrate ZMTFAL (Z-(F3Ac)Lys-AMC) (Heltweg et al., 2004) in 1/2 

AreaPlate-96 F microplates (PerkinElmer). The total assay volume of 30 µL contains 12.5 µL assay 

buffer (15 mM Tris, pH 7.5, 50 mM KH2PO4, 3 mM MgSO4·7 H2O and 10 mM KCl), 10 µL of enzyme 

solution in assay buffer, 2.5 µL of increasing concentrations of inhibitors in DMSO and 5 µL of the 

fluorogenic substrate ZMTFAL (Z-(F3Ac)Lys-AMC) in assay buffer (25 µM). After incubation (90 min, 37 

°C) 30 µL of stop solution, containing 2.5 µL Trichostatin A (TSA) (33 µM) and 5 µL trypsin (6 mg/mL) in 

trypsin buffer (50 mM Tris-HCl, pH 8.0, 100 mM NaCl), were added. After incubation (30 min, 37 °C), 

the fluorescence signal (λex = 390 nm, λem = 460 nm) was measured on a BMG LABTECH POLARstar 

OPTIMA plate reader (BMG Labtechnologies, Germany). 

hHDAC1/6 activity and inhibition assays 

Commercially available human recombinant HDAC1 (BPS Bioscience, catalog no. 50051) and human 

recombinant HDAC6 (BPS Bioscience, catalog no. 50006) were used. Activity assays were performed 

as described before (Heltweg et al., 2005). Total amount of assay volume (60 µL), containing 52 µL of 

enzyme solution in incubation buffer (50 mM Tris-HCl, pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 

and 1 mg/mL bovine serum albumin), 3 µL of increasing concentrations of inhibitors in DMSO and 5 µL 

of the fluorogenic substrate ZMAL (Z-(Ac)Lys-AMC, 126 μM), were pipetted into OptiPlateTM-96 F 

black microplates (PerkinElmer). Followed by an incubation step (90 min, 37 °C). Stop solution (60 µL), 

containing 5 µL Trichostatin A (TSA, 33 µM) and 10 µL trypsin (6 mg/mL) in trypsin buffer (Tris-HCl 50 

mM, pH 8.0, NaCl 100 mM), were added. After incubation (30 min, 37 °C) the fluorescence signal signal 

(λex = 390 nm, λem = 460 nm) was measured on a BMG LABTECH POLARstar OPTIMA plate reader (BMG 

Labtechnologies, Germany). 

hsHDAC8 activity and inhibition assays 
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For HDAC8 activity testing the commercially available Fluor-de-Lys (FDL) drug discovery kit (Enzo Life 

Sciences, BML-KI178) was used. The assay was performed according to the manufacturer’s 

instructions. Enzyme solution (15 µL), inhibitor in increasing concentrations (10 µL) and FDL substrate 

solution (25 µL) were pipetted into 1/2 AreaPlate-96 F microplates (PerkinElmer) and the assay was 

incubated for 90 min at 37 °C. Developer solution (50 µL) was added. After incubation (45 min, 30 °C) 

the fluorescence signal signal (λex = 390 nm, λem = 460 nm) was measured on a BMG LABTECH 

POLARstar OPTIMA plate reader (BMG Labtechnologies, Germany). 

Dynamic light scattering 

The dynamic light scattering (DLS) experiments were conducted with tcDAC2 protein solutions 

(2mg/ml) in a buffer containing 50 mM KCl, 10 mM Tris-HCl (pH=8.0) and 0.5 mM TCEP using a DynaPro 

NanoStar instrument (Wyatt). Protein solutions were centrifuged at 13,000 rpm for 10 min prior to DLS 

measurement in order to remove impurities. Before measurement the temperature was equilibrated 

to 20°C. 

Differential scanning fluorimetry measurements 

Thermal stability of tcDAC2 was measured by a label-free differential scanning fluorimetry (DSF) 

approach using a Prometheus NT.48 instrument (NanoTemper Technologies). Briefly, the shift of 

intrinsic tryptophan fluorescence of tcDAC2 proteins upon gradual temperature-triggered unfolding 

(temperature gradient 20°C to 95°C) was monitored by detecting the emission fluorescence at 330 and 

350 nm. The measurements were carried out in nanoDSF-grade high sensitivity glass capillaries 

(NanoTemper Technologies) at a heating rate of 1°C/min. Protein melting points (Tm) were inferred 

from the first derivative of the ratio of tryptophan emission intensities at 330 and 350 nm. All the 

assays were done in triplicate. 

Limited proteolysis assay 

Limited proteolysis reactions contained 20 µl reaction buffer (50 mM KCl, 10 mM Tris-HCl pH 8.0), 7 µl 

protein (6.5 mg/ml) and 3 µl serially diluted trypsin protease (0.1 to 0.000001 mg/ml). The reactions 

were incubated at 4°C for 1h, and then stopped by addition of 15 µl Laemmli buffer. Limited proteolysis 

products were analysed by SDS-PAGE and visualised by Coomassie Brilliant Blue staining. 

Protein crystallization experiments and data collection 

 The tcDAC2 enzyme in complex with Quisinostat (QSN) or TB56 inhibitors was prepared for 

crystallization by mixing the purified protein (concentration of 0.12 mM to 0.3 mM) with a three or 

five-fold molar excess of the inhibitors and incubated for 1 h at 4°C. Crystallizations were performed 

in 96-, 48- or 24-well plates (MRC). Crystals of the tcDAC2/QSN complex were obtained in 5% PEG 6000 

and 0.1 M Hepes pH 7.0 or pH 7.5. Crystals of the tcDAC2/TB56 complex were obtained in 8% PEG8000, 

0.2 M MgCl2, and 0.1 M Bis-tris or Bis-tris propane pH 6.5. Crystals used for X-ray data collection were 
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briefly transferred into reservoir solution supplemented with 22% glycerol or PEG200 and flash-frozen 

in liquid nitrogen. Crystallographic data were collected at 100 K on Swiss Light Source (SLS) beamline 

PX-III equipped with PILATUS 2M-F detector. 

Structure determination, model building and refinement 

Crystallographic data were processed and scaled using XDS (Kabsch, 2010). The structure of 

tcDAC2/QSN complex at 1.7 Å resolution was solved by molecular replacement with Phaser (McCoy et 

al., 2007) implemented in Phenix (Liebschner et al., 2019) using our tcDAC2 homology-derived model 

as a search model. The structure of the tcDAC2/TB56 complex at 2.3 Å resolution was solved by 

molecular replacement with Phaser (McCoy et al., 2007) implemented in Phenix (Liebschner et al., 

2019) using the tcDAC2/QSN structure. The initial models were refined through several cycles of 

manual building using Coot (Emsley et al., 2010) and automated refinement with Phenix (Liebschner 

et al., 2019). The final models were validated using tools provided in Coot (Emsley et al., 2010) and 

Molprobity (Williams et al., 2018). 

Determination of cytotoxicity on L929 cells 

To assess the cytotoxicity over L929 cells, 4,000 L929 cells (NTCT clone 929 (ATCC CCL 1)) suspended 

in 200 μL of RPMI-1640 medium (Gibco BRL) plus 10% FBS (Gibco) and 2 mM glutamine (Gibco) were 

added to each well of a 96-well microtiter plate and was incubated for three days at 37 °C in a humid 

5% CO2 environment. The medium was then replaced, and the cells were exposed to compounds at 

eight different concentrations. After up to 72 h of incubation with the compounds, alamarBlueTM 

(Invitrogen) was added, incubated for 4-6 h, and the absorbance at 570 and 600 nm was assessed. 

Controls including untreated and 1% DMSO -treated cells were run in parallel. Four technical replicates 

were run in the same plate and the experiments were repeated at least in two biological replicates. 

The results were expressed as the percent difference in the reduction between treated (TC) and 

untreated cells (UT), using the equation: ((117,216) (Abs570 TC) - (80,586) (Abs600 TC))/( (117,216) 

(Abs570 UT) - (80,586) (Abs600 UT)) x 100. Dose-response curves were plotted using GraphPad Prism 

version 7.05. Non-linear regression was used to determine CC50 values.  

L929 cell infection assays  

The in vitro test of trypanocidal activity was performed as previously described (Romanha et al., 2010, 

Buckner et al., 1996), using the T. cruzi Tulahuen strain expressing the Escherichia coli β-galactosidase 

gene. Briefly, 4,000 L929 cells were added in 80 μL of supplemented medium, without phenol red, to 

each well of a 96-well microtiter plate. After an overnight incubation, 40,000 trypomastigotes 

suspended in 20 μL volume were added to the cells and incubated for 2h. Medium containing parasites 

that did not penetrate the cells was replaced with 200 μL of fresh medium and incubated for an 

additional 48h, allowing the establishment of infection. The medium was then replaced by compounds 

diluted at different concentrations in fresh medium (200 μL) and the plate was incubated for 96h at 
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37°C. After this period, 50 μL of 500 μM chlorophenol red β-D-galactopyranoside (Roche) in 0.5% 

Nonidet P40 (Sigma) was added to each well, followed by an incubation of 18 h at 37°C, after which 

the absorbance at 570 nm was measured. Controls included: uninfected cells, untreated infected cells, 

infected cells treated with 3.8 μM benznidazole (positive control) or cells exposed to 1% DMSO (Sigma). 

The results were expressed as the percentage of T. cruzi growth inhibition in compound-tested cells as 

compared to the infected cells and untreated cells. Quadruplicates were run in the same plate and the 

experiments were repeated at least in two biological replicates. Compounds and the reference drug 

benznidazole were serially diluted (1:4 ratio) in RPMI medium, to obtain eight-points (from 80 µM to 

0.0025 µM). Dose-response curves were plotted using GraphPad Prism version 7.05 (GraphPad 

Software, San Diego CA, USA). Non-linear regression was used to determine the EC50 values. 

Analysis of intracellular T. cruzi inhibition in infected Vero cells  

Vero cells were cultured in DMEM low glucose medium (Gibco) supplemented with 10% FBS, 10 

units/mL of penicillin and 10 µg/mL of streptomycin at 37 °C in a humid 5% CO2 environment. Infective 

trypomastigote cells of T. cruzi Dm28c were obtained as previously described (Bonaldo et al., 1988) 

and stored under liquid nitrogen. Trypomastigotes from a frozen stock were amplified in Vero cells for 

one passage before starting the assays. For Vero cells infection assays, 3x103 cells adhering to 96-well 

plates were infected with 6x104 trypomastigotes in a MOI of 20:1 for 16h. After this time, the wells 

were washed twice with PBS to remove the parasite cells that remained free. TB56, Quisinostat (QSN) 

and the reference drug benznidazole were initially diluted in dimethylsulfoxide (DMSO) to obtain a 

ten-point serial dilution (1:3 ratio) from 18 mM to 0.905 µM. Subsequently, 1 µL of each dilution was 

added to 200 µL of culture medium to obtain final culture concentrations from 90 µM to 0.045 µM in 

10 points of 1:3 factor each (final DMSO was 0.5% v/v). The medium containing the compounds was 

homogenized prior to addition to cells. Medium containing 0.5% DMSO (v/v) was administered to 

control wells of uninfected and untreated cells. Cultures were maintained under the same conditions 

for 24, 48 and 72h to determine EC50 and CC50 values. For image analysis, the cells were washed twice 

with PBS prior to and after fixation with 4% paraformaldehyde (PFA) for 15 min and stained with 

0,001% Evans’ blue and 1 µg/mL DAPI.  Images of 25 fields per well were acquired on an Operetta 

Image System (PerkinElmer) and analysed using the Harmony software (PerkinElmer) to discriminate 

nucleus, cytoplasm and the spots delimited for the intracellular amastigotes. The number of cells and 

amastigotes per well were determined and dose-response curves were plotted using GraphPad Prism 

version 7.05. Non-linear regression was calculated to determine CC50 and EC50 for cells and parasites, 

respectively. The inhibition ratio (in %) was calculated based on the mean of cells or amastigotes from 

the infected untreated wells. 

Pharmacokinetic study. 
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The TB56 pharmacokinetic study was performed using four NMRI mice (Charles River, Germany) where 

two mice were administered 50 mg/kg TB56 intravenously (i.v.) and two mice were administered 50 

mg/kg TB56 orally by gavage (p.o.). The formulation of TB56 was: 5 mg/ml TB56 in 7% DMSO, 35% 

(w/v) HPβCD in DPBS, pH ca 7. The health status of the mice was followed and blood sampling took 

place at 15, 60 and 180 min (i.v.) and 30, 60 and 180 min (p.o.). Following the last blood sampling the 

animals were euthanized. The blood samples were immediately centrifuged and the plasma 

transferred and frozen. Bioanalysis of the plasma samples was performed by LC-MS/MS using an 

ACQUITY UPLC-TQD (Waters). Propranolol was used as an internal standard. Preparation of plasma 

samples: 20 µl of each plasma sample and the standard samples (prepared from TB56 DMSO stocks 

using inactive mouse plasma) were added to 100 µl (5 volumes) cold acetonitrile with 2 µM propranolol 

(internal standard) in a 96-well plate. The plate was left for 20 minutes equilibration on a shaker table. 

The plate was then centrifuged for 15 min at 2800 rpm, 4⁰C and 50 µl of the supernatants were 

transferred to wells containing 100 µl distilled water in another 96-well plate. The plate was left to 

equilibrate on a shaker table for 10 minutes. The plate was sealed and the LC-MSMS experiments 

performed. The analysis of each sample was performed in duplicate. The quantification of the plasma 

concentrations was done with the eight point calibration curve obtained from the TB56 standard 

plasma samples ranging from 160 µM to 9.8 nM (R2= 0.999). 

Mouse infection assays  

Mouse infection assays were performed with three groups of 5-week old Balb/C females infected by 

intraperitoneal injection with 2x105 T. cruzi Dm28c trypomastigotes expressing firefly luciferase 

(Henriques et al., 2014). One group comprised the untreated controls and a second group was treated 

with the reference drug benznidazole, while the third group received TB56. TB56 and benznidazole 

were prepared in 7% DMSO (v/v), 40 % (2-Hydroxypropyl)-β-cyclodextrin (v/w) in DPBS. Intraperitoneal 

injections were performed from day 4 to day 8 post-infection with 50 mg/kg/day of each compound. 

Mice from the control group were treated with vehicle only. Parasite load was determined by 

luminescence quantification using D-luciferin administered at 150 mg/kg 10-20 min before data 

acquisition using a IVIS Spectrum CT (Perkin-Elmer) on dorsal and ventral positions, on days 3, 7 and 9 

post infection. Images were processed using the Living Image v.4.3 software. Regions of interest (ROI) 

were selected to the full body including tail. Background auto luminescence was calculated using the 

same ROI size where indicated. Total flux [photons/second] was considered for calculations and 

average radiance [photons/sec/cm2/steradian] for image units. Statistical analysis was performed by 

using one-way ANOVA with spherical data and Tukey’s multiple tests in GraphPad Prism v.7. 
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Figure legends 

 

Figure 1. Trypanosoma cruzi tcDAC2 has specific sequence features. 

Multiple sequence alignment of Trypanosoma cruzi (tc) DAC2 and human (hs) HDAC1 and HDAC8. Ends 

of sequences are indicated with a ‘*’. For clarity, the non-conserved HDAC1 C-terminus has been 

shortened, with the number of additional residues indicated. Sequence identity is indicated with red 

boxes and sequence similarity with red letters. Residues involved in zinc binding are shown with yellow 

stars, the catalytic tyrosine with a blue star. The yellow diamond marks the residue distinguishing the 

HDAC1-3 and HDAC11 isozyme families from the other human HDAC isozymes. The blue diamond 

marks the residue gatekeeping the HDAC active sites. The green diamond marks the arginine that caps 

the tcDAC2 L6 loop. Purple circles mark important residues forming the tcDAC2-unique pocket. 

Secondary structure elements (α, α-helices; β, β-strands; η, 310-helices) from tcDAC2 are shown above 

the alignment. Sequence insertions in tcDAC2 are boxed (orange) and the three largest ones are 

labelled (Ins. 1-3) below the alignment. The region removed for crystallization is shown in grey italics. 

Loops forming the active site are indicated and labelled blue under the alignment.  

 

Figure 2. Lack of class I deacetylases impacts cell cycle and proliferation of T. cruzi.  

(A,B) Growth curves showing that tcDAC1 and tcDAC2 knocked out cells (purple and orange curves, 

respectively) present lower proliferation rates when compared to wild type cells (light blue). (C,D) Cell 

cycle analyses show abnormal progression as determined by DNA content quantification. Blue: wild 

type cells; dark and light purple: single and double tcDAC1 knocked out cells; red and orange: single 

and double tcDAC2 knocked out cells. (E) Light microscopy images showing an increase in the number 

of nuclei/kinetoplasts in tcDAC1 and tcDAC2 knocked out cells. (F) Abnormal cell cycle progression 

observed for all three different sgRNAs used in tcDAC2 disruption using the CRISPR-Cas9 methodology. 

Cyan blue curve: wild-type cells; red line curves: null mutant cells. (G) Light microscopy images showing 

an increase in the number of nuclei/kinetoplasts in tcDAC2 knocked out cells using the CRISPR-Cas9 

methodology. (H) Cell proliferation rates and (I) light microscopy images of parasites from tcDAC2 

complementation assays. tcDAC2_sens: negative control (knockout phenotype); tcDAC2_res: positive 

control; tcDAC2_Y371F: substitution of the catalytic tyrosine residue by a phenylalanine; tcDAC2_ΔC: 

deletion of the glutamic acid-rich C-terminal region. n – nucleus, k – kinetoplast, dpt – days post-

transfection. 

 

Figure 3. tcDAC2 is a functional acetyl-lysine deacetylase that is inhibited by drug-like inhibitors. 

(A) Thermal stability (°C) of human (h) HDAC8 (dark blue), Schistosoma mansoni (sm) HDAC8 (green), 

and the Trypanosoma cruzi (tc) DAC2_∆C and DAC2_∆Ins2 constructs (cyan). The thermal stability of 
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tcDAC2 is lower than that of HDAC8 enzymes but can be increased by removing a small region of 

Insertion 2.  (B) Measurements of the deacetylase activity of hHDAC8 and various tcDAC2 constructs. 

The deacetylase activity is increased upon removal of the small region of Insertion 2 that stabilizes the 

enzyme but is decreased by the mutation of important active site residues, as already observed in 

many HDACs. This demonstrates that tcDAC2 has a bona fide deacetylase activity. (C) Structures and 

IC50 values for tcDAC2 of various inhibitors. Detailed IC50 values, including for other human HDACs, are 

provided as supplementary information. 

 

Figure 4. Atypical structure of tcDAC2. 

(A) Ribbon representation of the tcDAC2 structure in different views as observed in the tcDAC2/TB56 

complex. The zinc (orange) and potassium (purple) ions are shown as spheres, helices are coloured 

cyan and β-strands are coloured yellow. The largest insertions found in tcDAC2 compared to human 

HDACs are shown in orange. The C-terminal α9 helix of tcDAC2 which binds in a non-canonical position 

is labelled. (B) Ribbon representation of the tcDAC2-specific surface. Regions that diverge strongly at 

the sequence and structural level from the canonical sequences and folds observed in human class I 

HDACs are coloured red, revealing that they mostly concentrate on a single side of the enzyme, 

potentially defining a surface dedicated to specific interactions. (C) Close-up view of tcDAC2 LC loop 

(orange) that caps tcDAC2 active site L6 loop (green). Notably, LC loop arginine 439 interacts with L6 

loop main chain carboxyl oxygens, firmly maintaining its capping position. (D) Positioning of tcDAC2 

Insertions 1 and 2 that would interfere with partners binding as observed for human class I HDAC1 and 

HDAC3. 

 

Figure 5. Unique nature of the tcDAC2 active site. 

Comparison of active site features of tcDAC2 (middle panels), human HDAC1 (left panels) and human 

HDAC8 (right panels). (A) Positioning of important active site deacetylation residues. The conservation 

of these residues and of their positioning is in agreement with the observed deacetylation activity of 

tcDAC2. (B) Active site loops of the three enzymes showing that most tcDAC2 loops have a similar 

conformation as those of HDAC8, with the major exception of tcDAC2 L6 loop whose conformation is 

similar to that of HDAC1. (C) Surface representation of the active site of the three enzymes. The 

conformation of tcDAC2 L6 loop causes an L1-L6 lock that prevents the formation of a selective and 

functionally important pocket observed in HDAC8 (Marek et al., 2018). In contrast, tcDAC2 has a unique 

pocket formed between its L5 and L6 loops that does not exist in other human HDACs due to an L5-L6 

lock. (D) Residues forming the tcDAC2 unique pocket. This pocket is created by the replacement by 

small residues in tcDAC2 of larger residues found in other HDACs. 
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Figure 6. Molecular basis of inhibition of tcDAC2 by QSN and TB56. 

Binding of inhibitors in the tcDAC2 active site using residues (left panels), surface (middle panels) and 

pocket (right panels) views. (A) Binding of Quisinostat (QSN) to tcDAC2. The QSN inhibitor shows a 

canonical binding mode as observed for many pan-HDAC inhibitors bound to different HDACs. (B) 

Binding of TB56 to tcDAC2. TB56 occupies the entrance of the tcDAC2-unique pocket, demonstrating 

of the potential of this pocket to accommodate tcDAC2-selective inhibitors.  

 

Figure 7. Inhibition of T. cruzi in cellular and in mice infection models. 

(A) Dose-response curves obtained from L929 cells treated with Benznizadole (BZN), Quisinostat (QSN) 

and TB56 for 24 and 96h. BZN does not show toxicity to L929 cells with the concentrations used in 

these assays. The toxicity values (CC50) for BZN, QSN and TB56 are indicated in the figure. (B) Dose-

response curves obtained from Vero cells treated with BZN, QSN and TB56 for 24, 48 and 72h. The 

toxicity values (CC50) for BZN, QSN and TB56 are indicated in the figure. BZN show very little toxicity, 

while TB56 show the same toxicity as for the L929 cells. QSN shows lower cytotoxicity as for the L929 

cells. (C) Dose-response curves of T. cruzi Tulahuen strain inhibition obtained from infected L929 cell 

cultures treated with BZN, QSN and TB56 for 24, 48 and 72 hours. The respective EC50 values are 

indicated in the figure. (D) Dose-response curves obtained from Vero cell cultures infected by the T. 

cruzi Dm28c strain treated with BZN, QSN and TB56 for 24, 48 and 72h. The respective EC50 values are 

indicated in the figure. (E) Results of the pharmacokinetic study results showing the TB56 

concentration versus time in mouse plasma samples after administration of 50 mg/kg TB56 p.o. 

(mouse 126 and 127) or i.v. (mouse 128 and 129). (F) Analysis of T. cruzi infection in a mice model. In 

vivo luminescence images of the untreated control group (left), the group treated with TB56 (center) 

and the group treated with Benznidazole (BZN; right) acquired at 3 days post infection, before the 

treatment started, and at 7 and 9 days post infection, respectively after 3 and 5 days of treatment with 

the indicated compounds. A visual reduction of luminescence levels can be observed both for TB56 

and BZN treated mice. (G) Luminescence quantification of the images shown in graph in (F), confirming 

a significant inhibition of T. cruzi in TB56-treated mice relative to the control group at 7 dpi, albeit 

weaker than for the BZN-treated mice. 
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Supplementary Figure 1. Multiple sequence alignments of the trypanosome HDACs. 

 (A) Multiple sequence alignment of trypanosome (tc, Trypanosoma cruzi; tb, Trypanosoma brucei) 

DAC1 enzymes with class I, class IIb and class IV human (hs) HDACs. Residues involved in zinc binding 

are shown with yellow stars, the catalytic tyrosine as blue star. The yellow diamond marks the residue 

in the active site L6 loop distinguishing the HDAC1-3 and HDAC11 isozymes subfamilies from the other 

human HDAC isozymes. The blue diamond marks the neighbouring residue in the L6 loop gatekeeping 

the HDAC active sites. Secondary structure elements from hsHDAC1 are shown above the alignment. 

The C-terminal sequences of some HDACs have been removed for clarity and the number of residues 

removed is indicated. ‘*’ mark the end of the sequences. (B) Same as in (A) for DAC2 enzymes. 

Insertions specific to DAC2 enzymes are boxed and active site loops are indicated. The green diamond 

marks the arginine that caps tcDAC2 L6 loop. Purple circles mark important residues forming the 

tcDAC2-unique pocket. Grey diamonds mark non-conserved active site residues in tbDAC2. Secondary 

structure elements (α, α-helices; β, β-strands; η, 310-helices) are those observed in tcDAC2 structure. 

(C) Same as in (A) for DAC3 enzymes and human class IIa and IIb HDACs. For clarity, the large insertion 

in the middle of the DAC3 enzymes is only partially shown and the number of residues removed from 

the alignment is displayed. (D) Same as in (C) for DAC4 enzymes. The alignments were produced with 

Espript (Robert and Gouet, 2014). 
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Supplementary Figure 2. Sequence identities/similarities between human and trypanosome HDACs. 

(A-C) Sequence identities (upper right part of the tables) and sequence similarities (lower left part of 

the tables) between (A) class I human and trypanosome HDACs, (B) class II human and trypanosome 

HDACs, and (C) trypanosome HDACs. The colour code is provided at the bottom of the figure. Sequence 

identities/similarities were calculated with the EMBOSS Needle program using only the catalytic 

domains of each HDAC as defined by structural data. Sequence boundaries of the catalytic domains for 

the trypanosome HDACs, except for the DAC2 enzymes, were defined based on their multiple 

sequence alignments. The large additional domain within DAC3 enzymes was removed for sequence 

identities/similarities calculations. 
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Supplementary Figure 3. tcDAC2 complementation assay shows lethal phenotype for the Y371F 

mutation but not for removal of the non-conserved acidic C-terminal tail. 

The genetic complementation strategy is based on the CRISPR-Cas9 technology combined with two 

variants of the tcDAC2 gene sequences, one sensitive and another resistant to a specific sgRNA, as 

described in the Material and Methods Section. Cell cycle progression of the cell lines carrying the 

different genetic variants was analyzed at the indicated times after sgRNA transfection. Cyan curves 

show wild-type cell profiles. The red, blue and green line curves show mutant cell profiles done in 

triplicate. The tcDAC2_sens variant is the negative control (knockout phenotype) and the tcDAC2_res 

variant is the positive control for tcDAC2 complementation. The tcDAC2_Y371F and tcDAC2_ΔC 

variants contain, respectively, the substitution of the catalytic tyrosine residue by a phenylalanine and 

a deletion of the glutamic acid-rich C-terminal region. The tcDAC2_Y371F variant shows phenotype 

similar to the tcDAC2_sens variant which does not complement deletion of the genomic copy of 

tcDAC2. dpt – days post-transfection.  
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Supplementary Figure 4. Stabilization of tcDAC2 by protein engineering and inhibitors. 

(A) Comparative limited proteolysis analysis of tcDAC2_∆C and tcDAC2_∆Ins2. Removal of a part of 

Insertion2 in tcDAC2 has a strong protective effect on proteolysis, suggesting that Insertion2 is an 

accessible surface loop. (B) T. cruzi complementation assay with tcHDAC2_ΔIns2 shows no deleterious 

effect of this variant. Cell cycle progression (left) and light microscopy images (right) of parasites 

carrying the different genetic variants were analyzed at the indicated times after sgRNA transfection. 

Cyan curves show wild-type cell profiles. The red and yellow line curves show mutant cell profiles. 

tcHDAC2_sens: negative control (knockout phenotype); tcHDAC2-res: positive control for tcHDAC2 

complementation; tcHDAC2_ΔIns2: loop deletion. The phenotype of cells carrying the tcHDAC2_ΔIns2 

and tcDAC2_res variants is similar showing that tcHDAC2_ΔIns2 can efficiently complement tcDAC2 

gene deletion. n – nucleus, k – kinetoplast, dpt – days post-transfection. (C) Thermal stability of 

tcDAC2_∆ins2 in presence of various inhibitors. The values on the abscissa represent the gain in °C of 

melting temperature (∆Tm) of the inhibited enzyme compared to the enzyme alone. 
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Supplementary Figure 5. Non-canonical nature of tcDAC2 C-terminal helix (α9). 

(A) Crystallographic contacts made by tcDAC2 α9 C-terminal helix. The electrostatic potential (red, 

negative potential; blue, positive potential) is displayed at the surface of the crystallographic 

symmetric tcDAC2 monomer. This shows that both tcDAC2 α9 C-terminal helix and the region of 

tcDAC2 core, where HDACs normally interact with their C-terminal helices, are both positively charged. 

This explains that these two regions cannot interact with each other due to repulsive electrostatic 

contacts. (B) Hydrophobic interactions positioning differently the start of tcDAC2 αC-helix. These 

features are mostly conserved in both structures solved, showing that they cannot be due to the crystal 

packing observed in the tcDAC2/TB56 structure. 
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Supplementary figure 6. Representative images from high-content image-based experiments for the 

determination of T. cruzi inhibition by Benznidazole (BZN), Quisinostat (QSN) and TB56 in Vero cells 

infection assays.    

(A) Representative images of uninfected (left images) and infected (right images) control cells both 

treated with DMSO showing the relevant features for assay quantification. Nuclei from Vero cells and 

from intracellular T. cruzi amastigotes were visualized by staining the DNA with 1 µg/mL DAPI.  The 

images of the left panels show the DNA-stained nuclei of Vero cells (grey) and T. cruzi amastigote spots 

(green). In the right panels, Vero cells border and T. cruzi amastigotes spots were determined using 

the Harmony software (PerkinElmer). In addition, the images on the right panels show overlays of the 

DNA-stained images with the images of the cell borders and T. cruzi amastigotes spots (white).  The 

non-infected and infected Vero cells are shown in red and green, respectively. Irregularities in nuclei 

staining of non-infected Vero cells can be misidentified by the software and are labelled as spurious 

spots. Size bars = 100 µm. (B) Images from the assays performed to determine the inhibition effect of 

BZN on T. cruzi amastigotes in infected Vero cells. Sample images from the cells treated with DMSO 

and 0.04 µM, 3.3 µM and 10 µM of BZN are shown. (C) Images from the assays performed to determine 

the inhibition effect of QSN on T. cruzi amastigotes in infected Vero cells. Sample images from the cells 

treated with DMSO and the concentrations of 0.04 µM, 0.12 µM and 0.37 µM of QSN are shown.  (D) 

Images from the assays performed to determine the inhibition effect of TB56 on T. cruzi amastigotes 

in infected Vero cells. Sample images from the cells treated with DMSO and 0.04 µM, 3.3 µM and 10 

µM of TB56 are shown. The images shown in (B-D) are from the median 48h time point. Size bars are 

100 µm for all images. (E) Determination of the ratio of the number of intracellular T. cruzi amastigotes 

that remain in Vero cell in cultures treated with BZN, QSN and TB56 for 24, 48 and 72 hours. For the 

QSN (green line) and TB56 (blue line) assays, only the concentration points with living Vero cells are 

shown in the graphs. As expected, the BZN (red line) treatment leads to a consistent reduction of 

intracellular amastigotes reaching nearly zero in the higher concentrations at the 48h and 72h time 

points. In the TB56 assay, the ratio of amastigotes per cell remains constant in the first 24h but 

decreases similarly to the BZN treatment in the 48h and 72h treatment times. In the case of QSN assay, 

the ratio of intracellular amastigotes increases. This indicates that the Vero cells die at a faster rate 

than the intracellular amastigotes.  
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Supplementary Figure 7. Resistant Cas9-cleavage sequences and tcDAC2 complementation assays. 

(A) Original tcDAC2 nucleotide sequence at the sgRNA_238 recognition site. This sequence was 

maintained unaltered in the Cas9 sensitive variant. The sensitive variant (tcDAC2_sens) serves as a 

control for the knockout phenotype. (B) tcDAC2 nucleotide sequence at the sgRNA_238 recognition 

site with altered nucleotides (indicated in red) to generate a Cas9-resistant variant but keeping the 

protein sequence unchanged. This resistant variant (tcDAC2_res) was combined with the catalytic site 

(tcDAC2_Y371F), C-terminal deletion (tcDAC2_ΔC) and loop/C-terminal deletion (tcHDAC2-ΔLC) 

mutants in T. cruzi expression plasmids (tcDAC2 plasmids) allowing for gene replacement to test for 

complementation of genomic tcDAC2 knockout by the plasmid-borne copy variants of tcDAC2. (C) 

Sequential steps of the complementation assay. Initially, tcDAC2 plasmids were transfected into Cas9-

expressing T. cruzi cells (left panel). After selection of the five derivative T. cruzi transfectants (middle 

panel), the recombinant populations were transfected with the tcDAC2 sgRNA to knock out the 

genomic copies of tcDAC2 (right panel) for the phenotypical analyses. 
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Supplementary Table 1. Inhibitors IC50 values (nM resp. % inhibition at the given concentration) for 
tcDAC2 and selected human HDACs. 

Compound Chemical structure tcDAC2 hsHDAC1 hsHDAC6 hsHDAC8 

SAHA N
H

O

OH
H
N

O  
> 10,000 117 

± 6 
104 
± 9 

400 
± 100 

Quisinostat 
N

NN

N
H

O

H
N

OH

N

 

45 
± 5 

3 
± 0.3 

182 
± 22 

65 
± 4 

Mocetinostat 
N

N

N

N
H H

N

O

NH2

 

n.i.a 10 b 
± 1 

68 % 
@ 20 µM > 10,000 

Entinostat 
N

O

O N
H

O

H
N

NH2

 

n.i. 519 b 
± 63 

< 15 % 
@ 10 µM  

> 10,000 b 

PCI-34051 

 

n.i. > 10,000 > 10,000 92 
± 15 

NCC-149 S

N
NN

N
H

O

OH

 

> 10,000 69 % 
@ 25 µM  

96 % 
@ 25 µM  

44 
± 5 

TB51 

Cl O

N
H

OH

Cl  

3000 
± 320 

3630 
± 190 

700 
± 320 

420 
± 60 

TB56 
O

O

N
H

OH

 

1150  
± 220 

3450 
± 100 

298 
± 2 

770 
± 185 

TB72 O

O

N
H

OH

 

1350 
± 240 

2200 
± 200 

119 
± 10 

113 
± 20 

TB75 N
H

OH

O

 

824 
± 111 

2220 
± 60 

80 
± 21 

816 
± 198 

a n.i., no inhibition observed. 
b values already published (Hess-Stumpp et al., 2007, Krieger et al., 2019, Marson et al., 2015). 
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Supplementary Table 2. Data collection and refinement data statistics 

Data collection* tcDAC2/QSN tcDAC2/TB56 

 Space group I222 P21 

 Cell dimensions   

a, b, c (Å) 82.17, 93.58, 119.46 66.07, 95.35, 96.92 

α, β, γ (°) 90.00, 90.00, 90.00 90.00, 103.50, 90.00 

 Resolution (Å) 50 – 1.70 (1.81 – 1.70) 50.0 – 2.3 (2.44 – 2.3) 

 Rsym or Rmerge 11.0 (238.7) 19.5 (168.7) 

 I / σI 14.2 (1.0) 7.76 (1.23) 

 Completeness (%) 99.9 (99.5) 99.7 (98.8) 

 Redundancy 13.3 (13.0) 7.00 (6.78) 

 CC(1/2) 99.9 (67.4) 99.5 (42.5) 

 Refinement   

 Resolution (Å) 46.79 – 1.75 48.1 – 2.30 

 No. reflections 46459 51993 

 Rwork / Rfree 0.183 / 0.214 0.187 / 0.225 

 Number of atoms   

Protein 3042 6478 

Ligand/ion 38 44 

Water 226 230 

 B-factors   

Protein 40.88 45.78 

Ligand/ion 42.49 43.87 

Water 46.92 98.68 

 R.m.s. deviations   

Bond lengths (Å) 0.006 0.008 

Bond angles (º) 0.776 0.967 

 * Values in parentheses are for the highest-resolution shell. 
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Supplementary table 3. Sequence differences of major active site residues in Trypanosoma strains 

Strain 
E156 

L2 

H197 

Ac Bind 

H198 

Ac Bind 

F207 

Channel 

D237 

Zn 

H239 

Zn 

F267 

Channel 

D328 

Zn 

P334 

L6 

L335 

L6 

Y371 

Cat 

T. cruzi E H H F D H F D P L Y 

T. conorhini D H H F D H F D P L Y 

T. rangeli D N H F D H F D P L Y 

T. grayi D H H F D H Y D P I Y 

T. theileri D H H F D H Y D P L Y 

T. brucei D H N S D H F N P Y N 

T. equiperdum D H N S D H F N P Y N 

T. vivax I S H S C R Y D P D Q 

Residues diverging from canonical HDAC active site amino acids but potentially playing the same role are shown in red. 
Residues potentially incompatible with a bona fide lysine deacetylase activity are shown in red and bold and are highlighted 
yellow. 
Ac Binding: residue participating to acetyl group binding. 
Channel: residue participating to the active site pocket channel accommodating the lysine side chain aliphatic part. 
Zn: residue participating in zinc binding. 
L2: residue of L2 loop normally interacting with the main chain of the incoming acetylated target. 
L6: residue in L6 loop. 
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Supplementary Methods: TB compounds synthesis 

Materials: All materials and reagents were purchased from Sigma– Aldrich Co. Ltd., abcr GmbH, 
ChemPUR GmbH, and Carbolution Chemicals. All solvents were analytically pure and dried before use. 
Thin-layer chromatography (TLC) was carried out on aluminum sheets coated with silica gel 60 F254 
(Merck, Darmstadt, Germany). For column chromatography under atmospheric pressure, silica gel 60 
(0.036–0.200 mm) was used. Medium-pressure liquid chromatography was used for more thorough 
purification of compounds that after gravity column chromatography had purities of <95%. As 
stationary phase, silica gel 60 (0.040–0.063 mm; Merck) was used. Filling of the columns was 
performed with the aid of a Cartriger C-670. The elution solvent was mixed and pumped through the 
column via two pumps (both Pump Module C-601) and the Pump Manager C615. Fractions were 
collected by a Fraction Collector C-660. All equipment mentioned above was acquired from the 
manufacturer Büchi. The eluent was also CHCl3 with 0.25% formic acid and a MeOH gradient. For 
detection of the product a C-630 UV Monitor was used as well as TLC. 

Purity: Final compounds were confirmed to be of >95% purity based on HPLC. Purity was measured by 
UV absorbance at 254 nm. HPLC instrumentation consisted of an XTerra RP18 column (3.5 mm 3.9x100 
mm; Waters, Milford, MA, USA) two LC-10AD pumps, an SPD-M10A VP PDA detector, and an SIL-HT 
auto sampler all from the manufacturer Shimadzu (Kyoto, Japan). The mobile phase was in all cases a 
gradient of MeOH/H2O (starting at 95% H2O going to 5% H2O). 

Mass spectrometry analyses were performed with a Finnigan MAT 710C (Thermo Separation Products, 
San Jose, CA, USA) for ESI-MS spectra, and with a LTQ (linear ion trap)-Orbitrap XL hybrid mass 
spectrometer (Thermo Fisher Scientific, Bremen, Germany) for HRMS-ESI (high-resolution mass 
spectrometry) spectra. For HRMS analyses, the signal for the isotopes with the highest prevalence was 
given and calculated for 35 Cl and 79Br.  

1H and 13C NMR spectra were taken on a Varian Gemini 2000 and a Varian Inova 500 using CDCl3 and 
DMSO-d6 as solvents. Chemical shifts (δ, ppm) are referenced to the residual solvent signals. 

General procedure for the synthesis of the cinnamic acid derivatives 2a-e:  

To the respective aldehyde 1a-e (1 eq) and malonic acid (1.2 eq) in pyridine was added piperidine (0.1 
eq) and the mixture was stirred at 80°C until completion of reaction was confirmed by TLC. After that, 
ice and concentrated hydrochloric acid were added. The formed precipitate was collected by filtration, 
washed with water and dried under reduced pressure to afford the corresponding carboxylic acid 2a-
e.  

General procedure for conversion of the carboxylic acid into the corresponding hydroxamic acid 
derivatives 4a-e: PyBOP (1.2 eq) was added to a solution of carboxylic acid 2a-e (1.0 eq) and DIPEA 
(2.5 eq) in dry THF and the reaction mixture was stirred at RT. After 15 min H2NOTHP (1.5 eq) was 
added and the resulting mixture was stirred at RT overnight. The mixture was concentrated and the 
residue was taken up in DCM and washed with 5% aqueous NaHCO3. The organic layer was separated, 
dried over MgSO4, filtered and evaporated. The crude residue was purified by column chromatography 
on silica gel (eluent: CHCl3 with 0.25% Et3N / MeOH). The THP-protected intermediate 3a-e was 
dissolved in MeOH and a catalytic amount of 1M aqueous HCl was added. The reaction mixture was 
stirred at RT until completion of reaction was observed by TLC. The solvent was evaporated and the 
crude product was purified by column chromatography on silica gel (eluent: CHCl3 with 0.25% HCOOH 
/ MeOH) to obtain the hydroxamic acid 4a-e. 
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Scheme 1: Synthesis of hydroxamic acids 4a-e: i) malonic acid, pyridine, piperidine, 3-6 h, 70-80°C; ii) 
HCl, 0°C, O/N, 4-8h; iii) PyBOP, DIPEA, H2NOTHP, THF, rt, O/N; iv) HCl, MeOH, rt, 6-24h. 

(2E)-3-(dibenzo[b,d]furan-4-yl)-N-hydroxyprop-2-enamide (4a, TB56): pale pink powder; yield: 26 %; 
1H NMR (400 MHz, DMSO-d6) δ 10.97 (s, 1H, NHOH), 9.11 (s, 1H, NHOH), 8.22 – 8.16 (m, 2H), 7.81 – 
7.70 (m, 3H), 7.59 (ddd, J = 8.4, 7.4, 1.3 Hz, 1H), 7.45 (dd, J = 10.8, 4.3 Hz, 2H), 7.02 (d, J = 15.9 Hz, 1H, 
Hα); 13C NMR (101 MHz, DMSO-d6) δ 162.71 (s), 155.35 (s), 153.26 (s), 132.60 (s), 127.95 (s), 127.67 
(s), 124.24 (s), 123.50 (d, J = 6.4 Hz), 123.12 (s), 122.35 (s), 122.03 (s), 121.35 (s), 119.75 (s), 111.68 (s); 
MS (ESI-, MeOH) m/z (%): 252.34 (100) [M-H]-; HRMS-ESI m/z [M+H]+ calcd for C15H12NO3

+: 254.0817, 
found: 254.0809. Purity is higher than 95% as assessed by HPLC. 

(2E)-N-hydroxy-3-(naphthalen-2-yl)prop-2-enamide (4b, TB75): off-white powder; yield: 62 %; 1H 
NMR (400 MHz, DMSO-d6) δ 10.80 (s, 1H, NHOH), 9.07 (s, 1H, NHOH), 8.07 (s, 1H, H1), 7.97 – 7.89 (m, 
3H, H5, H6, H8), 7.71 (d, J = 8.7 Hz, 1H, H3), 7.62 (d, J = 15.8 Hz, 1H, Hβ), 7.54 (m, J = 6.3, 3.1 Hz, 2H, H4, 
H7), 6.60 (d, J = 15.8 Hz, 1H, Hα); MS (ESI-, MeOH) m/z (%): 212.28 (100) [M-H]-; HRMS-ESI m/z [M+H]+ 
calcd for C13H12NO2

+: 214.0868, found: 214.0864. Purity is higher than 95% as assessed by HPLC. 

(2E)-3-(2,4-dichlorophenyl)-N-hydroxyprop-2-enamide (4d,TB51): pale yellow powder; yield: 48 %; 
1H NMR (400 MHz, DMSO-d6) δ 10.88 (s, 1H, NHOH), 9.16 (s, 1H, NHOH), 7.72 (d, J = 8.8 Hz, 1H, H6), 
7.70 (d, J = 2.1 Hz, 1H, H3), 7.67 (d, J = 15.9 Hz, 1H, Hβ), 7.48 (dd, J = 8.4, 1.8 Hz, 1H, H5), 6.53 (d, J = 15.7 
Hz, 1H, Hα); MS (ESI-, MeOH) m/z (%): 230.17 (100) [M-H]-; HRMS-ESI m/z [M+H]+ calcd for C9H8Cl2NO2

+: 
231.9932, found: 231.9928. Purity is higher than 95% as assessed by HPLC. 

(2E)-N-hydroxy-3-(3-phenoxyphenyl)prop-2-enamide (4e, TB72): off-white powder; yield: 39 %; 1H 
NMR (400 MHz, DMSO-d6) δ 10.72 (s, 1H, NHOH), 9.05 (s, 1H, NHOH), 7.47 – 7.36 (m, 4H, Hβ, H3’, H4’, 
H5’), 7.33 (d, J = 7.7 Hz, 1H, H6), 7.22 – 7.13 (m, 2H, H2, H5), 7.04 (dd, J = 8.6, 0.9 Hz, 2H, H2’, H6’), 7.00 
(dd, J = 8.0, 1.8 Hz, 1H, H4), 6.43 (d, J = 15.8 Hz, 1H, Hα); MS (ESI-, MeOH) m/z (%): 254.30 (100) [M-H]-

; HRMS-ESI m/z [M+H]+ calcd for C15H14NO3
+: 256.0974, found: 256.0969. Purity is higher than 95% as 

assessed by HPLC. 
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Article 3 
 

The structure of the mouse ADAT2/ADAT3 complex reveals the molecular basis for 

mammalian tRNA wobble adenosine-to-inosine deamination (Published) 

Editing of adenosine into inosine (A-to-I) at position 34 in tRNAs is important to expand the 

decoding capacity of tRNAs, since inosine 34 can recognize the uridine, cytosine and 

adenosine at the third position of the codon, in contrast to adenosine 34 that can only pair with 

uridine at the third position of the codon. In prokaryotes A-to-I editing is performed by a 

homodimer protein TadA on its unique substrate tRNA-Arg. In eukaryotes A-to-I editing is 

carried out by the heterodimeric ADAT2/ADAT3 complex in up to eight tRNA isotypes, 

ADAT2 being the active subunit and ADAT3 being considered as the inactive subunit with 

unknown role. Moreover, sequence comparison of the prokaryotic TadA with the eukaryotic 

ADAT2 showed 50% of similarity and with ADAT3 C-terminal domain 45% of similarity. 

Interestingly, the N-terminal domain of ADAT3 is an extension sequence that is not present in 

the prokaryotic TadA. Furthermore, a mutation of valine 128 into methionine localized in the 

N-terminal domain of ADAT3 subunit causes a neurodevelopmental disorder characterized by 

intellectual disability, microcephaly, strabismus, epilepsy. 

Several questions have been raised. For instance, why do eukaryotes require a heterodimeric 

complex for A-to-I editing of tRNAs? What is the role of the N-terminal domain of 

eukaryotic ADAT3 subunit? Why ADAT3 is the inactive subunit? Is the V128M mutant 

ADAT still able to bind tRNAs? To address these questions the structure of the mammalian 

ADAT complex was required. This project has represented a large part of my thesis work. I 

could purify, crystallize, and solve the structure of the first mammalian ADAT complex, 

which reveals important insights. First, the N-terminal domain of ADAT3 is essential for 

tRNA recognition, which I also confirmed by binding tests. Second, ADAT3 subunit is 

inactivated by the capping of its zinc-binding site by ADAT3 C-terminal residues, which 

would block the entry site for the incoming adenosine 34, which I also confirmed by 

enzymatic tests. Furthermore, the ADAT structure confirms that in the zinc binding site of 

ADAT3, V225 replaces a glutamate that participates in catalysis observed in ADAT2 active 

site. Third, the ADAT mutant V128M can bind tRNAs, however its catalytic activity is 

compromised compared to the wildtype enzyme. Therefore, I hypothesized that the reduced 

level of inosine in tRNAs in affected patients, might come from the incorrect presentation of 

the tRNA substrate by ADAT3 N-terminal domain to the active site of ADAT2, leading to a 

reduced catalytic activity.   
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ABSTRACT

Post-transcriptional modification of tRNA wobble
adenosine into inosine is crucial for decoding multi-
ple mRNA codons by a single tRNA. The eukaryotic
wobble adenosine-to-inosine modification is catal-
ysed by the ADAT (ADAT2/ADAT3) complex that mod-
ifies up to eight tRNAs, requiring a full tRNA for activ-
ity. Yet, ADAT catalytic mechanism and its implication
in neurodevelopmental disorders remain poorly un-
derstood. Here, we have characterized mouse ADAT
and provide the molecular basis for tRNAs deami-
nation by ADAT2 as well as ADAT3 inactivation by
loss of catalytic and tRNA-binding determinants. We
show that tRNA binding and deamination can vary
depending on the cognate tRNA but absolutely rely
on the eukaryote-specific ADAT3 N-terminal domain.
This domain can rotate with respect to the ADAT
catalytic domain to present and position the tRNA
anticodon-stem-loop correctly in ADAT2 active site.
A founder mutation in the ADAT3 N-terminal domain,
which causes intellectual disability, does not affect
tRNA binding despite the structural changes it in-
duces but most likely hinders optimal presentation
of the tRNA anticodon-stem-loop to ADAT2.

GRAPHICAL ABSTRACT

INTRODUCTION

All ribonucleic acid molecules undergo a large number
of post-transcriptional covalent modifications (1). Trans-
fer RNAs are among the most modified RNA species,
where modifications play a role in tRNA folding, stabiliza-
tion and decoding, but can also provide a checkpoint for
the interaction between translation and other cellular pro-
cesses and environmental cues (2–5). Mutations in genes
coding for tRNA-modifying enzymes cause numerous dis-
eases. Intriguingly, the vast majority of genetic disorders
linked to these mutations are neurological disorders, par-
ticularly neurodevelopmental disorders (NDDs), highlight-
ing the importance of tRNA editing for proper brain devel-
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opment (6–8). How dysregulation of tRNA modifications
causes these diseases remains poorly understood.

Among the tRNA modifications, a large set is located in
the anticodon-stem-loop (ASL) of tRNAs, playing notably
a major role in decoding. This is particularly the case for
the modifications of nucleoside 34 of the ASL, which faces
the third base of mRNA codons during translation. Modi-
fication of adenosine into inosine (A-to-I) at position 34 led
Crick to propose the wobble hypothesis, thereby providing
an explanation to the degeneracy of the genetic code, ino-
sine being able to pair with uridine, adenosine and cytosine
in contrast to the typical Watson–Crick base pairing made
by adenosine with uridine (9). Since this initial hypothesis,
the number of modifications discovered for the wobble base
at position 34 and in other nucleosides of the ASL has in-
creased, enabling a better understanding of codon decoding
by tRNAs (10).

Wobble A-to-I modification is conserved among
prokaryotes and eukaryotes (10,11). Yet, whereas only
tRNAArg(ACG) is modified in prokaryotes, up to eight
tRNAs are inosine-modified in eukaryotes (Ala(AGC),
Arg(ACG), Ile(AAU), Leu(AAG), Pro(AGG), Ser(AGA),
Thr(AGU) and Val(AAC); Supplementary Table S1) (1).
Wobble A-to-I modification occurs through a deamination
reaction catalysed by enzymes that belong to the larger
cytidine deaminase (CDA) family (12).

In prokaryotes, the essential homodimeric TadA enzyme
is responsible for this reaction that only requires the ASL of
the cognate tRNAArg(ACG) for activity (13). The structures
of various prokaryotic TadA enzymes have been solved,
showing that the fold and the coordination of the catalytic
zinc ion through one histidine, two cysteines and a water
molecule are conserved within the cytidine deaminase fam-
ily, also including the catalytic glutamate proposed to shut-
tle a proton from the aforementioned water to the wobble
adenine (14–16).

The structure of Staphylococcus aureus TadA in complex
with an ASL containing Nebularine, a non-hydrolysable
adenosine analogue, has further shed light on the recog-
nition of prokaryotic tRNAArg(ACG) by TadA (17).
Specifically, the ASL undergoes significant conforma-
tional changes upon binding to TadA, and five bases
of the anticodon stem-loop are splayed and recognized
within different pockets. Bases 32–38 of the ASL are
sufficient for specific recognition of tRNAArg(ACG) by
TadA.

In eukaryotes, the enzyme responsible for wobble adeno-
sine 34 modification into inosine is the essential ADAT
(ADAT2/ADAT3; Tad2p/Tad3p in yeast) heterodimeric
complex (18–22). Both ADAT2 and the C-terminal domain
of ADAT3 show sequence homology to the TadA enzyme
(Figure 1). Yet, whereas ADAT2 appears to have conserved
TadA residues required for activity, ADAT3 has been sug-
gested to be inactive, the essential glutamate proposed to be
involved in proton shuttling during catalysis being replaced
by a valine in ADAT3 (18,22). In yeast, mutation of this
valine into glutamate in Tad3p could not rescue the loss
of activity of a Tad2p mutant where the equivalent gluta-
mate was changed into alanine (18). Therefore, ADAT2 and
ADAT3 play different roles in the deamination reaction by

the ADAT complex. Additionally, in contrast to TadA, the
ADAT heterodimeric complex requires a full tRNA to per-
form its deamination reaction. Specifically, both the tRNA
tertiary structure and the tRNA strict positioning are essen-
tial for ADAT activity (14,23,24).

Another major difference with prokaryotic TadA is
the presence in ADAT3 of an additional N-terminal do-
main (Figure 1) whose function has so far remained elu-
sive. In humans, mutation of valine 128 into methionine
(p.Val128Met) in this N-terminal domain causes intellec-
tual disability, microcephaly, strabismus and several other
neurodevelopmental abnormalities (25–28). In cell lines de-
rived from affected individuals, the p.Val128Met muta-
tion (mutant hereafter termed V128M; also described as
p.Val144Met in a N-terminally 16 amino acids longer hu-
man transcript) is responsible for reducing the levels of in-
osine at the wobble position of cognate tRNAs (29). Mu-
tant ADAT3 alone displays an increased propensity to ag-
gregate and to associate with protein chaperones, but its
heterodimerization with ADAT2 is not perturbed, only the
tRNA deamination activity of the ADAT V128M mutant
complex being affected (29).

Here we have solved the crystal structure of the mouse
ADAT2/ADAT3 complex. Our structure and associated
enzymatic and biophysical analyses reveal that while
ADAT2 active site catalyses the deamination reaction,
ADAT3 active site is inactivated by the replacement by a
valine of the glutamate involved in proton shuttling during
catalysis but also by the capping of its zinc-binding pocket
and the loss of tRNA recognition determinants. Our re-
sults show that the ADAT3 N-terminal domain adopts a
fold that shares similarity with the ferredoxin-like domains
(FLD) of other tRNA-modifying enzymes, yet with an ad-
ditional specific structural subdomain, containing V128,
which forms a loose interface between ADAT3 N- and C-
terminal domains. ADAT3 N-terminal domain is essential
for tRNA binding and deamination by ADAT and can ro-
tate with respect to the catalytic domain formed by ADAT2
and the ADAT3 C-terminal domain, without affecting the
structure of this latter catalytic domain. Interestingly, bind-
ing and deamination levels are varying depending on the
cognate tRNA, showing that each cognate tRNA interacts
differently with ADAT.

In addition, we observe that the mouse ADAT2/ADAT3-
V128M mutant can still bind tRNAs as strongly as the
wild-type complex but shows a reduced deamination activ-
ity. Our data show that the V128M mutation perturbs but
does not prevent the folding of the ADAT3 N-terminal do-
main. These changes most likely affect the optimal presen-
tation of the ASL of the tRNAs to ADAT2 and lead to re-
duced deamination activity. In vivo, inactivation of ADAT2,
removal of ADAT3 N-terminal domain and the ADAT3-
V128M mutant cause similar defects in neuronal migra-
tion, confirming the catalytic role of ADAT2 and the func-
tional importance of ADAT3 N-terminal domain. Collec-
tively, our results provide the molecular basis for mam-
malian ADAT complex tRNAs wobble adenine to inosine
deamination and shed light on the implication of ADAT in
intellectual disability, microcephaly and other neurodevel-
opmental disorders.
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Figure 1. Sequence alignment of mouse ADAT2 and ADAT3 subunits and Escherichia coli TadA. The alignment of the sequences of mouse (M.musculus)
ADAT2 (pink) and ADAT3 (N-terminal domain, cyan; C-terminal domain, blue) subunits and of E. coli TadA (black) shows an overall conservation of
their deaminase domain (lower part of alignment) which extends to their secondary structure elements. ADAT3 has diverged from ADAT2 and TadA,
including a specific N-terminal domain (cyan) and a shorter C-terminal �-helix (boxed). Residues not observed in density are italicized and the ADAT3-
specific loop removed for crystallization is shown in grey and boxed. Numbering as well as secondary structure elements for mouse ADAT2 and ADAT3
are shown above and below the alignment, respectively. Yellow stars: zinc binding residues. The fourth zinc ligand in ADAT3 is represented by a red-framed
yellow star. Blue star: TadA (and potentially ADAT2) glutamate involved in proton shuttling. Purple diamonds: TadA (and potentially ADAT2) residues
involved in wobble adenine binding. Orange diamonds: ADAT3 residues participating in ADAT3 V128 (red circled yellow diamond) hydrophobic core.
The sequence alignments were produced with Espript (48).

MATERIAL AND METHODS

Molecular cloning and mutagenesis

The genes encoding for full-length mouse ADAT2 and
ADAT3 (NCBI reference sequences NM 025748.4 and
NM 001100606) have been amplified by polymerase-chain
reaction from E16.5 cortices and cloned into bacterial co-
expression vectors (30,31) between NdeI and BamHI re-
striction sites. Mutants were made either by nested PCR or
rolling circle and cloned in the same vectors. Specifically,
the adat2 gene was inserted in the pnCS vector that does
not code for any fusion tag. The adat3 gene was inserted in
the pnEA-HT3 vector, in frame with a 5′-sequence coding
for an N-terminal histidine-tag, thioredoxin and a protease
3C cleavage site.

For in vivo studies, wild-type and mutant mouse ADAT2
and ADAT3 were further subcloned into the pCAGGs-HA
vector by restriction-ligation. pCAGGS-HA was obtained
from the PCAGEN vector (addgene cat. number 11160) by
restriction ligation (EcoRI and BglII enzymes) and addition

of the HA sequence (5′-TACCCATACGATGTTCCAGA
TTACGCT-3′).

Large-scale overproduction and purification of
mADAT2/ADAT3 and E. coli TadA

ADAT2/ADAT3 WT and mutants were produced by co-
expression in Escherichia coli BL21(DE3) cells in LB Broth
medium. Culture induction was performed at 22◦C by
adding final concentration of 0.5 mM of isopropyl-1-thio-
�-D-galactopyranoside (IPTG) in presence of 100 �M of
Zn(SO4)2. Cells were harvested, resuspended and lysed
in a buffer containing 10 mM Tris-HCl pH 8.0 and 200
mM NaCl and centrifuged at 17 500 rpm for 1 h at
4◦C. The supernatant was incubated with Talon Affinity
resin (Clonetech). To release the his-tagged complex from
the Talon resin, the sample was treated with 3C protease
overnight at 4◦C. The next day, ion exchange chromatog-
raphy was performed with a HiTrap Q HP column (GE
Healthcare) using a gradient of NaCl from 50 mM to 1 M
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NaCl to remove bound nucleic acids. The sample was then
further purified by size exclusion chromatography in 10 mM
Tris HCl pH 8.0, 200 mM NaCl and 0.5 mM TCEP on a
16/60 Superdex 200 gel filtration column (GE Healthcare).
Escherichia coli TadA was produced and purified using the
same protocol as for the ADAT complex.

Protein crystallization

For crystallization, WT and mutant ADAT2/ADAT3 com-
plex at 12 mg/ml was mixed with an equal volume of
reservoir reagent and crystallized using the sitting drop
vapor diffusion technique at 4, 20 and 27◦C. All crystals
grew within one week. Crystals of ADAT2/ADAT3 that
diffracted up to 3.0 Å resolution were obtained using a crys-
tallization condition containing 0.1 M HEPES pH 7.0, 7%
PEG 8000 and 8% ethylene glycol. The second crystal form
of ADAT2/ADAT3 that diffracted up to 2.0 Å resolution
was obtained using a crystallization solution containing 0.1
M Bis-Tris-Propane pH 7.5, 18–20% PEG 3350 and 0.2 M
KSCN or NaBr.

Data collection, structure determination, model building and
refinement

For data collection, the crystals were frozen in liquid ni-
trogen after their short transfer into a cryo-protectant so-
lution composed of their crystallization conditions added
with either 20% glycerol or 20% PEG200. Data collection
was performed under cryogenic conditions on beamline
PXIII at the Swiss Light Source synchrotron (SLS, Switzer-
land) using a 1 Å wavelength. Data sets collected were pro-
cessed with XDS (32). Structure determination was made
by collecting MAD data on ADAT zinc ions on the crys-
tal form diffracting to 3.0 Å resolution. The phases ob-
tained were sufficient to place the human ADAT2 homod-
imer (PDB code: 3hd1) in the electron density and to modify
it by several cycles of manual building using Coot (33) and
automated refinement using Phenix (34) to model mouse
ADAT2 and the mouse ADAT3 C-terminal domain. The
combined MAD and model phases were then used to build
the ADAT3 N-terminal domain. The complete WT model
was further refined by several cycles of manual building
using Coot and automated refinement using Phenix. This
first final model was used to solve the structures of the WT
and V128L ADAT complexes in the second space group by
molecular replacement, followed by several cycles of man-
ual building using Coot and automated refinement using
Phenix. All final models were validated using tools pro-
vided in Coot and Molprobity (35). Structures have been
deposited in the Protein Data Bank under PDB IDs: 7nz7,
7nz8, 7nz9.

Mass spectrometry analyses

Prior mass spectrometry analysis, 100 ng of the nucleic
acids-containing fractions were digested with 20 �l of 0.1
U/�l of RNase T1 during 4 h at 50◦C or digested with 50 �l
of 0.01 U/�l of RNase V1 during 3 h at 37◦C. The samples
were then desalted using ZipTip C18 (Millipore) by several
washes with 200 mM ammonium acetate and eluted with
50% acetonitrile in milliQ water and dried under vacuum.

The pellets containing the RNase digestion products were
resuspended in 3 �l of milliQ water and separated on an
Acquity peptide BEH C18 column (130 Å, 1.7 �m, 75 �m
x 200 mm) using a nanoAcquity system (Waters). The col-
umn was equilibrated in buffer A containing 7.5 mM TEAA
(Triethylammonium acetate), 7.0 mM TEA (Triethyammo-
nium) and 200 mM HFIP (Hexafluoroisopropanol) at a
flow rate of 300 nl/min. Oligonucleotides were eluted using
a gradient from 15% to 35% of buffer B (100% Methanol)
for 2 min followed by elution with an increase of buffer B to
50% in 20 min. MS and MS/MS analyses were performed
using a Q-Tof SYNAPT G2-S from Waters. All experiments
were performed in negative mode with a capillary voltage
set at 2.6 kV and a sample cone voltage set at 30 V. Source
was heated to 130◦C. The sample was analyzed over an m/z
range from 500 to 1500 for the full scan, followed by fast
data direct acquisition scan (Fast DDA).

tRNA were identified by specific RNase T1 digestion
products (36). All RNase T1 and V1 CID (Collision In-
duced Decay) MS/MS spectra were deconvoluted using the
MassLynx software from Waters and manually sequenced
by following the y and/or c series (w ions were also use-
ful when sequencing was difficult or in order to confirm
the sequence). Experimental mass of parents and fragments
were compared to the theoretical mass obtained by the
Mongo Oligo Mass Calculator (https://mods.rna.albany.
edu/masspec/Mongo-Oligo) (37). tRNA identification was
done by comparisons with the genomic sequences obtained
from GtRNAdb (http://gtrnadb.ucsc.edu/) (38). Informa-
tion about nucleoside modifications were obtained from
Modomics (1).

tRNA production and CY5-labelling

All tRNA genes used were synthesized as primers (Sigma)
and inserted in the different vectors used. For in vitro expres-
sion, the tRNA sequences were cloned into the pUC19 vec-
tor between a T7 RNA polymerase promoter and a BstNI
restriction site as previously described (39). The tRNAs
were synthesized from the BstNI digested DNA by in vitro
transcription using recombinant T7 RNA polymerase (40).
After transcription, samples were treated with RQ1 RNAse-
Free DNAse (Promega) and RNA transcripts were phenol-
extracted and precipitated. Pelleted tRNAs were dissolved
in water and loaded on 7 M Urea-15% acrylamide and 1
X TBE gels. After methylene blue staining, gel slices con-
taining tRNA transcripts were cut from the gel. The tR-
NAs were eluted overnight at room temperature in 0.5 M
ammonium acetate, 10 mM magnesium acetate, 0.1 mM
EDTA and 0.1% SDS. After phenol extraction, tRNAs
were ethanol precipitated and finally recovered in water.
Their concentration was determined by absorbance mea-
surements and by gel quantification. At this step, the final
concentration varied between 400 and 700 ng/�l. The tR-
NAs were then used for deamination enzymatic assays and
CY5-labelling.

For CY5-labelling, 25% DMSO (1 �l) was first added
to the purified tRNA solution (3 �l), incubated 10 s at
100◦C and immediately cooled on ice. The labelling reac-
tion was performed in the presence of 10 units of Biolabs
T4 RNA ligase (M0204), 1X supplied buffer, 1 mM ATP,
12% PEG6000, 0.1 mM hexamine cobalt chloride and 10
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�M of pCp-CY5 (Jena Bioscience NU-1706-CY5). A ligase
mixture was added to the tRNA-DMSO mix and ligation
was performed in 10 �l overnight at 16◦C. After labelling,
unincorporated pCp-CY5 was trapped on a G-50 column.
The CY5-labelled tRNAs were fractionated on 7 M Urea-
15% acrylamide gel and scanned on a GE Healthcare Ettan
DIGE imager system.

Microscale thermophoresis

A serial dilution of the mouse ADAT2/ADAT3 (WT and
mutants) and TadA complexes (300 �M) was mixed with
a constant concentration of CY5-labeled tRNAVal(AAC),
tRNAArg(ACG), tRNAAla(AGC) or tRNAGly(CCC) (5–20
nM). Samples were prepared in a buffer containing 10 mM
Tris-HCl pH 8.0, 100 mM NaCl, 0.5 mM TCEP and 0.05%
Tween. Samples were then filled into standard capillaries
and measurements were performed using a NanoTemper
Monolith NT115 instrument at 80% red LED power and
20% MST power with Laser-On time 30 s and Laser-Off
time 5 s. All assays were performed in triplicate.

Enzymatic deamination assays

Deamination assays were done in deamination buffer (10
mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM MgCl2, 2
mM dithiothreitol (DTT)) using 2 �M of tRNA transcript
and 5.6, 0.56 or 0.056 �M of purified enzyme complex
(tRNA:protein ratios of approximately 1:3, 1:0.3 and
1:0.03) in a final volume of 5 �l. The reaction was initiated
when adding the purified enzyme complex to the reaction
mixture and immediately incubated at 37◦C during 10 min.
After incubation, the reaction was immediately stopped
by phenol-chloroform extraction. The supernatant was
precipitated, and the pellet containing the tRNA transcript
was dissolved in 20 �l of water. The cDNA was synthesized
using the SuperScript™ IV Reverse Transcriptase (Invit-
rogen Cat.# 18090010) according to the manufacturer’s
instructions with 2 �l of the tRNA transcript solution and
0.1 �M of gene-specific complementary primer. The tRNAs
were then amplified using the GoTaq® G2 Flexi (Promega
Cat.# M7801) according to the manufacturer’s instructions
with 5 �l of cDNA, 2.5 mM of MgCl2 and 1 �M of
gene-specific primers. As PCR fragments were too small
for direct sequencing, they were ligated using pGEM®-T
Easy Vector System (Promega Cat.# A1360) according to
the manufacturer’s instructions. The ligated PCR products
were then reamplified using the vector-specific primer and
the tRNA-specific primer. The resulting PCR fragments
were precipitated, redissolved and directly sequenced
with the vector-specific primer. The A-to-I deamination
analysis was done by measuring peak areas at the expected
nucleotide position on the sequencing electropherograms.
Deamination reaction was visualized by the presence of a
guanosine peak at the adenosine peak position since reverse
transcriptase incorporates a cytosine in the place of inosine.
Due to inherent sequencing background, guanosine peaks
with areas <5% of the total areas might not fully reflect
a deamination activity. Therefore, a 5% threshold has
been applied when displaying the results graphically. The
forward primers used for PCR were as follows (5′→3′):

tRNAVal(AAC),GTTTCCGTAGTGTAGTGGTTATC;
tRNAAla(AGC),GGGGAATTAGCTCAAATGGTA;
tRNAArg(ACG),GGGCCAGTGGCGCAATGGA;
tRNAGly(ACC),GCGCCGCTGGTGTAGTGG. The
reverse primers used for RT-PCR were as follows:
tRNAVal(AAC),TGGTGTTTCCGCCCGGTTTC;
tRNAAla(AGC),TGGAGAATGCGGGCATCGAT;
tRNAArg(ACG),TGGCGAGCCAGCTAGGAGT;
tRNAGly(ACC),TGGTGCGCCGCCCGGG. The for-
ward primer for the pGEM®-T Easy Vector was as
follows (5′→3′):GTAAAACGACGGCCAG.

Mice, in utero electroporation and brain processing and anal-
ysis

All animal studies were conducted in accordance with
French regulations (EU Directive 86/609 – French Act Ru-
ral Code R 214–87 to 126) and all procedures were approved
by the local ethics committee and the Research Ministry
(APAFIS#15691-201806271458609). Mice were bred at the
IGBMC animal facility under controlled light/dark cycles,
stable temperature (19◦C) and humidity (50%) conditions
and were provided with food and water ad libitum.

Timed-pregnant wild-type (WT) CD1 (Charles River
Laboratories) mice were anesthetized with isoflurane (2 l
per min of oxygen, 4% isoflurane in the induction phase
and 2% isoflurane during surgery operation; Tem Sega).
The uterine horns were exposed, and a lateral ventricle
of each embryo was injected using pulled glass capillaries
(Harvard apparatus, 1.0OD*0.58ID*100 mml) with Fast
Green (1 �g/�l; Sigma) combined with different amounts
of DNA constructs using a micro injector (Eppendorf
Femto Jet). We injected 0.02 �g/�l of WT or mutant
pCAGGS-HA-ADAT3 constructs together with 1 �g/�l
of empty NeuroD-IRES-GFP vector (41) and 0.02 �g/�l
of WT or E73A pCAGGS-ADAT2 constructs at E14.5.
pCAGGs-HA-empty was used as a control at 0.04 �g/�l.
Plasmids were further electroporated into the neuronal pro-
genitors adjacent to the ventricle by discharging five elec-
tric 40 volts pulses for 50 at 950 ms intervals using elec-
trodes (diameter: 3 mm; Sonidel CUY650P3) and ECM-
830 BTX square wave electroporator (VWR international).
After electroporation, embryos were placed back in the
abdominal cavity and the abdomen was sutured using
surgical needle and thread. For E18.5 analysis, pregnant
mice were sacrificed by cervical dislocation four days after
surgery.

E18.5 animals were sacrificed by head sectioning and
brains were fixed in 4% paraformaldehyde (PFA, Electron
Microscopy Sciences) diluted in phosphate-buffered saline
(PBS, HyClone) overnight at 4◦C. Vibratome section were
prepared as follows: after fixation, brains were washed and
embedded in a 4% low-melting agarose solution (Bio-Rad)
and cut at a thickness of 60 �m coronally using a vibrating-
blade microtome (Leica VT1000S, Leica Microsystems).
Sections were kept in PBS-azide 0.05% for short-term stor-
age or in an antifreeze solution (30% ethyleneglycol, 20%
glycerol, 30% DH2O, 20% PO4 buffer) for long-term stor-
age. For immunolabelling, vibratome sections were perme-
abilized and blocked with blocking solution (5% Normal
Donkey Serum (NDS, Dominic Dutscher), 0.1% Triton-X-
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100 in PBS) for 1 h at room temperature (RT). Sections
were then incubated with anti-GFP primary antibody (Ab-
cam, ref GFP-1020) diluted in blocking solution overnight
at 4◦C and with A488-coupled secondary antibody (Ther-
mofisher, ref A-11039) and DAPI (dilution 1/1000, 1 mg/ml
Sigma) diluted in PBS 0,1% Triton for 1 h at RT. Slides were
mounted using Aquapolymount mounting medium (Poly-
sciences Inc).

Images were acquired using a TCS SP8 X (Leica mi-
crosystems) confocal microscope using a 20× DRY HC PL
APO CS2 objective. For all experiments, a Z-stack of 1.50
�m was acquired. Image analysis was done using ImageJ
software (NIH). Cell counting was performed in 4–11 dif-
ferent brain sections of at least four different embryos per
condition. Only similarly electroporated regions were con-
sidered for further analysis. Cortical areas (upper cortical
plate, lower cortical plate, intermediate zone, subventric-
ular zone/ventricular zone) were delimited based on cell
density (nuclei count with DAPI staining) using equivalent
sized boxes. Number of GFP-positive cells was determined
in each cortical area to establish the percentage of positive
cells. Statistical analyses were performed using GraphPad
Prism 6 (GraphPad) and are represented as mean ± S.E.M.
The level of significance was set at P<0.05. Statistical
tests used and n size numbers are shown in the figure
legend.

Cell culture, transfections, protein extraction and western
blot

N2A mouse neuroblastoma cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM, GIBCO) with
10% foetal calf serum (FCS), penicillin 100 U/ml and strep-
tomycin 100 �g/ml in a humidified atmosphere contain-
ing 5% CO2 at 37◦C. Cells were transfected using Lipo-
fectamine 2000 (Invitrogen) with 1 �g of pCAGGs-HA-
ADAT3 constructs together with 1 �g of pCAGGs-ADAT2
constructs. Forty-eight hours post-transfection expression,
proteins were extracted as follows: cells were lysed in RIPA
buffer (50 mM Tris pH 8.0, 150 mM NaCl, 5 mM EDTA
pH 8.0, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1%
SDS) supplemented with EDTA-free protease inhibitors
(cOmplete™, Roche) for 30 min, then cells debris were re-
moved by high speed centrifugation at 4◦C for 25 min. Pro-
tein concentration was measured by spectrophotometry us-
ing Bio-Rad Bradford protein assay reagent. Samples were
denatured at 95◦C for 10 min in Laemmli buffer (Bio-Rad)
with 2% �-mercaptoethanol, then resolved by SDS–PAGE
and transferred onto nitrocellulose membranes. Mem-
branes were blocked in 5% milk in PBS buffer with 0.1%
Tween (PBS-T) and incubated overnight at 4◦C with the
anti-HA (Merck, ref. 11867423001; 1:1000), anti-ADAT2
(Proteintech, 13621-1-AP) or �-tubulin (Sigma, T9026)
primary antibody in blocking solution. Membranes were
washed three times in PBS-T, incubated at room tempera-
ture for 1 h with HRP-coupled secondary antibodies (Ther-
moFisher Sc.) at 1:10 000 dilution in PBS-T, followed by
three times PBS-T washes. Visualization was performed
by quantitative chemiluminescence using SuperSignal West
Pico PLUS Chemiluminescent Substrate (Sigma). All im-

munoblot experiments consisted of at least three indepen-
dent replicates.

RESULTS

Crystallization and structure determination of the mouse
ADAT complex

We have reconstituted mouse ADAT2/ADAT3 by produc-
ing the complex in E. coli using multi-expression (30,31).
The complex could be readily produced and purified by
combining affinity purification and size-exclusion chro-
matography. Crystallization attempts were successful but
the crystals did not diffract at high resolution. The addi-
tion of an ion exchange chromatographic step enabled the
separation of the complex from bound nucleic acids, but
crystallization attempts to obtain well-diffracting crystals
remained unsuccessful.

Multiple sequence alignment of ADAT2, TadA and
ADAT3 revealed that ADAT3 contains a poorly con-
served region which is neither present in ADAT2 nor TadA
(ADAT3-specific loop; Figure 1; Supplementary Figure
S1). Therefore, an ADAT3 mutant lacking this loop was cre-
ated. The ADAT2/ADAT3-�loop mutant complex could
easily be produced and purified using the same experimen-
tal procedure developed for the wild-type (WT) complex,
including the ion exchange chromatography step to remove
the bound nucleic acids, and further crystallized.

Two crystal forms were obtained, diffracting up to
2.1 and 3.0 Å, respectively. The mouse ADAT2/ADAT3
complex structure was solved by performing MAD phasing
on the zinc ions and positioning the structure of the human
ADAT2 homodimeric complex (PDB code 3hd1) within the
MAD density. The models for both structures were further
built through several rounds of manual building and refine-
ment. Both models show good data collection and refine-
ment statistics (Supplementary Table S2).

Domain organization of the mouse ADAT complex

For ADAT2, only the first 10 and the last 15 residues
are not seen in the electron density, while for ADAT3 the
first 24 residues and residues 152–160 are not observed
in the density (Figure 1). Our structures reveal that the
ADAT2/ADAT3 complex harbours two semi-independent
domains. The first domain (hereafter termed catalytic do-
main) comprises not only ADAT2 (residues 11–176) and
the ADAT3 C-terminal domain (residues 161–349; here-
after termed ADAT3-C), but also ADAT3 very N-terminus
(residues 25–33) that stably interacts with ADAT3-C by par-
ticipating to its central �-sheet (Figures 1 and 2A).

The second ADAT domain comprises the ADAT3 N-
terminal domain without the very N-terminus (residues 34–
151; hereafter termed ADAT3-N) (Figure 2A). Surprisingly,
the ADAT3-N domain is positioned differently in both
structures with respect to the catalytic domain. Specifically,
while the very N-terminus of ADAT3 interacts similarly
with ADAT3-C in both structures, we observe a rotation of
the ADAT3-N domains by around 90◦ with respect to each
other (Figure 2B). This rotation is only due to the move-
ment of residues 34–39, the rest of ADAT3-N superposing
very well, and possibly of residues 152–160 that are not seen
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Figure 2. Structure of the mouse ADAT2/ADAT3 complex. (A) Ribbon representation of the 2.1 Å resolution structure of the mouse ADAT complex.
ADAT2 is shown in pink, while ADAT3 N- and C-terminal domains are shown in cyan and blue, respectively, using the same colour code as in Figure
1. The zinc ions of both subunits are shown as orange spheres. ADAT2 active site and ADAT3 very N-terminus, which participates to the central �-
sheet of ADAT3 C-terminal domain, are indicated. (B) Superposition of ADAT3 N-terminal domains from both structures. The different positioning of
ADAT3 very N-terminus, which is linked to ADAT3 C-terminal domain, reveals that ADAT3 N- and C-terminal domains can rotate by at least 90◦ with
respect to each other. (C and D) Close-ups of the ADAT3-N and ADAT3-C interfaces in both ADAT structures. The residues that participate in the loose
interactions between the two domains are shown as sticks and labelled. Interactions between ADAT3 very N-terminus (residues 25–33) and ADAT3-C are
shown, demonstrating the tight and stable interface between these two regions.

in the electron density. Thus, our structures reveal the ability
of ADAT3-N to rotate with respect to the catalytic domain,
even though it is doubly bound with this catalytic domain
at its N- and C-termini. Yet, in both structures, ADAT3-N
can still interact, albeit loosely, with the catalytic domain
(Figure 2C and D).

Molecular basis of ADAT3 catalytic inactivity

ADAT3 has been suggested to be inactivated due to the re-
placement by a valine of the glutamate in its zinc-binding
pocket that is usually involved in proton shuttling during
catalysis (18). Our structure confirms this replacement since
ADAT3 V225 is positioned precisely where the equivalent
ADAT2 E73 is located, V255 side chain being however
turned away from ADAT3 zinc-binding pocket (Figure 3A).
Yet, a zinc ion is found in ADAT3 at the same position as in
ADAT2, being coordinated by a canonical triad composed
of one histidine (ADAT3 H223) and two cysteines (ADAT3
C289 and C292) (Figure 3A and B).

Strikingly, however, we observe that the fourth zinc co-
ordination is not provided by a water molecule, which in
TadA, and presumably in ADAT2, participates in the deam-
ination reaction, but by the side chain carboxylate of D348,
the before last residue of ADAT3 (Figure 3A and B). Specif-
ically, D348 carboxylate is positioned where the catalytic
water is located in TadA and ADAT2. In addition, the
C-terminal carboxylate of the last ADAT3 residue, P349,
forms a bidentate interaction with the side chain of ADAT3
R193. This latter interaction firmly positions the proline
ring as a cap over the ADAT3 zinc binding site (Figure 3A
and B).

These features are not observed in TadA where its long C-
terminal �-helix (�C-helix), also observed in ADAT2 (�7),
is not in close vicinity to the zinc ion but is essential for the
binding of the ASL (Figures 1, 3A and 4A–C). In contrast,
in ADAT3, the equivalent �-helix (�8) is much shorter and
the last ADAT3 residues (343-349), which are not part of
this helix, tightly pack in the vicinity and on top of the zinc-
binding pocket (Figures 1, 3A and 4A–C).

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/49/11/6529/6290083 by guest on 21 Septem

ber 2021



6536 Nucleic Acids Research, 2021, Vol. 49, No. 11

Figure 3. Molecular basis of ADAT3 inactivity. (A) Close-up view of the ADAT2 (left panel) and ADAT3 (right panel) zinc-binding pockets and their
superpositions (middle panel). Zinc ions are shown as orange spheres. While ADAT2 (left panel) shows a canonical zinc coordination, including a catalytic
water (red sphere), ADAT3 (right panel) has a fourth protein ligand (D348, the before last ADAT3 residue) that replaces the catalytic water. Capping of the
zinc-binding pocket by the last ADAT3 residue, P349, as well as replacement of the catalytic glutamate by a valine (V225) in ADAT3 further provide the
molecular basis of ADAT3 inactivation. These different interactions within the zinc-pocket of ADAT3 are allowed by the shortening of ADAT3 �8 helix
compared to the longer �7 helix of ADAT2 (middle panel). (B) Wall-eye stereo view of ADAT3 zinc binding site. The 2Fo-Fc electron density is contoured
at 1�.

Since TadA has been shown to accommodate five anti-
codon loop bases in specific pockets (17), we have looked
at the possible recognition of an ASL by ADAT3 by su-
perposing its zinc-binding site onto the TadA/ASL ac-
tive site (Figure 4A and B). As expected, we observe that
ADAT3 could not accommodate an ASL due to the cap-
ping of the zinc binding site by C-terminal residues that
closes the pocket where the wobble adenosine should be
bound. Specifically, the ADAT3 D348 side chain over-
laps partially with the position of the wobble adenine, and
P349 occupies the position of the sugar moiety of the
wobble adenosine in the TadA/ASL complex (Figure 4D
and E).

In addition, the groove and the pockets accommodat-
ing the other bases of the anticodon loop are not found in
ADAT3 and the shorter �8 C-terminal helix of ADAT3 can-
not interact with an incoming ASL as observed for TadA
C-terminal helix (Figure 4A and B; Supplementary Figure
S2). In addition, the electrostatic potential at the surface of
ADAT3 above its zinc binding pocket is negative and would
be repulsive for an ASL (Supplementary Figure S2). Collec-
tively, our results provide the molecular basis for ADAT3
catalytic inactivity.

ADAT2 active site can accommodate an ASL

In contrast, superposition of ADAT2 active site onto that
of the TadA/ASL complex (17) shows that ADAT2 active
site could accommodate an ASL (Figure 4A and C). In this
model, the interactions with the sugar-phosphate backbone
described in the TadA/ASL structure should be mostly con-
served and a pocket is found in ADAT2 that can accommo-
date a wobble adenosine (Figure 4D and F). Importantly,
ADAT2 and TadA have retained the same organization
of this wobble adenosine binding pocket. Besides the con-
served coordination of the zinc through ADAT2 histidine
H71 (TadA H53) and cysteines C107 and C110 (TadA C83
and C86), the zinc ion is bound to a water molecule which is
perfectly positioned to participate in the catalytic reaction,
being also hydrogen bound to proton shuttling E73 (TadA
E55). In addition, both nitrogens N1 and N3 of adenine
34 can accept hydrogen bonds from the backbone nitrogen
of ADAT2 A72 (TadA A54) and the side chain of ADAT2
N60 (TadA N42). Further, ADAT2 H71 (TadA H53) and
ADAT2 V44 (TadA I26) side chains can form stacking in-
teractions with the adenine base (Figure 4D and F).

Even though pockets involved in the recognition of the
other bases of the anticodon loop, as observed in the
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Figure 4. ADAT2 but not ADAT3 can accommodate an anticodon stem-loop in its active site. (A) Structure of an anticodon-stem-loop (ASL) bound to S.
aureus TadA (PDB code: 2b3j) (17). The ASL is shown as an orange ribbon and the catalytic zinc as a light orange sphere. The non-hydrolysable adenine
analog, nebularine, at the wobble position is shown as sticks and labeled (Neb34). The �C-helix of TadA is required for ASL binding. (B) Model based
on our structures and the structure shown in (A) of an ASL binding to mouse ADAT in the ADAT3 zinc-binding pocket. The shorter �8 helix and the
position of the ADAT3 C-terminus are incompatible with the ASL binding. (C) Same as in (B) but with the ASL binding in the ADAT2 active site. The
ASL and the wobble adenosine could be recognized, provided minor conformational rearrangements of the ADAT complex. ADAT2 long �7 helix could
participate in ASL binding. (D) Close-up from (A) of the interaction of wobble Nebularine within TadA. The zinc and catalytic water are shown as light
orange and red spheres, respectively. (E) Close-up from (B) of the putative interaction of wobble Nebularine within ADAT3 zinc-binding pocket. Binding is
incompatible with the position of ADAT3 C-terminus, notably aspartate 348 and C-terminal proline 349. (F) Close-up from (C) of the putative interaction
of wobble Nebularine within ADAT2 active site. TadA and ADAT2 share the same recognition determinants of the wobble base.

TadA/ASL complex (17), are still present in the ADAT2 ac-
tive site, the recognition determinants for these other bases
appear to be changed or even partially lost between TadA
and ADAT2 and even in ADAT3, since this latter protein
also contributes significantly to these pockets (Supplemen-
tary Figure S3). Even if the recognition of the base pair
formed by nucleosides 32 and 38 could still be carried out
by ADAT2 R130 (TadA K106) and ADAT3 N328 (TadA
N123), recognition of the nucleosides 33, 35, 36 and 37 by
ADAT2 and ADAT3 seems to have evolved, only half of
the recognition determinants of TadA being conserved in
ADAT2 and ADAT3 (Supplementary Figure S3). This is
however in agreement with the requirement that ADAT rec-
ognizes different ASLs with different anticodon loop se-
quences (Supplementary Table S1) and possibly different
conformations.

ADAT3 N-terminal domain harbours a ferredoxin-like do-
main

To reduce the risk of ADAT recognizing and modify-
ing a larger set of RNA molecules in the cell due to
this loss of recognition determinants, our analysis sug-
gests that this complex has developed additional mecha-

nisms to ensure selective modification of tRNAs. In this
view, the presence in ADAT3 of a eukaryote-specific N-
terminal domain is intriguing. We have used the DALI
server (42) to look for structural domains potentially simi-
lar to ADAT3-N. Among the top solutions, we found the
structure of the tRNA-bound archeal Trm5 (guanine-37-
N1-methyltransferase) enzyme, which modifies guanosines
at position 37 of tRNAs into N1-methylguanosine (43).
Interestingly, we could show that the ADAT3-N domain
can superpose partially with the Trm5 N-terminal D1 do-
main that participates in tRNA binding (Figure 5A and B).
Trm5-D1 can adopt different positions with respect to the
Trm5 catalytic domain, reminiscent of what is observed for
ADAT3-N. This movement of Trm5-D1 is required to cor-
rectly position this domain to interact with the incoming
tRNA.

Our analyses further showed that Trm5-D1 adopts a
ferredoxin-like domain (FLD) fold also found in other
tRNA-modifying enzymes, such as archaeal CDAT8 (cyti-
dine deaminase acting on tRNA base C8) and prokaryotic
ThiI (4-thiouridine synthetase). These latter enzymes both
use a tandem FLD-THUMP domain for interacting with
tRNAs (Figure 5B and C) (44,45). ADAT3-N can also par-
tially superpose with the FLDs of these tRNA-modifying
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Figure 5. ADAT3-N harbours a ferredoxin-like domain (FLD) found in other tRNA-modifying enzymes. (A) Superposition of mammalian ADAT3-N,
archeal Trm5-D1 (purple) and ThiI-FLD (ferredoxin-like domain; orange). All three domains adopt a FLD fold but show specific structural features.
Specifically, ADAT3-N contains an additional structural subdomain (aquamarine) tightly bound to its FLD (cyan). This additional subdomain is mostly
responsible for the loose interactions made between ADAT3-N and ADAT catalytic domain. (B) Cognate tRNA bound at the surface of Trm5. The
electrostatic potential is displayed (blue, positively charged; red, negatively charged) at the surface of Trm5, showing that the tRNA interacts with the
positive (blue) electrostatic patches in Trm5-FLD. (C) Same as in (b) for the ThiI/tRNA complex. (D and E) Electrostatic potential at the surface of the
ADAT complex for both structures obtained, showing positive electrostatic patches that could interact with an incoming tRNA. For figures in (B–E),
the FLDs are displayed as ribbons in the same orientation, after their superposition, showing that each FLD should interact with different surfaces with
tRNAs. (F) Structure of archeal Trm5 bound to a cognate tRNA (PDB code: 2zzm). The electrostatic potential is represented at the surface of the Trm5
protein and the tRNA is shown as orange ribbon. The active site of Trm5 is not seen, being in the back of the enzyme. (G) Structure of the prokaryotic
TadA/ASL complex (PDB code: 2b3j) with the same features as in (F). The orientation of the ASL is identical as in (F). The ASL makes a limited number
of contacts with TadA, only nucleosides 32 to 38 interacting with the protein. (H) Model of an ADAT/tRNA complex based on the structures shown
in (F and G), keeping the position of the ASL as in (F) and (G), and rotating slightly the position of the ADAT3-N domain from its observed position
in the high resolution ADAT structure. The ASL might undergo conformational changes upon ADAT binding, as observed in the TadA/ASL complex
(not included in the current model). The model shows that the ADAT3-N domain could participate to tRNA binding by interacting, notably through its
FLD, with parts of the ASL stem, the D-arm and possibly, but to a lesser extent, with the variable arm of the incoming tRNAs. Basic residues changed to
glutamates in ADAT3-acidic1 and ADAT3-acidic2 mutants are coloured white.
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enzymes (Figure 5A). Yet, whereas Trm5, CDAT8 and
ThiI FLDs form single structural domains, ADAT3-N har-
bours an additional structural subdomain composed of
residues 37–42 and 128–151 that correspond to the N-
and C-terminal extremities of ADAT3-N. Interestingly, this
structural subdomain is tightly bound to ADAT3-N FLD
(residues 43–127) through hydrophobic interactions and is
mostly responsible for the loose interactions observed be-
tween ADAT3-N and the ADAT catalytic domain, forming
a hinge between ADAT3-N FLD and ADAT catalytic do-
main (Figures 2C,D and 5D,E).

Analysis of the Trm5/tRNA and ThiI/tRNA structures
shows that the surfaces of their FLDs which bind tRNA are
different for both enzymes, the interactions being correlated
with the positive electrostatic patches at the surface of their
FLDs (Figure 5B and C) (43,44). This shows the functional
plasticity of the FLDs in tRNA binding and suggests that
ADAT3-N could also bind to tRNAs. Analysis of the elec-
trostatic potential at the surface of ADAT3-N reveals that
this domain also harbours large positive patches that could
indeed be used to bind tRNAs (Figure 5D and E).

ADAT3 N-terminal domain is required for tRNA binding by
ADAT

When establishing the purification protocol for the ADAT
complex, we realized that the complex co-purifies with nu-
cleic acids that we could remove by an additional ion ex-
change purification step (Supplementary Figure S4a). Anal-
ysis of the nucleic acid fraction on agarose gel showed
that these nucleic acids had a molecular weight around 100
bp (Supplementary Figure S4b). We sequenced by mass
spectrometry the nucleic acids fraction directly obtained
from the ion-exchange column. Strikingly, these were ex-
clusively composed of tRNAs from E. coli, the expression
host used for the production of the ADAT complex. Specifi-
cally, tRNAs with >10 different anticodons could be unam-
biguously assigned (Supplementary Figure S4c). The rea-
son why ADAT selected primarily this subset of tRNAs
among all E. coli tRNAs is unknown and could be linked
to many different parameters such as growth rate, tRNA
abundance, tRNA modifications but also purification con-
ditions, among others.

These results prompted us to purify E. coli TadA and
check whether this enzyme could also co-purify with tR-
NAs. Ion exchange chromatography showed indeed two
peaks containing nucleic acids that were co-purifying with
E. coli TadA. Mass spectrometry revealed that both peaks
contained TadA cognate tRNAArg(AGC). If the first peak
was exclusively composed of this tRNA, the second peak
also contained traces of degraded 16S ribosomal RNA.
Strikingly, both mass spectrometry and sequencing showed
that the co-purifying E. coli tRNAArg(AGC) was in fact
fully modified with inosine at the wobble position, indicat-
ing that TadA can interact stably with its product (Supple-
mentary Figure S4d). Surprisingly, among the other modi-
fications observed, a methylated guanosine was also found
at position 18, a modification not yet reported for this E.
coli tRNA in the MODOMICS database (1).

The results on the ADAT complex suggested that this
complex can recognize and bind stably to tRNAs that do

not harbour the ASL of a cognate tRNA. We, therefore, in-
vestigated the importance of the additional N-terminal do-
main of ADAT3 in tRNA binding. We created a mutant of
ADAT3 (ADAT3-�N) encompassing only ADAT3-C and
co-expressed it with ADAT2. A stable ADAT2/ADAT3-
�N mutant complex was obtained that could readily be pu-
rified. However, during complex purification, almost no nu-
cleic acids co-purified with ADAT2/ADAT3-�N (Supple-
mentary Figure S4a), suggesting that ADAT3-N is impor-
tant for tRNA binding by ADAT.

Since these results had been obtained with prokary-
otic tRNAs, we then looked at mouse tRNA binding by
mouse ADAT using microscale thermophoresis. First, cog-
nate mouse tRNAVal(AAC) was produced, purified and
CY5-labelled, and its binding by the ADAT complex was
determined using microscale thermophoresis (MST). WT
ADAT bound to tRNAVal(AAC) with a Kd of 3.5 ±
0.2 �M. In contrast, the ADAT2/ADAT3-�N mutant
had a Kd of 44.5 ± 4.4 �M for the same tRNA, >10
times higher than the WT complex (Supplementary Fig-
ure S5a). Interestingly, the same difference was observed
using a non-cognate tRNAGly(CCC), with Kd values of
3.0 ± 0.2 �M for the WT complex and 35.8 ± 2.8 �M
for the ADAT2/ADAT3-�N mutant (Supplementary Fig-
ure S5a). We then checked two other cognate tRNAs,
tRNAArg(ACG) and tRNAAla(AGC). Whereas the former
showed a similar Kd of 3.7 ± 0.3 �M for binding to WT
ADAT, the latter had a slightly higher Kd of 8.0 ± 0.8 �M
(Supplementary Figure S5b). Interestingly, TadA showed a
Kd of 6.6 ± 1.1 �M for tRNAArg(ACG) (Supplementary
Figure S5b). Collectively, our results demonstrated the im-
portance of ADAT3-N for tRNA binding by ADAT but
showed that this domain does not discriminate between cog-
nate and non-cognate tRNAs.

We have tentatively modelled tRNA binding by ADAT
by superposing onto the TadA/ASL complex (i) our two
ADAT structures and (ii) the Trm5/tRNA complex. In
the former case, the catalytic dimeric domains of TadA
and ADAT2/ADAT3 were used for superposition, whereas
in the latter case only the ASLs of the TadA/ASL and
Trm5/tRNA structures were considered. This led to two
ADAT/tRNA models, one for each ADAT structure, where
the ADAT3-N domain had a different position related to
the tRNA molecule. Inspection of the location of the pos-
itively charged surfaces of ADAT3-N with respect to the
tRNA revealed that these surfaces are completely opposite
to the tRNA in the low resolution ADAT structure.

In contrast, in the case of the high resolution structure,
we observed that a slight rotation of ADAT3-N could bring
its positively charged surfaces in close vicinity of the tRNA
backbone. In this model, both ADAT3-N and the ADAT
catalytic domain are positioned relative to each other so
that the two flexible ADAT3 stretches (34-39 and 152–160)
could accommodate the positioning of these two domains.
The final model (Figure 5F–H) shows that ADAT3-N could
make extensive interactions with the upper part of the stem
of the ASL and with the tRNA D arm. Interactions with
other parts of the tRNA, like the variable arm, could also
occur.

Specifically, our model suggests that ADAT3-N FLD
could be primarily responsible for the interaction with the
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tRNA D arm and the upper part of the stem of the ASL,
while ADAT3-N additional structural subdomain would
play its role of hinge between the FLD and ADAT cat-
alytic domain, still contributing to overall binding through
its positive charge. Finally, as observed in TadA, ADAT2
active site would recognize the tRNA anticodon loop (Fig-
ure 5G and H).

ADAT deaminates differently its cognate tRNAs and par-
tially discriminates non-cognate tRNAs

In order to characterize the structure/function relation-
ships of ADAT, we next performed deamination as-
says. Using initially the WT complex and different
ADAT:tRNAVal(AAC) ratios, we observed decreasing
amounts of inosine-modified tRNA for decreasing amount
of ADAT complex for a fixed reaction time. Surprisingly,
time-course experiments did not yield much higher tRNA
modification for longer incubation times at a fixed ADAT
concentration, although the enzyme appeared highly pro-
cessive since most of the tRNA was modified within sec-
onds in excess of ADAT. Since E. coli TadA can co-purify
with its product, we reasoned that the ADAT product could
also remain bound to this enzyme, at least to the ADAT3 N-
terminal domain, perturbing time course assays by compet-
ing with unmodified tRNAs. We, therefore, proceeded using
different ADAT:tRNA ratios and a fixed reaction time (Fig-
ure 6; Supplementary Table S3).

The three tRNAVal(AAC), tRNAArg(ACG)and
tRNAAla(AGC) were used for these assays. We not
only first measured the deamination activity of the WT
ADAT2/ADAT3 complex, but also tested the activity
of, as assessed by size exclusion chromatography, the
homodimeric ADAT2/ADAT2 complex, the monomeric
ADAT3 protein and the homodimeric E. coli TadA.
WT ADAT showed a robust deamination activity, while
ADAT2/ADAT2 and ADAT3 were inactive (Figure
6A). TadA homodimer was active only in presence of
tRNAArg(ACG), as previously shown (Figure 6A) (13).
Decreasing ADAT:tRNA ratios revealed however that
ADAT could more readily deaminate tRNAAla(AGC) than
the two other cognate tRNAs used, possibly reflecting
a higher turnover rate for tRNAAla(AGC) (Figure 6B;
Supplementary Table S3).

We next analysed the importance of the ADAT3 N-
terminal domain on activity. The ADAT2/ADAT3-�N
mutant completely abolished deamination for the three tR-
NAs (Figure 6A). Since our ADAT/tRNA model suggested
that incoming tRNAs could bind to positively charged
patches on ADAT3-N FLD, we identified two sets of basic
exposed residues that could participate in tRNA binding:
K53-R54-R61 and K76-R82 (Figure 5H). We constructed
two mutants where these residues were mutated into gluta-
mates, one mutant modifying only the first set of residues
(ADAT3-acidic1), the second mutant modifying both sets
of residues (ADAT3-acidic2). Both complexes were unable
to co-purify with E. coli tRNAs. Interestingly, while the
ADAT-acidic1 mutant showed some residual deamination
activity, notably for tRNAAla(AGC), the ADAT-acidic2
mutant completely lost its deamination activity, whatever
the tRNA (Figure 6A and B; Supplementary Table S3).

These results therefore reinforced our modelling studies and
binding hypothesis.

We next investigated the two zinc binding sites of ADAT2
and ADAT3. An ADAT2-E73A/ADAT3 mutant, where
the proton shuttling residue E73 was mutated into alanine,
hardly retained any activity (Figure 6A). We then tested
whether ADAT3 zinc binding pocket mutants could rescue
the inactivity of the ADAT2-E73A mutant. Three ADAT3
mutants were constructed: ADAT3-V225E, ADAT3-�C,
where the capping of the ADAT3 zinc binding site was
prevented by removing the last five residues (345-349) of
ADAT3, and ADAT3-V225E-�C. Only the first two mu-
tants turned out to be soluble upon co-expression with
ADAT2. Intriguingly, while the ADAT2-E73A/ADAT3-
V225E mutant was completely inactive, the ADAT2-
E73A/ADAT3-�C mutant was inactive for tRNAVal(AAC)
and tRNAArg(ACG) but showed significant deamination
activity for tRNAAla(AGC), albeit only in presence of high
amounts of ADAT (Figure 6A; Supplementary Table S3).

We also investigated the role of the ADAT3-specific
loop that we removed for crystallization (Figure 1). In-
terestingly, the ADAT2/ADAT3-�loop mutant showed a
significant reduction of deamination activity, notably for
tRNAVal(AAC) and tRNAArg(ACG) (Figure 6A and B). We
therefore tested the binding of this mutant to the three tR-
NAs by microscale thermophoresis. Kd values for the three
complexes were very similar: 6.7 ± 0.7 �M (Val), 6.5 ±
0.2 �M (Arg) and 6.7 ± 0.3 �M (Ala). These values were
slightly higher for tRNAVal(AAC) and tRNAArg(ACG) but
slightly lower for tRNAAla(AGC) when compared to the
WT complex (Supplementary Figure S5c). These results
showed that the ADAT3-specific loop, which is located in
the ADAT3 C-terminal domain and is close to the ADAT2
active site, can influence positively or negatively tRNA
binding into ADAT2 active site.

Finally, we have asked whether ADAT could deaminate
a non-cognate tRNA having an adenosine at the wobble
position. Since we previously showed that tRNAGly(CCC)
was able to bind to ADAT, we created a mutant of this
tRNA by replacing its wobble cytosine with an adenosine
(tRNAGly(ACC)). The anticodon loop sequence of this mu-
tant tRNA perfectly fitted the diversity of base recognition
required by ADAT2 to recognize all ADAT cognate tR-
NAs (Supplementary Table S1). Interestingly, WT ADAT
was able to modify the wobble adenosine into inosine of
the pseudo-cognate tRNAGly(ACC), albeit much poorly as
for a cognate tRNA (Figure 6A). This demonstrated that
ADAT has still retained specificity determinants for its cog-
nate tRNAs beside the recognition of the wobble adenine.

The V128M mutation enlarges ADAT3-N without precluding
tRNA binding but affects ADAT deamination activity

Mutation of valine 128 into methionine (p.Val128Met) in
human ADAT3-N has been shown to cause intellectual dis-
ability, microcephaly and other neurodevelopmental disor-
ders (25–28). We observe that the equivalent valine 128 in
mouse ADAT3 is part of a large hydrophobic core com-
prising I43, A45, A47, L69, L75, L93, L96, V126, P129
and W146 (Figures 1 and 7A). This hydrophobic core is lo-
cated in the centre of ADAT3-N and is responsible for the
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Figure 6. Deamination activity of ADAT, ADAT2, ADAT3 and TadA and various ADAT mutants. (A and B) The percentages of deamination activity
of ADAT(ADAT2/ADAT3), ADAT2, ADAT3 and TadA and of various ADAT mutants on four different tRNAs (tRNAVal(AAC), tRNAArg(ACG)
and tRNAAla(AGC), and the pseudo-cognate mutant tRNAGly(ACC)) are shown as circles decreasing in size for a decreasing deamination activity. The
threshold for activity has been set at 5%. The full data for all complexes is provided in Supplementary Table S3. Different tRNA:enzyme ratios (1:3, 1:0.3,
1:0.03) were used for the measurements. In (A) only the 1:3 ratio is shown for all complexes, while in (B) the three ratios are shown for a few complexes
that did not appear to lose activity at high enzyme concentration but turn out to be less active when the ratio is decreasing. Only ADAT and TadA were
shown to have a robust deamination activity. All enzyme mutants showed perturbation of the deamination activity, albeit to a lesser extent in the case of
tRNAAla(AGC) that appears to bind slightly differently to ADAT, but still requires ADAT3-N. TadA only deaminates tRNAArg(ACG), and ADAT can
partially deaminate a pseudo-cognate mutant tRNAGly(ACC), where the wobble cytosine has been replaced by an adenosine.
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Figure 7. Position of V128 within ADAT3-N and effect of its mutation in leucine (V128L). (A) Ribbon structure of ADAT3-N with the residues forming
its central V128 (purple) hydrophobic core shown as spheres. The residues are coloured according to the subdomain they belong to: FLD (cyan) and
additional structural subdomain (aquamarine). (B) Same as (A) for the V128L mutant. The same colour code is used with slightly darker colours. (C)
Superposition of the ADAT3-N WT and V128L domains shown as C� ribbons. Slight changes are observed in the main chain position (movements of
0.3–0.9 Å) of residues from the V128 hydrophobic core and of neighbouring residues upon the V128L mutation. These movements propagate notably
within the ADAT3-N specific structural subdomain but much less in the FLD. A V128M mutation is expected to exacerbate these changes.

tight interaction between the ADAT3-N FLD and the addi-
tional structural subdomain of ADAT3-N. This suggested
that the V128M mutation would affect the overall folding of
ADAT3-N. To test this hypothesis, we generated constructs
bearing the V128M mutation but also the V128L or V128I
mutations, those latter two substitutions having potentially
a milder effect on ADAT3-N folding.

All three ADAT3 mutants could be co-expressed with
ADAT2 and their complex purified to homogeneity follow-
ing the same experimental protocol as for the WT enzyme.
All mutant complexes co-purified with nucleic acids (Sup-
plementary Figure S4a,b). We showed by mass spectrome-
try that these nucleic acids were also composed of diverse
E. coli tRNAs, as for WT ADAT (Supplementary Figure
S4c). Interestingly, all three mutants could be crystallized
in similar conditions as for the WT complex, albeit with
some decrease in crystallization propensity for the V128M
mutant complex. The tendency of the crystals to aggregate,
as already observed with the WT complex, was also ob-
served with the mutants and hindered our structural anal-
yses. Whereas the crystals with the V128I and V128M mu-
tants, which showed stronger aggregation, did not diffract
sufficiently, we were able to collect a full data set at 2.0 Å res-
olution for the V128L mutant. The structure of the ADAT-
V128L complex was refined with good data collection and
refinement statistics (Supplementary Table S2).

The same crystallographic space group and unit cell as
well as the similar resolution obtained for both WT and
V128L ADAT complexes allowed the precise analysis of the
structural changes occurring upon the V128L mutation. Su-
perposition of the complexes showed that both ADAT3-N
and the ADAT catalytic domain are mostly unaffected by
the mutation. In details, however, we observed that the main
chain of residues involved in the V128 central hydrophobic
core and of their neighbours is moving away from the core
by about 0.3–0.9 Å (Figure 7A–C). We found that these
movements are mainly propagated within the ADAT3-N
specific structural subdomain but much less in the FLD,
which displays a more stable fold due to its tighter packing
(Figure 7C).

A bulkier methionine in place of the leucine at position
128 will have a more substantial effect on the ADAT3-N
structure and we expect the movements observed in the
case of the V128L mutation to be larger in the V128M
mutant. Yet, since the ADAT-V128M complex can crys-
tallize in conditions where the ADAT3-N domain partici-
pates in crystal packing, it appears unlikely that the move-
ments induced by the V128M mutation would cause the
complete unfolding of the ADAT3-N domain. We have as-
sessed the enzymatic activity of the ADAT-V128M mutant
and showed that it retains a significant activity. However,
this occurs notably when the enzyme is in excess compared
to the tRNA. In addition, this activity is always lower than
that of the WT enzyme at the same concentration (Figure
6A,B; Supplementary Table S3). Of note, we did not observe
that this mutant modified any other adenosines in these tR-
NAs, showing that, at least for the tRNAs considered, the
V128M mutation does not cause a loss of specificity for the
targeted adenosine.

Since the V128 mutants co-purified with E. coli tRNAs,
we also looked by microscale thermophoresis at tRNA
binding by the mutants to the cognate tRNAVal(AAC). Our
measurements gave Kd values of 3.3 ± 0.2, 4.2 ± 0.4 and 2.5
± 0.1 �M for the V128I, V128L and V128M mutants, re-
spectively (Supplementary Figure S5d). These quantitative
results show minimal differences for tRNA binding com-
pared to the WT, in agreement with the qualitative observa-
tions made with the E. coli tRNAs during complex purifica-
tion. As such, loss of tRNA binding by the V128M cannot
be considered as a major reason for the reported decrease
of tRNA deamination observed in vitro (Figure 6A and B)
and in patient cells (29), implying that this mutation per-
turbs other mechanisms.

Mutant ADAT complexes show impaired neuronal migration
in vivo

To evaluate the functional impact of the ADAT3-N
domain in vivo and considering the implication of the
p.Val128Met variant in neurodevelopmental disorders,
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we assessed the consequences of overexpressing mouse
ADAT3 mutants together with ADAT2 in vivo in the
mouse developing cortex using in utero electroporation
(IUE) (Figure 8A). Since ADAT plays a crucial role in
the regulation of migration of the projection neurons
(Del-Pozo-Rodrı́guez, in preparation), we investigated
the effects of the mutated constructs on neuronal po-
sitioning. In addition, since other mutants used in our
study showed significant effects on tRNA binding and
deamination, we extended our in vivo investigations to the
most significant ones. We therefore considered seven mu-
tants: ADAT2-E73A/ADAT3, ADAT2-E73A/ADAT3-
�C, ADAT2/ADAT3-�loop, ADAT2/ADAT3-�N,
ADAT2/ADAT3-V128I, ADAT2/ADAT3-V128L and
ADAT2/ADAT3-V128M.

We first verified by transfection experiments in a N2A
neuroblastoma cell line that WT ADAT2 and ADAT3
as well as their mutants were similarly expressed (Fig-
ure 8B). We then expressed mouse WT or E73A ADAT2
and ADAT3 mutants using IUE of pCAGGS-ADAT2 and
HA-tagged pCAGGS-ADAT3 constructs together with a
NeuroD-IRES-GFP reporter plasmid, allowing the expres-
sion of GFP specifically in post mitotic neurons in WT
mouse cortices at E14.5 (Figure 8A).

We then evaluated the effects of the mutants 4 days
after IUE, when most of the GFP+ postmitotic neu-
rons expressing full-length WT ADAT are reaching
the cortical plate as in the control (Figure 8C). Inter-
estingly, all neurons expressing the different variants
accumulated in the intermediate zone, with a de-
crease of 15.7%, 9.3%, 10.8%, 12.7%, 18%, 14.8% and
18.4% of the cells reaching the upper cortical plate in
the ADAT2-E73A/ADAT3, ADAT2-E73A/ADAT3-
�C, ADAT2/ADAT3-�loop, ADAT2/ADAT3-�N,
ADAT2/ADAT3-V128I, ADAT2/ADAT3-V128L and
ADAT2/ADAT3-V128M conditions, respectively (Figure
8D and E). These results demonstrated that the disease-
and structure-based variants impede to similar extents the
radial migration of projection neurons.

Interestingly, we observe no rescue of the cat-
alytic ADAT2 inactivity phenotype by the ADAT2-
E73A/ADAT3-�C mutant, reflecting the very partial
rescue of the enzymatic activity of this mutant in vitro.
In addition, these results further confirm the functional
importance of the ADAT3-specific loop, whose deletion
was required for the structural studies, as well as that of
ADAT3 N-terminal domain. Thus, collectively, our in vivo
results corroborate our in vitro analyses.

DISCUSSION

Our analysis of the mammalian ADAT complex reveals
specific features that distinguish this complex from the
prokaryotic TadA homodimeric complex. While ADAT2
has retained structural determinants for the recognition of
cognate tRNAs anticodon loops and the deamination ac-
tivity, ADAT3 has become inactive through amino acid
changes, the capping of its zinc binding pocket by ADAT3
C-terminus, and the disappearance of binding pockets for
the anticodon loop nucleosides. In vitro, removal of ADAT3

zinc binding site capping in the ADAT3-�C mutant is not
sufficient to confer a full deamination activity to ADAT3
and, in vivo, the ADAT3-�C mutant fails to rescue the phe-
notype caused by ADAT2 inactivation. In addition, the ho-
modimeric ADAT2/ADAT2 complex and ADAT3 alone
do not show any robust deamination activity. Although
this could be due to an inadequate buffer, our structural
analysis shows that both ADAT2 and ADAT3 residues
are participating to the formation of ADAT active site.
Our results therefore reinforce the generally admitted idea
that ADAT2/ADAT3 is the functional biological unit for
mammalian tRNA wobble adenosine-to-inosine deamina-
tion and show that ADAT2 is the catalytic subunit of this
complex but requires several ADAT3 residues to be active.

The requirement for ADAT to modify different tRNAs
imposes that ADAT2, in contrast to TadA, has evolved
a specific anticodon loop recognition strategy to adapt to
the various tRNAs with different anticodon loop sequences
and possibly with different ASL conformations. This is in
agreement with the apparent loss of some recognition de-
terminants observed in the ADAT2 anticodon loop bases
recognition pockets. In turn, this has constrained the ADAT
complex to change to recognize specifically tRNA macro-
molecules, in agreement with the fact that the full tRNA ter-
tiary structure, and not only the ASL, is required for ADAT
activity (14,23,24).

Our results demonstrate that the eukaryote-specific
ADAT3 N-terminal domain is essential for the strong, al-
beit non-selective interaction between ADAT and tRNAs.
An important result of our structural studies is the discov-
ery of the inherent mobility of the ADAT3-N domain with
respect to the catalytic domain. This positional mobility of
ADAT3-N appears linked to the fact that the ADAT com-
plex binds and modifies differently various tRNAs having
variable compositions and tertiary structures. Thus, the ca-
pacity of movement of ADAT3-N should be essential to fa-
cilitate the binding of the tRNAs and the strict position-
ing of their anticodon loop into the ADAT2 active site.
Thus, the differences that we and others (24) observe in the
recognition and the processing of cognate tRNAs by ADAT
could be explained by different binding of those tRNAs to
the ADAT active site but also onto ADAT3-N.

The apparent non-selective nature of ADAT3-N raises
the question of the specific recognition of cognate tR-
NAs by ADAT. As for TadA, which only recognizes the
anticodon loop of its cognate tRNA, notably its wobble
adenosine, the specific recognition of the wobble adeno-
sine by ADAT2 could suffice, this subunit scanning the
tRNAs bound to ADAT3-N for a wobble adenosine. In
agreement, our deamination assays with a pseudo-cognate
tRNAGly(ACC) mutant revealed that ADAT can deaminate
in vitro a non-cognate tRNA which has an artificial adeno-
sine at its wobble position, rendering its anticodon loop per-
fectly compatible with the recognition diversity required for
deamination of all ADAT cognate tRNAs (Supplementary
Table S1). However, the fact that the deamination level of
this tRNA remains poor indicates that ADAT has also re-
tained specific cognate tRNA recognition determinants but
that these are possibly not only situated in ADAT2 anti-
codon loop binding pockets.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/49/11/6529/6290083 by guest on 21 Septem

ber 2021



6544 Nucleic Acids Research, 2021, Vol. 49, No. 11

Figure 8. In vivo effects of mutant ADAT complexes. (A) Scheme representing the in utero electroporation procedure used to follow the migration of GFP+
neurons expressing WT and mutant ADAT2 and/or ADAT3. (B) Western blot of extract from N2A cells transfected with an empty vector or the indicated
ADAT2 (upper panel) or HA-tagged ADAT3 (lower panel) constructs showing similar expression of WT and catalytically inactive ADAT2 (E73A) proteins
and of WT, mutant and truncated ADAT3 proteins. �-Tubulin was used as a loading control. (C) Coronal sections of E18.5 cortices, 4 days after IUE
with NeuroD-IRES-GFP and the indicated ADAT2 and ADAT3 constructs, showing impaired distribution of GFP-positive electroporated cells (green)
in all conditions tested. Nuclei are stained with DAPI (blue); scale bar: 100 �m. (D and E) Histograms (means ± S.E.M) showing the distribution of
GFP-positive neurons in different regions (Up CP, Upper cortical plate; Lo CP, Lower cortical plate; IZ, intermediate zone; SVZ, subventricular zone) for
all conditions as indicated. Significance was calculated by two-way ANOVA (Bonferroni’s multiple comparisons test). Number of embryos analysed: empty
vector and A2-WT/A3-WT, n = 8; A2-WT/A3-V128L and A2-WT/A3-V128I, n = 6; A2-WT/A3-V128M, n = 5; A2-WT/A3-�loop, A2-E73A/A3-WT
and A2-E73A/A3-�C, n = 8; A2-WT/A3-�N, n = 9; ns, non-significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. A2 and A3 stand for
ADAT2 and ADAT3, respectively.
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Whether these additional determinants are located at the
level of ADAT3 N-terminal domain, in the ADAT3-specific
loop, which we have shown to impact tRNA binding and
ADAT enzymatic activity, or in other regions of ADAT2
and/or ADAT3, remains to be determined. We cannot ex-
clude that all these domains contribute to various extents
to specificity. Interestingly, our deamination experiments
show that ADAT does not process equally its various cog-
nate tRNAs. Notably, tRNAAla(AGC) appears less sensitive
to ADAT perturbations, especially those affecting mildly
ADAT3 N-terminal domain, and differences in the binding
of tRNAArg(ACG) and tRNAAla(AGC) by ADAT have al-
ready been reported (24). In line with this, tRNAAla(AGC)
interaction with ADAT shows a slightly higher Kd around
8 �M. This could suggest that ADAT interaction with
tRNAAla(AGC) is different than with tRNAVal(AAC) and
tRNAArg(ACG). However, removal of ADAT3 N-terminal
domain or mutating several basic residues in ADAT3-N
FLD basic patches completely prevents deamination of
tRNAAla(AGC), demonstrating that even tRNAAla(AGC)
requires ADAT3-N for binding in regions far away from
ADAT2 active site.

The V128M mutation in ADAT3-N is known to cause
intellectual disability, microcephaly and other neurodevel-
opmental disorders in patients due to a decreased wobble
A-to-I modification by the ADAT complex (25–29). It has
been suggested that this decrease could be due to the in-
stability of mutant ADAT3 and its interaction with chap-
erones (29). The central position of V128 in the hydropho-
bic core organizing ADAT3-N could indeed affect ADAT3-
N folding in vivo, potentially leading to ADAT3 interac-
tion with chaperones. Yet, the differences observed in A-to-I
modification of various tRNAs by mutant ADAT observed
in cellulo (29) imply that the V128M mutation also plays
a role in a correctly folded ADAT V128M mutant com-
plex. Our observations that ADAT3-V128M associates with
ADAT2 and that the resulting ADAT mutant complex can
bind as strongly as WT to tRNAs and retains some deami-
nation activity demonstrate that this mutant still possesses
the propensity to fold correctly and to be partially active.
This raises the question of how the V128M mutation could
affect the deamination reaction of ADAT.

Our data suggest that the structural enlargement of
ADAT3-N by the V128M mutation could perturb (i) the
positioning of the tRNAs onto the ADAT3-N domain, (ii)
the rotation of this domain with respect to the catalytic do-
main and/or (iii) the stable interface between these latter
two domains during catalysis. The results presented here
favour the hypothesis that the V128M mutation does not
significantly perturb tRNA binding by ADAT3-N FLD but
rather affects ADAT3-N additional structural subdomain
and its role of hinge between ADAT3-N and the ADAT cat-
alytic domain. This would perturb the optimal anticodon
loop presentation to ADAT2 and lead to a decreased A-
to-I modification. Yet, considering that we observe that the
V128M mutant effect on deamination is different depend-
ing on the cognate tRNA, it is most likely that the mode of
binding of the tRNA onto ADAT3-N will also influence the
catalytic reaction.

Collectively, our results shed light on the modifica-
tion of tRNAs by the ADAT complex and its similari-

ties and difference with TadA, suggesting a two-step mech-
anism for the eukaryotic complex (Figure 9). First, the
tRNA, especially its tertiary structure, is recognized by the
ADAT3 N-terminal domain, notably its FLD. This do-
main then rotates to maximize the interactions between
the tRNA and the full ADAT complex, and presents the
ASL correctly to ADAT2 that then modifies the wob-
ble adenosine into inosine. This mechanism is perturbed
by the V128M mutation, causing a decrease in A-to-
I modification, leading to neurodevelopmental disorders
(Figure 9).

While this manuscript was in revision, the yeast ADAT
complex structure was published (46). Conclusions of the
study on the yeast complex are similar to ours, notably on
the role of ADAT3/Tad3p N-terminal domain for tRNA
recognition and presentation to ADAT2/Tad2p active site,
as well as the inactivation of ADAT3/Tad3p by capping
of its zinc binding site. Both studies, however, show signif-
icant structural differences between the yeast and mouse
ADAT complexes that could relate to function (Supplemen-
tary Figure S6). Specifically, the yeast Tad2p C-terminus is
much longer than that of mammalian ADAT2 and wraps
around its core domain, and the ADAT3/Tad3p specific
loops appear to adopt different conformations. In addi-
tion, although both ADAT3/Tad3p N-terminal domains
show a similar fold, they also show significant structural
differences that could impact tRNA binding, and the V128
structural environment is different in both mouse ADAT3-
N and yeast Tad3p-N (Supplementary Figure S6). Surpris-
ingly, although both mouse ADAT3 and yeast Tad3p C-
termini provide the fourth zinc-ligand to this subunit, the
composition and conformation of these two C-termini are
quite different in both ADAT3/Tad3p subunits in contrast
to the rest of their structures. Finally, the V128M equiva-
lent mutation in yeast Tad3p causes ∼90% loss of deam-
ination activity in presence of tRNAAla. Our study shows
that in similar experimental conditions (tRNA:enzyme ra-
tio of 1:0.03), the effect of the ADAT3-V128M mutation
can be more drastic, with a complete loss of activity, al-
though we demonstrate that this effect is, in fact, varying
depending on the tRNA bound. This latter aspect was not
investigated in the yeast study that made use of a single
tRNA species, leaving therefore open several questions on
the similarities and dissimilarities of the yeast Tad2p/Tad3p
mechanism compared to the vertebrate ADAT2/ADAT3
mechanism.

Thus, our study provides the molecular basis for fur-
ther investigating the involvement of ADAT in diseases
(25–29,47). However, the mechanisms affected by the loss
of tRNA wobble A-to-I modification in disease remain to
be characterized. Notably, whether faulty tRNA deamina-
tion impacts tRNAs stability, abundance, maturation and
aminoacylation remains to be investigated. In addition, effi-
ciency and/or accuracy of protein synthesis also remains to
be determined. Notably, further study of actively-translated
transcripts and translation rate by ribosome profiling would
shed light on translational effects at the ribosome. Such
studies would benefit from an analysis in the most relevant
conditions, i.e. in diseased brains using knock-in or knock-
out ADAT3 mouse models, to determine the consequences
of ADAT variants on translation.
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Figure 9. Proposed TadA and ADAT cognate tRNAs deamination mechanisms. The modes of tRNA binding and recognition for prokaryotic TadA (left)
and ADAT (right) enzymes are indicated. While TadA can specifically and directly bind and recognize within its active site its cognate tRNAArg(ACG)
from the pool of cellular RNAs using the specific anticodon-stem-loop conformation and the anticodon loop base composition of tRNAArg(ACG), ADAT
appears to have evolved a two-step mechanism. ADAT first binds to tRNAs irrespective of their anticodon composition through its N-terminal domain,
most likely upon recognizing the tRNAs specific three-dimensional structure. Upon rotation of ADAT3 N-terminal domain, the anticodon of the tRNAs
is presented to the ADAT2 active site that recognizes its cognate tRNAs in a process requiring residues from both ADAT2 and ADAT3. Both TadA and
ADAT2 deaminate the cognate tRNAs wobble adenosine into inosine using the same conserved mechanism (centre), requiring a catalytic water bound to
their zinc ion as well as a proton shuttling glutamate residue.
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Supplementary Figure 1. Multiple sequence alignment of ADAT2 and ADAT3 

(a,b) Multiple sequence alignment of (a) ADAT2 and (b) ADAT3 subunits from reference organisms. For 

clarity, in (a) the ADAT2 non‐conserved N‐terminal part of S. pombe and the non‐conserved C‐terminal 

parts of D. rerio, S. pombe and S. cerevisiae have been omitted. In (b), the ADAT3 N‐terminal 16 amino 

acids longer part of H. sapiens (longer human transcript considered (NM_138422), the shorter human 

transcript (NM_001329533) being equivalent in length to the mouse transcript (NM_001100606)) has 

been omitted. Secondary structure elements (Sec. Struct.), as observed in the mouse ADAT2/ADAT3 

structure, are indicated above the alignments. Residues not found in the electron density and missing 

in the final model are shown in italics. The ADAT3‐specific loop removed for crystallization is shown in 

grey. Residues of ADAT2 and ADAT3 involved in zinc binding are indicated with yellow stars. ADAT2 

glutamate  potentially  involved  in  proton  shuttling  is  indicated  with  a  blue  star.  ADAT2  residues 

potentially  involved  in  wobble  adenine  recognition  are  shown  with  purple  diamonds.  Residues 

involved in the ADAT3 V128 (red circled yellow diamond) hydrophobic core are indicated with orange 

diamonds. 

   



4 
 

  

 

Supplementary Figure 2. ADAT3 active site cannot accommodate an anticodon stem‐loop 

(a) Binding of a wobble non‐hydrolysable adenine analog, nebularine (Neb34), within the active site of 

S.aureus TadA (PDB code 2b3j). The electrostatic potential at the TadA homodimer surface is displayed 

(blue, positively charged; red, negatively charged). (b) Same as in (a) in a rotated view with the ASL 

shown  as  orange  ribbon.  TheC‐helix  of  TadA  participates  to  the  formation  of  the  groove  that 

recognizes the ASL. (c) Model same as in (a) with the ADAT3 zinc‐binding site of the ADAT complex. 

There is no pocket for the wobble nucleoside due to the capping of the zinc‐binding site by ADAT3 C‐

terminus.  In  addition,  the  negative  (red)  electrostatic  character  of  the  ADAT3  surface  would  be 

repulsive for binding of an ASL. (d) Model same as in (b) with the ADAT complex and the ASL binding 

to ADAT3 zinc‐binding site. The 8 helix of ADAT3 is too short to help form an ASL recognition groove 

as observed in TadA. 
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Supplementary Figure 3. ADAT anticodon loop recognition pockets diverge from those of TadA 

(a‐c) Anticodon loop recognition pockets of TadA active site (left panels) and of ADAT2 active site (right 

panels) and their superposition (middle panels). Residues involved in interactions are shown as sticks 

with different colours depending on whether they belong to TadA first monomer (TadA‐1, coloured 

sand) or second monomer (TadA‐2, coloured orange), or to ADAT2 (coloured pink) or ADAT3 (coloured 

blue). Some TadA‐equivalent residues are not shown in the ADAT pockets due to their non‐existence 

in the ADAT2 and ADAT3 proteins. While recognition of the 32‐38 pair (a) appears conserved between 

TadA and ADAT, recognition of the 33 and 35 nucleosides has lost some determinants, the strongest 

loss of determinants concerning nucleosides 36 and 37 (b‐c). 
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Supplementary Figure 4. Mouse ADAT binds to various E. coli tRNAs and E. coli TadA co‐purifies with 

E. coli tRNAArg(ICG) having an unexpected Gm18 modification. 

(a)  Ion exchange purification profiles  for ADAT2/ADAT3 WT  (left panel), ADAT2/ADAT3‐N (middle 

panel) and ADAT2/ADAT3‐V128M (right panel). The ADAT2/ADAT3‐V128I and ADAT2/ADAT3‐V128L 

mutants purification profiles are not displayed but show the same profile as the WT or the V128M 

mutant. A large peak of nucleic acids is observed for both the WT and the V128M mutant (signal above 

1500 mAU), whereas a residual peak (30 fold decrease in height) is observed for the N mutant (signal 

below 100 mAU), demonstrating that ADAT3 N‐terminal region is important for nucleic acid binding. 

(b) Analysis on agarose gel of the nucleic acids co‐purifying with the ADAT2/ADAT3 WT, V128I, V128L 

and V128M mutants. All nucleic acids migrate around the 100 bp marker and have been shown by 

mass spectrometry analysis to be exclusively a mix of E. coli tRNAs. (c) Anticodons (and corresponding 

amino acids) of  tRNAs unambiguously characterized  in  the mass spectrometry analysis. Anticodons 

found in at  least three of the four samples are shown in bold.  (d) Result of the mass spectrometry 

sequencing analysis of the E. coli tRNAArg(ACG) co‐purifying with E. coli TadA after its digestion with 

RNAses T1 and V1.  The  red  sequences  indicate  the  identified  regions. The methylated G18 and  the 

wobble inosine identified upon T1 digestion are indicated in bold. The full modification of the wobble 

adenosine into inosine of this tRNA was also observed by sequencing. Note that some modifications 

like pseudouridine cannot be detected due to equivalent mass with the non‐modified base. 
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Supplementary Figure 5. Assessment of tRNAs binding to ADAT and TadA 

(a,b,c,d) Measurements by Microscale Thermophoresis (MST) of the Kd of various tRNAs for mouse 

ADAT (both WT and mutants) and E. coli TadA. The Kd values can vary between the different tRNAs. 

ADAT can even bind to non‐cognate tRNAs. Binding is dependent on ADAT3‐specific loop, as assessed 

by the ΔLoop mutant, and notably on ADAT3 N‐terminal domain, as assessed by the ΔN mutant. The 

disease‐causing mutation V128 does not prevent tRNA binding. 
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Supplementary Figure 6. Comparison of mouse and yeast ADAT complexes. 

(a) Superposition of both mouse ADAT2/ADAT3 structures (blue and magenta) and yeast Tad2p/Tad3p 

structure  (coloured  green).  The  mouse  and  yeast  complexes  show  structural  similarities  and 

dissimilarities. Specifically, yeast Tad2p has an additional C‐terminal domain (green‐cyan), not present 

in mouse ADAT2, whose  function  is  unknown and  that wraps  around  Tad2p  deamination  domain. 

Mouse ADAT3‐N and yeast Tad3p‐N domains are indicated with a significant difference in positioning, 

although their movement could bring them in similar positions compared to their respective catalytic 

domains. The position of mouse and yeast ADAT3 specific loops are indicated. The mouse loop is closer 

to ADAT2 active site, in agreement with a potential role in tRNA positioning for catalysis, as suggested 

by  our  deamination  assays.  (b)  Superposition  of  the  ADAT3‐N  domains  of mouse  and  yeast  ADAT 

complexes displayed from their tRNA binding sides. The colour code is the same as in (a). Despite a 

similar  fold,  significant  structural differences are observed  for both  their  FLDs and  their  additional 

structural  subdomains.  Specifically,  the  structural  environment  of mouse V128  is  different  in  both 

complexes. 
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Supplementary Table 1. Anticodon loops recognized by human/mouse ADAT and E. coli TadA 

tRNA 
Position 

32 
Position 

33 
Position 34 
(wobble) 

Position 
35 

Position 
36 

Position 
37 

Position 
38 

Hs/Mm* 
ALA (AGC)  U  U  A  G  C  A  U 

Hs/Mm 
ARG (ACG)  C  U  A  C  G  G  A 

Hs/Mm 
ILE (AAU)  C  U  A  A  U  A  A 

Hs/Mm 
LEU (AAG)  U  U  A  A  G  G  C 

Hs/Mm 
PRO (AGG)  U  U  A  G  G  G  U 

Hs/Mm 
SER (AGA)  C  U  A  G  A  A  A 

Hs/Mm 
THR (AGU)  C  U  A  G  U  A  A 

Hs/Mm 
VAL (AAC)  C  U  A  A  C  A  C 

Hs/Mm 
All cognate 
tRNAs 

C/U  U  A  A/C/G  A/C/G/U  A/G  A/C/U 

Hs/Mm 
GLY (CCC)  C/U  U  C  C  C  A  U 

E. coli 
ARG (AGC) 

C  U  A  C  G  A  A 

*Hs, Homo sapiens; Mm, Mus musculus. 
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Supplementary Table 2. Crystallographic table. 

Data collection* mADAT WT 
Structure 1 

mADAT WT 
Structure 2 

mADAT V128L 

Space group P 32 2 1 P 2 21 21 P 2 21 21 

Cell dimensions    

a, b, c (Å) 105.47,  105.47,  187.08 52.29, 106.83, 130.58 51.98, 106.81, 129.67 

α, β, γ (°) 90.0,  90.0, 120.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 

Resolution (Å) 50. – 2.96 (3.13 – 2.96) 50. – 2.12 (2.25 – 2.12) 50. – 1.99 (2.11 – 1.99) 

Rsym or Rmerge 9.2 (381.9) 18.0 (242.0) 13.6 (244.4) 

I / σI 26.48 (1.02) 11.57 (1.05) 15.15 (1.05) 

Completeness (%) 99.9 (99.9) 99.8 (99.1) 99.8 (99.1) 

Redundancy 19.7 (19.7) 13.3 (13.3) 13.2 (12.4) 

CC(1/2) (%) 100.0 (54.5) 99.8 (52.2) 99.9 (38.5) 

Refinement    

Resolution (Å) 45.94 – 2.96 49.44 – 2.12 49.38 – 1.99 

No. reflections 25868 42204 49990 

Rwork / Rfree 0.195 / 0.233 0.201 / 0.233 0.189 / 0.218  

Number of atoms    

Protein 3446 3437 3423 

Ions 2 2 2 

Waters 1 167 288 

B-factors    

Protein 122.51 49.24 46.47 

Ions 102.65 35.35 32.01 

Waters 102.69 46.46 49.34 

R.m.s. deviations    

Bond lengths (Å) 0.009 0.008 0.007 

Bond angles (º) 1.065 0.880 0.857 

* Values in parentheses are for the highest-resolution shells. 

 

 

   



11 
 

Supplementary Table 3. Deamination assays. 

 
atRNA/enzyme ratio 
bmean value ± standard deviation from duplicates 
cn.d., not determined. For most samples, the dilution 1:0.3 and 1:0.03 were only tested once and not tested again if (i) no deamination was 
observed  for  these dilutions  in  the  first measurement  and  (ii)  the  1:3 dilution  first measurement was  close or  equal  to  0.  These  single 
measurements have been marked as not determined. The tRNAGly(ACC) was only tested with WT ADAT. 
 

 

1:3
a

1:0.3 1:0.03 1:3 1:0.3 1:0.03 1:3 1:0.3 1:0.03 1:3 1:0.3 1:0.03

ADAT2/ADAT3  98.0±1.4b 75.5±6.4 5.5±0.7 83.0±1.4 65.5±12.0 7.5±10.6 84.0±1.4 73.0±0 69.0±4.2 18.0±1.4 0 0

ADAT2/ADAT2 1.0±1.1 n.d.
c

n.d. 0 n.d. n.d. 7.5±0.7 n.d. n.d. n.d. n.d. n.d.

ADAT3  0 n.d. n.d. 0 n.d. n.d. 0 n.d. n.d. n.d. n.d. n.d.

TadA/TadA 0 n.d. n.d. 94.5±4.9 36.0±9.9 0 0 n.d. n.d. n.d. n.d. n.d.

ADAT2/ADAT3‐ΔNter 0 n.d. n.d. 3.5±2.1 n.d. n.d. 0 n.d. n.d. n.d. n.d. n.d.

ADAT2/ADAT3‐Acidic1 15.0±8.5 0 0 12.0±0 1.0±1.1 1.0±1.1 74.5±0.7 68.5±3.5 15.5±21.9 n.d. n.d. n.d.

ADAT2/ADAT3‐Acidic2 0 0 0 1.0±0 0 0 0 0 0 n.d. n.d. n.d.

ADAT2‐E73A/ADAT3  0 n.d. n.d. 2.0±1.4 n.d. n.d. 11.0±0 3 0 n.d. n.d. n.d.

ADAT2‐E73A/ADAT3‐V225E  0.5±0.7 n.d. n.d. 0 n.d. n.d. 0 n.d. n.d. n.d. n.d. n.d.

ADAT2‐E73A/ADAT3‐ΔCter 2.0±2.8 n.d. n.d. 2.5±3.5 n.d. n.d. 64.0±1.4 0 0 n.d. n.d. n.d.

ADAT2/ADAT3‐Δloop 15.0±0 3.5±2.1 0 44.0±1.4 5.0±4.2 0 71.5±0.7 69.0±2.8 3.5±4.9 n.d. n.d. n.d.

ADAT2/ADAT3‐V128M  76.0±12.7 32.0±5.7 0 80.5±0.7 8.5±7.8 0 80.5±0.7 70.5±0.7 41.0±31.1 n.d. n.d. n.d.

tRNA‐Val(AAC) tRNA‐Ala(AGC)tRNA‐Arg(ACG) tRNA‐Gly(ACC)
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Conclusions and Perspectives 

During my PhD thesis I worked on enzymes associated to human diseases: tcDAC2 and 

ADAT. TcDAC2 is an essential protein of the parasite T. cruzi that causes Chagas disease, 

therefore tcDAC2 represents a potential drug target for treatment. In my second project I 

investigated the mechanism by which a mutation in ADAT complex triggers a 

neurodevelopmental disorder characterized by intellectual disability, microcephaly, 

strabismus, epilepsy.  

Several potent and specific inhibitor leads targeting smHDAC8, to treat schistosomiasis, have 

been developed previously in the team using the piggyback strategy, which combines high-

throughput screening and structure-based drug design. The work in fighting schistosomiasis 

also allowed the discovery of a specific pocket in HDAC8 enzymes where HDAC8-specific 

inhibitors bind. The base of this pocket is formed by a catalytic tyrosine and the walls by the 

L1 and L6 loops. Such a pocket is not present in other HDACs, since it is blocked by 

interactions between residues of these two loops. The HDAC8 specific pocket will guide the 

development of more potent and specific human HDAC8 inhibitors for treatment of cancers, 

for instance neuroblastoma where HDAC8 is upregulated.  

A similar strategy as the one used to target smHDAC8 was applied to target tcDAC2, since 

depletion of tcDAC2 affects the viability of T. cruzi. During my PhD thesis I could solve the 

structure of tcDAC2 in complex with two non-specific inhibitors. These structures revealed 

specific features of tcDAC2. For instance, tcDAC2 harbors similar features of its orthologue 

hHDAC8 but also of other human HDACs (hHDAC1-3). Furthermore, tcDAC2 has a specific 

pocket next to its active site, which is not observed in human HDACs. Besides, tcDAC2 

presents different residue composition in its foot pocket. Therefore, all these specific features 

of tcDAC2 will be used to guide the development of potent and specific tcDAC2 inhibitors 

combining high-throughput screening and structure-based drug design.  

Regarding my second project, the ADAT complex is formed by two subunits, ADAT2 and 

ADAT3. I could determine the importance of ADAT3 N-terminal domain, characteristic of 

eukaryotes, in selecting and binding tRNA molecules. I could determine the first structure of 

the mammalian ADAT complex, which reveals that the capping of the ADAT3 zinc-binding 

site is covered by ADAT3 C-terminal residues, which contributes to ADAT3 inactivity by 

blocking the entrance of the tRNA-adenosine 34. In vitro enzymatic assay also confirmed the 
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inactivity of ADAT3. Furthermore, the disease mutant ADAT complex that contains the 

mutation V128M in the N-terminal domain of ADAT3 is still able to bind tRNAs. Therefore, 

I hypothesize that the decrease of inosine levels observed in tRNAs of patients carrying the 

ADAT V128M mutation might come from the incorrect presentation of the substrate tRNA 

by ADAT3 to the active site of ADAT2, thereby causing an inefficient ADAT activity on 

tRNAs.  

My work on the ADAT complex enables a better understanding of the mechanism of this 

complex and the mechanism behind the neurodevelopmental disorder caused by the mutant 

ADAT. However, further studies are required to understand the implications of the ADAT 

complex on neurodevelopmental disorder. For instance, the structures of ADAT in complex 

with tRNAs in context of the wildtype and disease mutant ADAT will reveal the structural 

determinants that triggers the disease process. It will be also important to study ADAT with 

tRNAs bearing a long variable loop, since it seems that the mutant V128M have a lower 

affinity for these tRNAs.   
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Appendix 

During my PhD and within the frame of the European project A-ParaDDisE, I have purified 

enzymes (notably HDAC8 and Sirtuin 2 from Schistosoma mansoni) for some other teams 

forming the consortium and for their collaborators. For this reason, I have been added as co-

author of a couple of manuscripts. These two articles are provided in this appendix. 
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ABSTRACT: The only drug currently available for treatment of the
neglected disease Schistosomiasis is Praziquantel, and the possible
emergence of resistance makes research on novel therapeutic agents
necessary and urgent. To this end, the targeting of Schistosoma mansoni
epigenetic enzymes, which regulate the parasitic life cycle, emerged as a
promising approach. Due to the strong effects of human sirtuin
inhibitors on parasite survival and reproduction, Schistosoma sirtuins
were postulated as potential therapeutic targets. In vitro testing of
synthetic substrates of S. mansoni sirtuin 2 (SmSirt2) and kinetic
experiments on a myristoylated peptide demonstrated lysine long-chain
deacylation as an intrinsic SmSirt2 activity in addition to its known
deacetylase activity for the first time. Focused in vitro screening of the
GSK Kinetobox library and structure−activity relationships of identified
hits led to the first SmSirt2 inhibitors with activity in the low micromolar range. Several SmSirt2 inhibitors showed potency
against both larval schistosomes (viability) and adult worms (pairing, egg laying) in culture without general toxicity to human
cancer cells.

■ INTRODUCTION

Schistosomiasis is a neglected tropical disease, affecting
millions of people in tropical and subtropical countries and
causing more than 300 000 deaths per year.1 One of its major
causative agents is the blood fluke Schistosoma mansoni,
characterized by a complex life cycle, where the parasite is
developed through four morphologically distinct forms, with
two of them, schistosomula and adult worms (AWs), present
in the final human host. Praziquantel (PZQ) is so far the gold
standard for the treatment of schistosomiasis, showing several
positive features like low cost, high efficacy, and low toxicity,2

which made possible its use in mass treatment campaigns.3

Long-term mass treatment with Praziquantel has led to a
reduction in mortality and morbidity in endemic areas,4,5 as
well as to a reduction in treatment efficacy and, in some cases,
to the isolation of resistant strains.6−9 This aspect, in
association with the drug inactivity on larval stages and its
unknown mechanism of action,2,7 renders relying on only one
drug inadequate in the long term and highlights the need for
the development of novel therapeutic agents. Different
approaches have been already studied, for example, the use

of artemisinins10 and benzodiazepines,11 but none of them is
similar to Praziquantel in terms of efficacy, safety, and cost.
The publication of the S. mansoni genome sequence12 made

the research and validation of novel therapeutic targets a
particularly promising paradigm for the development of novel
antischistosomal drugs. A drug repurposing approach,13 based
on targeting orthologues of proteins already targeted in other
pathologies,10 has demonstrated potential for developing
compounds able to selectively inhibit parasitic enzymes
without affecting the corresponding human isoforms. More-
over, since schistosomes can be considered similar to cancer
cells in terms of intensive metabolic activity and invisibility to
host immune system,14 our interest is focused on histone
deacetylase enzymes (HDACs), which are able to remove
acetyl groups from lysine residues of histones and other
proteins and are already known cancer drug targets with
clinically approved drugs. The essentiality of several histone
deacetylases for growth and survival has already been
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demonstrated in a variety of parasite genera, including
Plasmodium, Leishmania, Trypanosoma, and Schistosoma.15

The complex life cycles of these parasites are subject to
complex epigenetic regulation, and the selective inhibition of
enzymes involved in these processes, including HDACs,
represents a valid therapeutic strategy. For example, in the
cases of Plasmodium falciparum and Trypanosoma brucei,
several molecules display selective in vitro and in vivo
inhibitory activity against parasitic Zn2+-dependent HDACs
(classes I and II).15 This approach has also led to the
development of selective inhibitors of S. mansoni HDAC8,
including a mercaptoacetamide analogue of suberoylanilide
hydroxamic acid,16 alkylhydroxamates,17 and benzoylhydrox-
amates,18 characterized by submicromolar or nanomolar IC50
values for SmHDAC8 with good selectivity over hHDAC1,
hHDAC6, and, in some cases, also over hHDAC8. Some of
these compounds also had low micromolar EC50 values for
killing schistosome larvae and abolished pairing stability and
egg laying in adult worms.16−18

The situation is different for NAD+-dependent HDACs
(class III, sirtuins), where, despite their evident potential as
human anticancer and metabolic disease targets,19 only one
compound (Selisistat) has reached clinical trials so far as a
potential treatment for Huntington’s disease. In parasites,
sirtuin isoforms have been identified in P. falciparum (Pf Sir2A
and Pf Sir2B),20,21 Trypanosoma cruzi (TcSir2rp1 and
TcSir2rp3),22,23 and Leishmania (LmSir2rp1 and Li-
sir2rp1),24,25 but most in vitro tested inhibitors showed
modest activity and/or lack of selectivity.15 An exception is
provided by bisnaphthalimidopropyl derivatives that showed
significant activity in vitro and in mice chronically infected with
Leishmania infantum.26

In 2013, Lancelot et al. published the identification and
characterization of five S. mansoni sirtuins (SmSirt1, SmSirt2,
SmSirt5, SmSirt6, and SmSirt7) as orthologues of their
respective mammalian counterpart isoforms.27 Furthermore,
it was demonstrated that Sirtinol and Salermide, known
inhibitors of human sirtuin 1 and 2 (hSirt1 and hSirt2),28−30 in
addition to being inducers of selective apoptosis in cancer cell
lines29,31 and showing protective effects in a muscular
dystrophy model in nematodes,32 have proapoptotic effects
in schistosome larvae (schistosomula), through DNA frag-
mentation, and markedly reduce pairing stability and egg
production in adult worms. These features support the
potential of Schistosoma sirtuins as drug targets for the
development of novel and selective antischisosomal drugs.
Beyond their deacetylase activity, human sirtuins are also

implicated in the removal of short, medium, and long fatty acyl

groups from lysine residues of histone and nonhistone
proteins.33−38 Lysine acylation has been identified as a
posttranslational modification, and it is strongly connected to
regulation of metabolism. In fact, metabolic intermediates are
used for this process, and enzymes implicated in energy
pathways are, in many cases, subject to these modifica-
tions.36,39,40 Although deacylation of acyl-lysine is a common
feature for all mammalian sirtuins, each isoform is charac-
terized by a different pattern of specificity and efficiency for
deacylation that may be quite distinct from the deacetylase
activity.41 In parasites, studies regarding lysine deacylation are
lacking so far with the exception of the medium and long fatty
acyl chain removal by Pf Sir2A in P. falciparum.42 In a previous
study, we established a homogeneous in vitro assay for the
determination of SmSirt2 deacetylase activity, which uses the
readily available (Z)-(Ac)Lys-AMC (ZMAL, 1) and represents
an optimal tool for cost-efficient high-throughput campaigns.43

To further characterize the function of SmSirt2, we performed
and reported here the analysis of SmSirt2 lysine deacylation
activity by the use of both lysine-derived small-molecule and
oligopeptidic substrates.
Moreover, with the aim of finding novel and selective

druglike inhibitors of SmSirt2, we present an extensive
structure−activity relationship (SAR) study concerning novel
hits identified by an in vitro screening of the Kinetobox
library,44 provided by GSK. This library is constituted by
compounds that were shown to be potent and specific
inhibitors of growth of Leishmania donovani, T. cruzi, and T.
brucei with low human cellular cytotoxicity.44 The kinetoplastid
parasites Leishmania sp. and Trypanosoma sp. are characterized
by complex morphological changes and an involvement of
epigenetic regulation during their life cycle, and we postulated
that the screening of this diverse library would be a good
starting point for our study on S. mansoni aimed at identifying
novel chemical entities able to interfere with parasite growth. S.
mansoni is phylogenetically very distant from kinetoplastids,
but has similar dynamic phenotypic changes through the
different life stages, some of them implying epigenetic
modifications.45 This inhibitor collection is freely available
and provides a set of 592 compounds with diverse structural
features, potentially providing novel chemical space for
chemically yet uncharted targets. Here we present new hits
for SmSirt2 (as well as hSirt2) and present initial SAR to
further characterize ligand affinity and specificity to SmSirt2. In
particular, we can show for the first time that SmSirt2 is a
druggable target with selectivity over hSirt2. Moreover, several
of the characterized SmSirt2 inhibitors were active against both
schistosomula larvae and adult worms in culture. Some of the

Scheme 1. Synthesis of 3a−ga

aReagents and conditions: (a) (Z)-Lys-OH, 1 M sodium hydroxide, water, room temperature (rt), 20−45 min; (b) AMC (structure shown),
phosphoryl chloride, dry pyridine, −15 °C, 40 min to 3 h.
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negative controls showed activity on Schistosoma as well, but
they were also toxic against human cancer cells in culture. In
contrast, selective SmSirt2 inhibitors did not show toxicity in
mammalian cells, further supporting the use of SmSirt2 as a
valuable drug target in schistosomes.

■ RESULTS

Short-, Medium-, and Long-Chain Deacylation Activ-
ity of SmSirt2. To extend the biochemical characterization of
SmSirt2 activity, we studied its ability to deacylate long-chain
fatty acids from the ε-amino group of lysine substrates. We
synthesized seven analogues of the SmSirt2 substrate (Z)-
(Ac)Lys-AMC (ZMAL) 1, i.e., 3a ((Z)-(But)Lys-AMC), 3b
((Z)-(Hex)Lys-AMC), 3c ((Z)-(Oct)Lys-AMC), 3d ((Z)-
(Dec)Lys-AMC), 3e ((Z)-(Lau)Lys-AMC), 3f ((Z)-(Myr)-
Lys-AMC), and 3g ((Z)-(Pal)Lys-AMC, ZMML), by replacing
its acetyl group with short, medium, and long acyl chains.
Substrate 1 was synthesized according to published proce-
dures.46 For the preparation of 3a−g, the appropriate acyl
chlorides (commercially available for 3a−d and 3g, and
synthesized for 3e and 3f by reaction of the corresponding
lauric or myristic acid with thionyl chloride) were treated with
(Z)-Lys-OH, leading to the formation of the ε-acyl-(Z)-Lys-
OH 2a−g, which were converted into the desired substrates
3a−g by treatment with phosphorus oxychloride and 7-amino-
4-methylcoumarin (AMC) (Scheme 1).
Then, we used the acyl-lysine substrates 3a−g, in

comparison to the acetylated 1, in the homogeneous
fluorescence-based assay,43 to evaluate the ability of SmSirt2
to catalyze their conversion into free lysine substrate.
Compounds 1 and 3a−g were tested at 10.5 μM with one
time point measurement, according to a published procedure
for 1.43 As shown in Figure 1A (Table S1 in the Supporting
Information), the measured substrate conversion increases
with increasing chain length from acetyl to hexanoyl analogues
(see 1, 3a, and 3b), then exhibit an opposite trend from the
octanoyl to the palmitoyl analogue (from 3c to 3g). When
tested with hSirt2 (Figure 1B and Table S2), 1 and 3a−g
showed a somewhat discontinuous pattern of conversion, with
3a (butyryl) and 3b (hexanoyl) as the best substrates.
Unfortunately, solubility issues did not allow the measurement
of Km values for any of the ZMAL analogues to obtain a more
quantitative overview; however, we performed a quantitative
analysis on peptidic substrates (see below).
Nicotinamide (NA) is a physiological sirtuin inhibitor,

which, once released from NAD+, stays in a subpocket of the
enzyme (pocket C) and, by a rebound mechanism, can block
the enzymatic activity.47 In hSirt2, the lysine acyl chain pocket

is in a close contact with the C pocket, determining the
possibility for NA potency to be influenced by the substrate
acyl chain length.34 To study the effect of short-, medium-, and
long-chain lysine substrates on the relative NA potency for
SmSirt2 inhibition, we measured IC50 values for NA in the
presence of our ZMAL analogues 1 and 3a−g. As shown in
Figure 2 (Table S3), the IC50 values of NA are similar using

substrates up to the decanoyl group (3c), after which they
increase with the growth of the acyl chain length. Since an
opposite trend has been published for acylated peptides and
hSirt2,34 we can hypothesize that, despite the structural
identiy27,48 between the schistosome and the human Sirt2,
these two enzymes are characterized by different kinetics. It
could be possible that the putative structural differences in the
active site/C pocket between hSirt2 and SmSirt2 can explain
the obtained results, but due to a lack of structural data, this is
yet speculative.
To gain a more quantitative insight into the interplay

between SmSirt2 and its acylated substrates, we performed a
kinetic analysis through the use of an high-performance liquid
chromatography (HPLC)-based assay using more soluble
peptides, not tagged with a fluorescent label to rule out
potential artifactual effects. Km, kcat, and kcat/Km of SmSirt2
were measured in the presence of an acetylated (PSDKac) and
a myristoylated peptide (PSDKmyr) derived from α-tubulin,
which is a Sirt2 substrate.49 As shown in Figure 3, the acyl
chain elongation in PSDKmyr determined an increase of
affinity for SmSirt2 without affecting the enzymatic turnover,
with consequent 3-fold higher catalytic efficiency in the
presence of PSDKmyr than with PSDKac (Table 1).
Moreover, since in hSirt2 the acylated substrate binds the

enzyme before NAD+,50 the length of the acyl group could

Figure 1. In vitro conversion of 1 (acetyl) and 3a−g (see Scheme 1) by SmSirt2 (A) and hSirt2 (B). A pure AMC sample is measured to simulate a
(hypothetical) conversion of 100% for comparison. The errors are represented as standard deviation (SD) of the mean (SD, n = 3).

Figure 2. IC50 values of NA against SmSirt2 in the presence of the
acetylated substrate 1 and the acylated ZMAL analogues 3a−g (see
Scheme 1). The errors are represented as standard error (SE) of the
mean (SEM, n = 3). IC50 values are reported in Table S3 (Supporting
Information).
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influence the NAD+-binding affinity for SmSirt2 and have,
more generally, an influence on the NAD+ reaction.
Consequently, the Km values for NAD+ were also analyzed in
the presence of PSDKac and PSDKmyr. As shown in Figure 4,
the extension of the peptide chain length increases the binding
affinity of NAD+ to SmSirt2 and the catalytic turnover. In fact,
a 3-fold higher kcat is the reason for a better catalytic efficiency
in the presence of PSDKmyr than with PSDKac (Table 1).
There was no inhibition of ZMAL conversion by PSDKac in a
concentration of 300 μM (data not shown).
To further characterize the deacylation reactivity, we

compared the potency of selected reference hSirt2 deacetyla-
tion inhibitors (NA, SirReal1 and 2,51 AEM252) with their
ability to inhibit the demyristoylation reaction. As reported in
Table 2, while in hSirt2, these compounds show higher
inhibitory potency for deacetylation than for demyristoylation,
they did not inhibit either reaction catalyzed by SmSirt2, with
the only exception of NA.
SmSirt2 Inhibition. Using the in vitro43 assay described

above, we initially screened the Food and Drug Admin-
istration-approved drugs library (provided by Enzo Life

Sciences AG, Switzerland) that had already been tested on
schistosomula and adult worms.54,55 Idebenone (4) emerged
as an overlapping compound that was known to block the
growth of schistosomula and showed good SmSirt2 inhibition
potency and selectivity over hSirt256 (Figure 5). Although
Idebenone probably has a pleiotropic mode of action, this lent
credence to our approach to identify druggable molecules from

Figure 3. Michaelis−Menten plots for SmSirt2-dependent deacetylation (A) and demyristoylation (B). The error bars indicate standard error of
the mean (n ≥ 2).

Table 1. Kinetic Parameters of PSDKac, PSDKmyr, and NAD+ for SmSirt2

Km (μM)a kcat (min−1)a kcat/Km (s−1 M−1)a

PSDKac 40.9 ± 12.2 (31.8 ± 2.4) × 10−2 (1.3 ± 0.3) × 102

PSDKmyr 15.1 ± 2.5 (33.8 ± 1.3) × 10−2 (3.7 ± 0.9) × 102

NAD+ (PSDKac) 33.9 ± 8.5 (10.3 ± 0.6) × 10−2 (5.1 ± 1.8) × 101

NAD+ (PSDKmyr) 13.3 ± 2.3 (32.3 ± 1.3) × 10−2 (4.1 ± 0.9) × 102

ZMML 37.5 ± 12.7 (50.6 ± 4.9) × 10−4 (1.3 ± 0.4) × 102

NAD+ (ZMAL) 75.8 ± 8.1 (71.3 ± 3.2) × 10−4 (9.4 ± 4.0) × 101

NAD+ (ZMML) 9.3 ± 1.9 (51.8 ± 1.6) × 10−4 (5.6 ± 0.9) × 102

aReported as ±SE. Km for ZMAL (59 μM) taken from ref 43.

Figure 4. Michaelis−Menten plots for NAD+ with PSDKac (A) and with PSDKmyr (B) in SmSirt2. The error bars indicate standard error of the
mean (n ≥ 2).

Table 2. Activity of hSirt2 Standard Inhibitors with 1 or 3f
as Substrates

SmSirt2 hSirt2

IC50 (μM)a or % inhibition at
20 μM

IC50 (μM)a or % inhibition at
20 μM

compound 1 3f 1 3f

NA 23.1 ± 1.8 420 ± 11.6 49.8 ± 4.6b 8.7 ± 0.5%
SirReal1 24.2 ± 0.8% <15% 3.7 ± 0.8c <15%
SirReal2 <15% <15% 0.4 ± 0.1c <15%
AEM2 <15% <15% 2.5 ± 0.2b 42.8 ± 3.0%

aIC50 are reported as ±SEM (n = 3), for inhibition % ±SD (n = 3).
bRef 53. cRef 51.
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a diverse set of compounds that also show antischistosomal
activity. We next proceeded with the GSK Kinetobox library,
which was initially tested at the fixed assay concentration of 25
μM. Since we were looking for compounds with the IC50 value
in the low micromolar range, we focused our attention only on
compounds with inhibitory potency higher than 50% at that
concentration. Furthermore, to test whether hits quench the
AMC signal, inhibit the detection enzyme trypsin, or are
autofluorescent compounds, all promising candidates were
subjected to counteranalysis to exclude false positives and false
negatives (data not shown). Compounds showing no assay

interference and a dose-dependent activity were then tested on
hSirt2 to evaluate their selectivity. Among the 592 tested
compounds, we identified three hits characterized by potency
in the low micromolar range: TCMDC-143159 (5), TCMDC-
143362 (6), and TCMDC-143295 (7) (Figure 5). Due to
reported toxicity of the anabasine ring,57 present in 5, we
decided initially to resynthesize 6 and 7 to confirm their
activity and to modify their structures to obtain analogues with
improved activity and selectivity profiles. Since the inhibition
of hSirt2 is an undesired feature in new antischistosomials, but
might identify new scaffolds for optimization of human sirtuin
inhibitors, we followed the lead of 6 as an unselective
compound to some extent but focused mostly on the selective
compound 7.

Synthesis and Initial SAR of 1,2,4-Oxadiazolyl
Compound 6. As previously cited, Feldman et al. have
recently published the crystal structure of hSirt2 in complex
with myristoylated peptides, showing the placement of the acyl
chain in a hydrophobic pocket and the conservation of this
localization during the entire catalytic reaction.34,51 Since this
could also be the case in SmSirt2, after establishing its
synthesis, initial optimization of 6 was attempted with the
replacement of the acetyl group with a longer fatty acyl group,
such as an octanoyl (11) or a decanoyl (12) chain, to
potentially address such a pocket. The synthesis of 6 and its
analogues 11 and 12 is outlined in Scheme 2. A nucleophilic
substitution between the commercially available 2-(piperidin-
3-yl) acetic acid ethyl ester and 3-fluoro-2-methylbenzyl
bromide was performed to obtain the intermediate 8. The
reaction between the requisite acyl chlorides and 4-amino-
benzonitrile yielded the 4-cyanoanilides 9b and 9c which,
together with the commercially available 4-cyanoacetanilide 9a,
were treated with hydroxylamine hydrochloride to give the
benzamidoximes 10a−c. Subsequent condensation between
10a, 10b and 8 afforded the required compounds 6 and 11,
and the reaction between 10c and the acyl chloride of 8,
obtained by hydrolysis of the ethyl ester and subsequent
chlorination, gave the final compound 12.
When tested against SmSirt2 and hSirt2 at 25 μM, the hit 6

was confirmed to have inhibitory activity from the newly
synthesized sample, whereas the octanoyl and decanoyl
analogues 11 and 12 were practically inactive against both

Figure 5. (A) Structure of antischistosomal treatment standard
Praziquantel (PZQ). (B) Structures and in vitro data of idebenone
(4) and hits from the Kinetobox library (5−7). For IC50 values, errors
are represented as ±SEM (n = 3), while for inhibition % as ±SD (n =
3).

Scheme 2. Synthesis of Compounds 6, 11, and 12a

aReagents and conditions: (a) 3-fluoro-2-methylbenzyl bromide, triethylamine, toluene, 0 °C → rt, 18 h; (b) 4-aminobenzonitrile, triethylamine,
dry dichloromethane (DCM), 0 °C → rt, 2 h, N2; (c) hydroxylamine hydrochloride, sodium carbonate, water/ethanol, reflux, 6−8 h; (d) 8, 10a,
potassium carbonate, pyridine, reflux 8 h, then rt 72 h; (e) 8, 10b, potassium carbonate, pyridine, microwave, 180 °C, 10 min, 300 W, then reflux
43 h, and finally rt 12 h; (f) from 8: (i) 1 M lithium hydroxide, ethanol, 20 h, rt; (ii) thionyl chloride, dimethylformamide (DMF), dry DCM, −15
°C → rt, 3 h, N2; (iii) 10c, triethylamine, DMF, dry DCM, rt, 22 h, then 150 °C 3 h, N2.
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parasite and human enzymes (6: SmSirt2 IC50 = 14.5 ± 0.6
μM; hSirt2 IC50 = 8.0 ± 1.1 μM; 11: SmSirt2 inh. 30.5 ± 3.5%;
hSirt2 inh. <15%. 12: SmSirt2 inh. <15%; Sirt2 inh. <15%).
Synthesis and SAR of Pyrimidopyrimidine 7. To work

on the structure of hit 7, we started with a fragment-based
approach with the development of analogues with a simplified
structure, to identify the substructure(s) responsible for the
inhibitory activity. In particular, since the 2,4,7-triaminopyr-
imidopyrimidine moiety of 7 (“part A”, Figure 6) could mimic
the adenosine part of NAD+, we synthesized a first generation
of analogues keeping this portion fixed and introducing several
modifications at the Nα (Figure 6). More precisely, we
purchased parent pyrimido[4,5-d]pyrimidine-2,4,7-triamine 13
and prepared derivatives where Nα is a secondary (14, 18, and
19), tertiary (20−23), or inserted in a cyclic amine (15−17).
While 14−17 are characterized by small amine substitution at
the C7 position, the N7-benzylpyrimido[4,5-d]pyrimidine-
2,4,7-triamines 18−23 represent the most substituted com-
pounds of the series, with changes at the Nα, Cβ, and C4
benzyl positions (“part B”, Figure 6).
As shown in Table 3 (see below), compounds 13−22 show

complete loss of activity on SmSirt2 and remain inactive on the
human enzyme. Among the simplified analogues, only 23,
bearing a large phenyl substituent on the right-hand side of the
molecule (4-biphenyl portion; “part C”, Figure 6), displayed
low SmSirt2 inhibition. As a consequence, we designed a
second generation of analogues in which small focused
modifications were applied, without leading to an excessive
alteration of the prototype structure, but maintaining a high

similarity to it. Specifically, we focused on the Nα, Cβ, and Cγ
positions of 7 (Figure 6) through the removal of the methyl or
methoxy groups (24−26). We increased the steric hindrance
of the Cβ substituent (part B, Figure 6), by replacing the
methyl with an ethyl, isopropyl, or phenyl group (27−29, 33,
and 41), and we explored the effect of replacement of the 4-
methoxyphenoxy portion of 7 (part C, Figure 6) with other
substituted phenoxy, 1-naphthyloxy, benzyloxy, phenylthio,
aniline, and benzanilide moieties (30−44).

Chemistry. The pyrimido[4,5-d]pyrimidine-2,4,7-triamine
13 is commercially available. The final compounds 14−44
were prepared by reaction between the commercial 4-amino-2-
bromopirimidine-5-carbonitrile and the appropriate amines 46
in anhydrous 2-methoxyethanol, in the presence of triethyl-
amine at 80 °C. The obtained pyrimidine intermediates 47
were converted into the desired compounds 14−44 through
condensation reactions performed at 150 °C with the
guanidine free base in dry 2-methoxyethanol (Scheme 3).
The amines 46a−h used for the synthesis of the pyrimidine
intermediates 47a−h are commercially available and were
purchased from vendors. The amines 46i−f′, useful synthons
for the synthesis of the final compounds 22−44, were prepared
by reaction of the corresponding phenyl ketones or aldehydes
45a−w with 7 M ammonia (for secondary amines) or 2 M
methylamine (for tertiary amines) solution in anhydrous
methanol in the presence of titanium isopropoxide at room
temperature, followed by the addition, after the formation of
the imine intermediates, of the reducing agent sodium
borohydride at 0 °C under nitrogen atmosphere (Scheme

Figure 6. Overview of analogues of 7: fragment-based approach and SAR studies.
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Table 3. In Vitro Inhibition of SmSirt2 and hSirt2 by 7, 13−44, 46k, and 47m
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Table 3. continued

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.9b00638
J. Med. Chem. 2019, 62, 8733−8759

8740

http://dx.doi.org/10.1021/acs.jmedchem.9b00638


4A). The phenyl ketones/aldehydes 45a−e are commercially
available. The ketones 45f−q and 45s−u were synthesized by
reaction between the appropriate aromatic alcohols or thiols
and the 1-(4-fluorophenyl)ethan-1-one, -propan-1-one, -2-
methylpropan-1-one, and -(phenyl)methanone in the presence
of anhydrous potassium carbonate in dry DMF at 175 °C
(Scheme 4B). The 1-(4-((4-methoxybenzyl)oxy)phenyl)-
ethan-1-one 45r,58 the 1-(4-((4-methoxyphenyl)amino)-
phenyl)ethan-1-one 45v,59 and the N-(4-acetylphenyl)-4-
methoxybenzamide 45w60 were prepared according to the
literature. For the structures of the intermediates 45 and 46,
see the Supporting Information (Table S4).
All of the above compounds were tested in vitro against

SmSirt243 and hSirt2, to study their selectivity for the parasitic
enzyme (Table 3).56 An amine and a pyrimidine synthetic
intermediates (46k and 47m; see Figure 6 and Table 3 for

their structures) were also included in the list, to confirm the
importance of the intact pyrimido[4,5-d]pyrimidine-2,4,7-
triamine scaffold for the inhibiting activity. The percentages
of inhibition at 25 μM or the IC50 values of the new
compounds tested against SmSirt2 as well as hSirt2 are
reported in Table 3.
As stated above, none of the fragments or simplified

molecules 13−22 showed inhibitory activity on either the
parasite or human enzymes. Only the derivatives carrying the
1-([1,1′-biphenyl]-4-yl)ethyl (23) or 1-(4-phenoxyphenyl)-
ethyl (24) substituent at Nα (Figure 6) partially retained
inhibition against SmSirt2, demonstrating the crucial role of
the substituted phenoxyphenyl or 1,1′-biphenyl portion on the
right-hand side of the molecule (part C, Figure 6). The
removal of the methyl group at either the 7 Nα (see 25) or Cβ
position (see 26) (Figure 6) decreased or totally abolished the

Table 3. continued

aIC50 ± SEM are reported (n = 3), while inhibition % are reported as ±SD (n = 3). bMaximum of observed inhibition: 60%.

Scheme 3. Synthesis of Compounds 7 and 14−44a

aReagents and conditions: (a) triethylamine, dry 2-methoxyethanol, 80 °C, 2.5−8 h; (b) guanidine free base, dry 2-methoxyethanol, 150 °C, 1.5−
4.5 h.
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SmSirt2 inhibitory activity, respectively. In contrast, the
insertion at Cβ of groups bigger than methyl [ethyl (27),
isopropyl (28), and phenyl (29)] generally improved the
SmSirt2 inhibitory potency up to 10-fold, reaching with 29 the
single-digit micromolar level (IC50 = 2.34 μM). Interestingly,
29 is more selective than 7 for SmSirt2 over hSirt2 as judged
by IC50 values, but it reaches only a maximum of inhibition of
60%, which complicates the interpretation of the selectivity
data. The isopropyl derivative 28 was an exception, displaying
a similar inhibitory potency to 7 against SmSirt2 and higher
potency against hSirt2.
At the part C of the molecule (4-methoxyphenoxy moiety,

Figure 6), no particular increase in activity or selectivity was
obtained with the shift of the methoxy group from para to
meta position (30), and the introduction of 3,4-dimethoxy
(31) or 3,4,5-trimethoxy (34) groups at the phenoxy portion,
as well as the replacement of the 4-methoxy with a 4-
trifluoromethoxy (35), 4-methylthio (36), or 4-benzyloxy (37)
group reduced the inhibitory potency against SmSirt2.
However, the insertion of two methoxy groups at the 3,5
position of the phenoxy moiety (32) led to 2-fold increase of
potency against SmSirt2 and improved selectivity over hSirt2.
In this last compound, the further replacement of the methyl
group at Cβ with a phenyl ring (33) determined an additional
increase of potency against SmSirt2 (IC50 = 3.3 μM, 7-fold
higher potency compared to 7), confirming the positive SAR
about Cβ substitution with large groups. The replacement of
the 4-methoxyphenoxy moiety of 7 with the larger 4-methoxy-
1-naphthyloxy (38) or the longer 4-methoxybenzyloxy (39)
group led to a decrease in potency against SmSirt2 and, in the
case of 39, improved hSirt2 inhibition. Again in the 4-
methoxyphenoxy group, the isosteric change oxygen−sulfur
atom led to the 4-methoxyphenylthio analogue 40, which
produced a 1.6-fold enhancement of SmSirt2 inhibition (IC50 =
14.9 μM), combined with improved inhibition of the human
enzyme (IC50 = 13.3 μM). The further change from the 4-
methoxy to the 3,5-dimethoxy substitution at the phenylthio
moiety of 40 provided 41, which showed improved potency
and selectivity against SmSirt2 (SmSirt2 IC50 = 4.3 μM, hSirt2
inhibition = 27.9% at 25 μM). Moreover, the combination of

the positive SAR of the series with the replacement of the Cβ
methyl of 41 with the Cβ phenyl group gave 42, the most
potent compound of the series versus SmSirt2 (IC50 = 2 μM)
and 10-fold selective over the human counterpart hSirt2 (IC50
= 21.5 μM).
The replacement of the 4-methoxyphenoxy portion with a 4-

methoxyaniline (43) or 4-methoxybenzamide (44) group led
to a decrease in potency against SmSirt2. Finally, the total
absence of inhibitory activity against both parasitic and human
enzymes by the intermediates 46k and 47m confirmed the
importance of the intact pyrimido[4,5-d]pyrimidine-2,4,7-
triamine scaffold (part A, Figure 6) for the inhibitory activity
of such compounds. The inhibiting activity of selected
compounds 33, 36, 41, 42, and 44 was also evaluated in the
presence of the myristoylated substrate 3f instead of the
acetylated 1. As reported in Table 4, in many cases, no

significant inhibition was measured in the presence of SmSirt2
and hSirt2 with the exception of 33, 41, and 42, which show an
inhibitory potency for the hSirt2-catalyzed demyristoylation in
the low micromolar range. This may present a new starting
point for the development of human Sirtuin inhibitors with a
selectivity for long-chain acyl removal, as so far a preference, if
any, has been observed only for deacetylation.

Scheme 4. Synthesis of the Intermediate Compounds 45 and 46a

aReagents and conditions: (a) 2 M methylamine in methanol, titanium isopropoxide, dry tetrahydrofuran (THF), N2, 5−6 h, rt, then sodium
borohydride, N2, 2 h, rt; (b) 7 M ammonia in methanol, titanium isopropoxide, N2, 5 h, rt, then sodium borohydride, N2, 2 h, rt; (c) anhydrous
potassium carbonate, dry DMF, 175 °C, 5 h.

Table 4. Inhibitory Activity of Selected Compounds 33, 36,
41, 42, and 44 against SmSirt2 and hSirt2 with
Myristoylated 3f as Substrate

SmSirt2 (3f) hSirt2 (3f)

compound
IC50 (μM)a or % inhibition at

20 μM
IC50 (μM)a or % inhibition at

20 μM

7 16.8 ± 1.14b <15%
33 <15% 13.1 ± 2.2
36 <15% 38.1 ± 5.2%
41 15% 25.1 ± 4.1
42 <15% 15.6 ± 1.9
44 <15% <15%

aIC50 values are reported as ±SEM (n = 3), while inhibition % as
±SD (n = 3). bMaximum of inhibition: 45%.
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We also tested compounds 26, 33, 39, and 41 on human
isotypes Sirt1 and 3 regarding deacetylation. All compounds
showed less than 15% inhibition at 25 μM (data not shown),
while 500 μM of nicotinamide led to complete inhibition as
expected.51 Evenmore, hSirt2 is the closest human homologue
to SmSirt248 (see also Table S5; data not shown for hSirt1, 3).
In Vitro Effects on Schistosomula and Adult Worms.

To evaluate whether these optimized compounds have effects
on the parasite, 29, 32, 33, 41, and 42 together with the
prototype 7 were tested on schistosomula and adult worms.
Two potential negative controls 26 and 39 were also included
in the series. As shown in Table S6, all tested compounds
reduce the viability of cultured schistosomula at 10 and 20 μM,
including 26 and 39, which show low or no activity on the
recombinant enzyme (Table 3).
Experiments on adult worms report a similar trend (Figure

7), where again the SmSirt2 inhibitors as well as the potential
negative controls reduce worm pairing and egg laying already
after 24 h of culture. While the possibility that the enzyme
inhibitors do exert their effects via inhibition of SmSirt2 cannot
be ruled out, the strong effects that 26 and 39 also have on
parasite viability and reproduction indicate that the effects of
compounds shown in Figure 7 on the parasite may be at least
in part due to the modulation of other targets (off-target
effects).
To get some further insight, we measured selected

compounds 7, 26, 29, 32, 33, 39, and 41 for toxicity on
human cultured cancer cells using an 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium viability assay. In this assay, the compounds that are
inactive on SmSirt2 but active on schistosomes also show
toxicity on the human cells, while the SmSirt2 inhibitors with
activity on the worms do not show this general toxicity (see
Figure 8).

■ DISCUSSION AND CONCLUSIONS
The identification of a robust deacylase activity, supported by
kinetic investigations, expands the range of possible biological
activities relevant for SmSirt2. The high demyristoylation
efficiency of this enzyme suggests the merit of undertaking
future investigations on deacylation inhibition, in addition to
deacetylation inhibition, as a new strategy to kill both
schistosomula and adult worms. For inhibitors of hSirt2 with
a thiomyristoylated lysine core (also called TM), it has been
proposed that a dual deacetylase/demyristoylase activity is
beneficial for cellular potency in cancer cells and selectivity
over noncancer cells.61

With the aim of finding potent and selective inhibitors of
SmSirt2, we performed screening of the GSK Kinetobox
library, composed of 592 compounds with proven activity
against cultured kinetoplastids, namely, L. donovani, T. cruzi,
and T. brucei. From an initial test, we identified 5−7 as
valuable hits for further optimization. As outlined above, we
focused our attention on 6 and 7. Regarding 6, the attempt to
potentially target the enzymatic (possibly extended) C pocket
through an octanoylated and decanoylated analogue led to a

Figure 7. Effects of 7 and its analogues on adult worms (AWs) pairing at 10 and 20 μM ((A) and (B), respectively). Assay used: microscopy
examination. Results after 24, 48, and 72 h are represented by the black, white, and checkered bars, respectively. Effect of these compounds on egg
laying (C). Compounds 26 and 39 do not block SmSirt2 in vitro.

Figure 8. Growth inhibition of HL-60 acute myeloid leukemia cells by
compound 7 and selected analogues at 10 μM assay concentration.

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.9b00638
J. Med. Chem. 2019, 62, 8733−8759

8743

http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.9b00638/suppl_file/jm9b00638_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.9b00638/suppl_file/jm9b00638_si_001.pdf
http://dx.doi.org/10.1021/acs.jmedchem.9b00638


loss in activity. Extensive SAR studies performed on 7
highlighted the crucial role of the presence of the intact
pyrimido[4,5-d]pyrimidine-2,4,7-triamine (part A of the
molecules), disubstituted at N7 (Nα in Figure 6) with a
methyl and a substituted 1-phenylethyl moiety (part B),
further carrying a substituted phenoxy/phenylthio group at its
C4 position (part C), recognized as crucial to elicit SmSirt2
inhibitory potency and selectivity over hSirt2 (Figure 6). In
particular, the presence at part C of the 4-methoxyphenoxy,
3,5-dimethoxyphenoxy, and 3,5-dimethoxyphenylthio portions,
combined with the phenyl group at the Cβ position (part B),
led to the most potent derivatives 29, 33, 41, and 42 with IC50
values in the single-digit micromolar range for SmSirt2.
Experiments with 7 and its analogues on schistosomula and
adult worms showed strong activity, which was also present in
enzymatically inactive compounds. However, while com-
pounds 26 and 39, inactive on SmSirt2, also showed unspecific
toxicity to human cancer cells, the selective SmSirt2 inhibitors
7, 29, 32, 33, and 41 were nontoxic to human cancer cells.
Generally, the compounds show good properties in terms of
druglikeness, e.g., log P values are between 2.7 (32) and 4.6
(42) (see Table S7). Molecular weight is mostly above 400 but
only up to 525 Da maximum.
Thus, for the first time, we can show that SmSirt2 can be

drugged with selectivity over the human isotype (especially 29,
33, and 41), and the inhibitors block Schistosoma growth
without general toxicity to human cells. This can be used as
starting point for further optimization studies. In addition,
leads for new inhibitors of hSirt2 have been identified,
interestingly some with a preference for demyristoylation
over deacetylation.

■ EXPERIMENTAL SECTION
Recombinant Production and Purification of SmSirt2.

Recombinant expression and purification of SmSirt2 were done as
previously described.43 Briefly, overexpression was carried out in E.
coli BL21(DE3) cells in 2× Luria Broth medium. The cells were
grown to OD600 of 1.2 at 37 °C; then, the culture was cooled down to
25 °C and induction of expression was done by adding 0.5 mM final
isopropyl-1-thio-β-D-galactopyranoside (Euromedex), in the presence
of 100 μM ZnCl2. Harvested bacteria were resuspended in lysis buffer
(400 mM NaCl, 10 mM Tris−HCl pH 8.0) and lysed by sonication.
The lysate was clarified by centrifugation (17 000 rpm, JA-25.50
Beckman) for 1 h. The supernatant was loaded onto Talon Metal
affinity resin (Clontech) preequilibrated with the lysis buffer. The 3C
protease treatment was used to remove the His-tag from the
recombinant protein, which was subsequently loaded onto HiLoad
16/60 Superdex 200 gel filtration column (Amersham Bioscience)
equilibrated in 400 mM NaCl, 10 mM Tris−HCl pH 8.0, and 2 mM
dithiothreitol (DTT). Finally, the protein was concentrated with an
Amicon Ultra centrifugal filter unit (Millipore) to reach a final
concentration of 1.5 mg/mL as assayed by the A280 measurement
(NanoDrop).
Long-Chain Deacylation. Conversion in comparison to the

theoretical maximal conversion (100% ZMAL conversion, obtained
by measuring 10.5 μM AMC) of 3a−g by SmSirt2 and hSirt2 and
their inhibition were evaluated by homogeneous assay using 10.5 μM
assay concentration of potential substrates (prepared from 12.6 mM
stock solution in dimethyl sulfoxide (DMSO) and diluted with assay
buffer) instead of ZMAL. Regarding hSirt2, 25 mM N-(2-
hydroxyethyl)piperazine-N′-ethanesulfonic acid (HEPES), 137 mM
NaCl, 2.7 mM KCl, 1 mM MgCl2, 0.015% Triton X-100, pH = 8.0
were used as assay buffer. OriginPro 9.0 G and GraphPad 7.0 were
used for the analysis of results.
Kinetic Analysis of PSDKac and PSDKmyr. Deacylation

reactions were evaluated by reversed-phase HPLC (Kinetex XB-C18

column, 100 Å, 5 μm, 250 × 4.6 mm2) by monitoring the formation
of the deacylated product at 214 nm. Linear deacylation rates were
determined by incubation of 47 μL of SmSirt2 solution (104 ng/μL;
final assay concentration, 80 ng/μL) in assay buffer (25 mM HEPES,
137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 0.015% Triton X-100, pH
= 8.0) with 3 μL of DMSO, 5 μL of PSDKac (Ac-Pro-Ser-Asp-
Lys(acetyl)-Tyr-Ile-Gly-Gly-Trp-Trp-NH2 custom synthesized by
PSL, Heidelberg, Germany) or PSDKmyr (Ac-Pro-Ser-Asp-Lys-
(myristoyl)-Tyr-Ile-Gly-Gly-Trp-Trp-NH2 custom synthesized by
PSL, Heidelberg, Germany) solution (prepared from 3.6 mM stocks
in DMSO and diluted with assay buffer; concentration range, 10−300
μM), and 5 μL of NAD+ (prepared from 6 mM stock in assay buffer
and diluted in assay buffer; final assay concentration, 500 μM). At 0,
1, 3, 5, 10, 20, and 30 min, the deacylation was quenched with 6.7 μL
of trifluoroacetyl (TFA) (10% in assay buffer; final assay
concentration, 1%), incubated for 5 min at 37 °C and then
centrifuged for 10 min at 14 000g. The supernatant (55 μL) were
transferred into HPLC vials and analyzed. Each experiment was done
twice in duplicate. The HPLC method was used to evaluate the
deacylation: eluent A, H2O + 0.05% TFA; eluent B, acetonitrile +
0.05% TFA; 0−4 min, linear increase from B = 10 to 40%; 4−10 min,
linear increase to B = 60%; 10 min, linear increase to B = 100%; 10−
14 min, B = 100%; 14−16 min, linear decrease to B = 10%; 16−25
min, B = 10% with a flow rate of 1 mL/min. The following method
has been used to follow demyristoylation reactions: eluent A, H2O +
0.05% TFA; eluent B, acetonitrile + 0.05% TFA; 0−5 min, linear
increase from B = 10 to 40%; 5−8.5 min, linear increase to B = 80%;
8.5−9.5 min, linear increase to B = 90%; 9.5−10.5 min, linear increase
to B = 100%; 10.5−15 min, B = 100%; 15 min, B = 100%; 15−18
min, linear decrease to B = 10% with a flow rate of 1 mL/min. The
quantification of product peaks allowed the determination of
deacylation rates, and the data have been fitted to the Michaelis−
Menten equation. GraphPad Prism has been used to determine Km,
kcat, and kcat/Km.

Kinetic Analysis of NADPSDKac
+ and NADPSDKmyr

+. Deacylation
reactions were evaluated by reversed-phase HPLC (Kinetex XB-C18
column, 100 Å, 5 μm, 250 × 4.6 mm2) by monitoring the formation
of the deacylated product at 214 nm. Linear deacylation rates have
been determined by incubation of 47 μL of SmSirt2 solution (104 ng/
μL; final assay concentration, 80 ng/μL) in assay buffer (25 mM
HEPES, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 0.015% Triton
X-100, pH = 8.0) with 3 μL of DMSO, 5 μL of PSDKac or PSDKmyr
(prepared, respectively, from 2.4 and 0.96 mM stock in DMSO and
diluted with assay buffer, saturating assay concentrations), and 5 μL of
NAD+ (prepared from 6 mM stock in assay buffer and diluted with
assay buffer; NAD+ assay concentration range, 10−250 μM). At 0, 1,
3, 5, 10, 20, and 30 min, the deacylation was quenched with 6.7 μL of
TFA (10% in assay buffer; final assay concentration, 1%), incubated
for 5 min at 37 °C and then centrifuged for 10 min at 14 000g. The
supernatant (55 μL) was transferred into HPLC vials and analyzed.
Each experiment was done twice in duplicate. Deacetylation and
demyristoylation were evaluated using the same HPLC methods
described for PSDKac and PSDKmyr, respectively. The quantification
of product peaks allowed the determination of deacylation rates, and
the data have been fitted to the Michaelis−Menten equation. Km,NAD

+,
kcat,NAD

+, and kcat/Km have been determined using GraphPhad Prism
7.0.

Kinetic Analysis of ZMML. Deacylation reactions were evaluated
by a homogeneous fluorescence-based assay. SmSirt2 solution (14 μL,
104 ng/μL, final assay concentration 80 ng/μL) in assay buffer (25
mM Tris−HCl, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 0.5 mM
DTT, 0.015% of Triton X-100, pH = 8.0) with 1 μL of DMSO, 2.5 μL
of ZMML solution (prepared from 12.6 mM stocks in DMSO and
diluted with assay buffer; concentration ranges, 10−250 μM), and 2.5
μL of NAD+ (prepared from 4 mM stock in assay buffer and diluted in
assay buffer; final assay concentration, 500 μM) was added to start the
reaction. At 0, 1, 3, 5, 10, 20, and 30 min, the deacylation was
quenched with 20 μL of stop solution (50 mM Tris, 100 mM NaCl,
6.7% (v/v) DMSO, trypsin 1 mg/mL, 8 mM nicotinamide, pH = 8.0).
The plate was incubated for 20 min at 37 °C and 250 rpm, and the
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fluorescence intensity was measured in a microplate reader (λex = 390
nm, λem = 460 nm, BMG POLARstar Optima, BMG Labtech,
Germany). Each experiment was done in duplicate. Deacylation rates
were evaluated in relation to theoretical maximal conversion (100%
conversion of ZMML obtained by measuring respective concentration
of AMC), and the data have been fitted to the Michaelis−Menten
equation. Origin 9.0 G has been used to determine Km, kcat, and kcat/
Km.
Kinetic Analysis of NAD(ZMAL)

+ and NAD(ZMML)
+. Deacylation

reactions were evaluated by a homogeneous fluorescence-based assay.
SmSirt2 solution (14 μL, 104 ng/μL; final assay concentration, 80 ng/
μL) in assay buffer (25 mM Tris−HCl, 137 mM NaCl, 2.7 mM KCl,
1 mM MgCl2, 0.5 mM DTT, 0.015% of Triton X-100, pH = 8.0) with
1 μL of DMSO, 2.5 μL of ZMAL or ZMML solution (prepared,
respectively, from 12.6 mM stocks in DMSO and diluted with assay
buffer, saturating assay concentrations), and 2.5 μL of NAD+

(prepared from 4 mM stock in assay buffer and diluted in assay
buffer; assay concentration range, 10−250 μM) was added to start the
reaction. At 0, 1, 3, 5, 10, 20, and 30 min, the deacylation was
quenched with 20 μL of stop solution (50 mM Tris, 100 mM NaCl,
6.7% (v/v) DMSO, trypsin 1 mg/mL, 8 mM nicotinamide, pH = 8.0).
The plate was incubated for 20 min at 37 °C and 250 rpm, and the
fluorescence intensity was measured in a microplate reader (λex = 390
nm, λem = 460 nm, BMG POLARstar Optima, BMG Labtech,
Germany). Each experiment was done in duplicate. Deacylation rates
were evaluated in relation to theoretical maximal conversion (100%
conversion of ZMAL or ZMML obtained by measuring respective
concentration of AMC), and the data have been fitted to the
Michaelis−Menten equation. Origin 9.0 G has been used to
determine Km,NAD

+, kcat,NAD
+, and kcat/Km.

In Vitro Kinetobox Screening (SmSirt2). For the screening of
the Kinetobox library, a homogeneous fluorescence-based assay,
developed in our group, was used to determine SmSirt243 activity.
OriginPro 9.0 G was employed to determine the IC50 values. The
absence of eventual assay interference due to trypsin inhibition was
confirmed according to the published procedures43 (data not shown),
while, to exclude any quenching of the AMC signal, 2.5 μL of an
AMC solution (prepared from 12.6 mM stock solution in DMSO and
diluted with assay buffer; final assay concentration, 10.5 μM) was
used instead of ZMAL in the homogeneous assay. Active compounds
were tested for known classes of assay interference compounds with
the publicily available online tool “False Positive Remover” (www.
cbligand.org). The only compound flagged to have Pan-assay
interference compounds characteristics was the approved drug
Idebenone (4), but none of our leads or analogues in the optimization
campaign.
In Vitro Inhibition of hSirt2. The activity of potential hits on

hSirt2 was measured according to the published procedures.56 All
compounds were initially tested at 25 μM and, for candidates that
showed an hSirt2 inhibition equal to or higher than 50% at this
concentration, IC50 values have been measured and determined using
OriginPro 9.0 G.
General Chemistry Conditions. Reagents, starting materials, and

solvents were used without further purification of the purchased form.
All reactions were monitored by thin-layer chromatography (TLC)
with Merck precoated silica gel 60 F254 plates and analyzed under UV
light (254 nm) using different mobile phases. Microwave-assisted
reactions were performed using a Discover S-1863 microwave system
(CEM GmbH, Germany) and Biotage Initiator (Uppsala, Sweden)
high-frequency microwave synthesizer working at 2.45 GHz, fitted
with a magnetic stirrer and sample processor; reaction vessels were
Biotage microwave glass vials sealed with applicable cap; temperature
was controlled through the internal IR sensor of the microwave
apparatus. Synthesized compounds were purified by flash column
chromatography with a Biotage Isolera One automated flash
purification system with a UV−vis detector. TELOS Flash-LL silica
columns 60 M were used as stationary phase with a mobile phase as
specified in the following description. Yields were not optimized.
Proton (1H), carbon (13C), and fluorine (19F) spectra were recorded
on a Bruker Avance III HD spectrometer at 400, 100, and 376 MHz,

respectively, in reference to the solvents reported in the description.
Chemical shifts δ are given in parts per million (ppm), and the peak
assignment was supported by correlation spectroscopy and hetero-
nuclear multiple quantum correlation experiments. The purity of
compounds 2, 3, 6, 8−12 was determined by HPLC (UV detection at
λ = 210 nm) and was found to be equal to or higher than 95% using
the following conditions: eluent A, H2O + 0.05% TFA; eluent B,
acetonitrile + 0.05% TFA; linear gradient conditions (0−29 min,
linear increase from A = 100% and B = 0% to A = 0% and B = 100%;
29−31 min, B = 100%; 31 min, decrease to B = 10%; 31−40 min B =
10%) with a flow rate of 1 mL/min; analytical column: Phenomenex
Synergi 4 μm HYDRO-RP 80 Å, 250 mm × 4.6 mm for 3e, 3f, 3b, 3c,
3g, and 11; Phenomenex Kinetex 5 μm XB-C18 100 Å, 250 mm × 4.6
mm for 3a, 3d, 6, and 12. Low-resolution mass spectra of compounds
7 and 14−44 were recorded on an atmospheric pressure interface-
time-of-flight Mariner by Perspective Biosystem (Stratford, Texas),
and samples were injected by a Harvard pump at a flow rate of 5−10
μL/min, infused in the electrospray system. High-resolution mass
spectrometry (HRMS) with electrospray ionization (ESI) analyses
were performed using an Thermo Scientific Exactive mass
spectrometer, and low-resolution mass spectrometry with electrospray
ionization (ESI) analysis was performed using Advion expression
compact mass spectrometer, with electron ionization on an Agilent
Technologies 6890N Network GC-MS system. Elemental analysis was
used to determine the purity of compounds 7 and 14−44 that was
always >95%. Analytical results are within ±0.40% of the theoretical
values. All chemicals were purchased from Sigma-Aldrich srl, Milan
(Italy) or from TCI Europe NV, Zwijndrecht (Belgium), and were of
the highest purity. As a rule, samples prepared for physical and
biological studies were dried in high vacuum over phosphorus
pentoxide for 20 h at temperatures ranging from 25 to 40 °C,
depending on the sample melting point. General procedures and
chemical, physical, and spectral data for the syntheses of the final
compounds 7 and 14−44 and of all unknown compounds among
intermediates 45−47 are described below

General Procedure for the Synthesis of 2-Benzyloxycarbo-
nylamino-6-acylamino-hexanoic acid Compounds (2a−d and
2g). To an ice-cold solution of (Z)-lysine (1 equiv, 5.35−6.24 mmol,
1.50−1.75 g) in 5.35−6.24 mL of 1 M NaOH (1 equiv, 5.35−6.24
mmol) and water (8 equiv, 42.80−49.92 mmol, 42.80−49.92 mL), 1
equiv of acyl chloride (5.35−6.24 mmol, 0.57−1.19 g, 0.55−1.29 mL)
in dry THF (1 equiv, 5.35−6.24 mmol, 5.35−6.24 mL) and 5.35−
6.24 mL of 1 M NaOH (1 equiv, 5.35−6.24 mmol) were added
dropwise. After 20−45 min, the reaction was saturated with NaClss,
cooled below 0 °C, and acidified to pH = 1.0 with 2 M HCl. The
product was extracted with ethyl acetate (four times, 60 mL each),
and the combined organic layers were extracted with 5% Na2CO3
(four times, 60 mL each). The bicarbonate solution was acidified with
2 M HCl to pH = 1.0 and extracted with ethyl acetate (four times, 60
mL each). The combined organic extracts were washed with NaClss
and dried over Na2SO4 followed by evaporation of the solvent.

2-Benzyloxycarbonylamino-6-butyrylamino-hexanoic Acid (2a).
The crude product was purified by flash column chromatography on
SiO2 gel with DCM−methanol (96−4%). Colorless oil; yield 5%
(0.09 mmol, 31.7 mg); Rf = 0.09 (DCM−methanol 96−4%). 1H
NMR (400 MHz, CDCl3): δ = 7.34 (s, 5H, CH aromatic ring), 5.82
(s, 1H, NH amide), 5.72 (s, 1H, NH amide), 5.10 (s, 2H, CH2
benzyl), 4.38−4.33 (m, 1H, CHNH), 3.33−3.17 (m, 2H, CH2NH),
2.15 (t, 3J(H,H) = 7.5 Hz, 2H, COCH2), 1.91−1.73 (m,
2H,CH2CH), 1.61 (m, 2H, CH2CH3), 1.56−1.47 (m, 2H,
CH2CH2), 1.39 (m, 2H, CH2CH2), 0.91 ppm (t, 3J(H,H) = 7.4
Hz, 3H, CH2CH3). Mass spectrometry (MS) (ESI), m/z: 349.0 [M −
H]−.

2-Benzyloxycarbonylamino-6-hexanoylamino-hexanoic Acid
(2b). The crude product was directly used for the next step without
NMR.

2-Benzyloxycarbonylamino-6-octanoylamino-hexanoic Acid
(2c). Yield 95% (5.93 mmol, 2.41 g) of crude viscous oil; Rf = 0.18
(DCM−methanol 96−4%). 1H NMR (400 MHz, CDCl3): δ = 7.37−
7.28 (m, 5H, CH aromatic ring), 6.04 (s, 1H, NH amide), 5.67 (d,
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3J(H,H) = 8.0 Hz, 1H, NH amide), 5.10 (s, 2H, CH2 benzyl), 4.40−
4.33 (m, 1H, CHNH), 3.29−3.18 (m, 2H, CH2NH), 1.94−1.70 (m,
2H, CH2CH), 1.65−1.58 (m, 2H, COCH2), 1.55−1.48 (m, 2H,
CH2CH2), 1.44−1.35 (m, 2H, CH2CH2), 1.30−1.24 (m, 10H,
CH2CH2 octanoyl chain), 0.86 ppm (t, 3J(H,H) = 6.4 Hz, 3H,
CH2CH3). MS (ESI), m/z: 405.1 [M − H]−.
2-Benzyloxycarbonylamino-6-decanoylamino-hexanoic Acid

(2d). The crude product was purified by flash column chromatog-
raphy on SiO2 gel with DCM−methanol (methanol gradient from 1
to 10%). Colorless oil; yield 39% (2.31 mmol, 1.05 g); Rf = 0.60
(DCM−methanol 95−5%). 1H NMR (400 MHz, CDCl3): δ = 7.38−
7.29 (m, 5H, CH aromatic ring), 5.85 (s, 1H, NH amide), 5.66 (s,
1H, NH amide), 5.10 (s, 2H, CH2 benzyl), 4.40−4.36 (m, 1H,
CHNH), 3.38−3.10 (m, 2H, CH2NH), 2.18 (t, 3J(H,H) = 7.6 Hz,
2H, COCH2), 1.62−1.52 (m, 2H, CH2CH), 1.63−1.58 (m, 2H,
CH2CH2), 1.54−1.50 (m, 2H, CH2CH2), 1.47−1.35 (m, 2H,
CH2CH2), 1.32−1.19 (m, 12H, CH2CH2 decanoyl chain), 0.87
ppm (t, 3J(H,H) = 6.9 Hz, 3H, CH2CH3). MS (ESI), m/z: 433.3 [M
− H]−.
2-Benzyloxycarbonylamino-6-palmitoylamino-hexanoic Acid

(2g). Yield 73% (4.59 mmol, 2.38 g) of crude product as colorless
oil; Rf = 0.13 (DCM−acetonitrile 60−40%). 1H NMR (400 MHz,
CDCl3): δ = 7.35−7.28 (m, 5H, CH aromatic ring), 5.94 (s, 1H, NH
amide), 5.10 (s, 1H, NH amide), 4,54 (s, 2H, CH2 benzyl), 4.41−4.33
(m, 1H, CHNH), 3.29−3.17 (m, 2H, CH2NH), 1.92−1.70 (m, 2H,
CH2CH), 1.62−1.55 (m, 2H, COCH2), 1.54−1.47 (m, 2H,
CH2CH2), 1.44−1.35 (m, 2H, CH2CH2), 1.31−1.25 (m, 26H,
CH2CH2 palmitoyl chain), 0.88 ppm (t, 3J(H,H) = 6.9 Hz, 3H,
CH2CH3). MS (ESI), m/z: 517.5 [M − H]−.
General Procedure for the Synthesis of 2-Benzyloxycarbo-

nylamino-6-acylamino-hexanoic Acid Compounds (2e and
2f). Myristc acid (3.50 mmol, 800 mg) or lauric acid (7.49 mmol, 1.5
g) (1 equiv) was dissolved in 1 mL of dry DCM. Then, 10 equiv of
SOCl2 (35.0−74.9 mmol, 4.16−8.91 g, 2.54−5.43 mL) were added.
After 3 h at 90 °C, the reaction was cooled to rt and SOCl2 was
removed by evaporation. The crude product was then dissolved in 4
mL of DCM dry, and 1 equiv of (Z)-lysine (3.50−7.49 mmol, 0.981−
2.01 g) was added at 0 °C with 2 equiv of 2 M NaOH (7.0−14.98
mmol, 280−599 mg, 0.26−0.55 mL). The reaction was left stirring for
20−72 h at rt. The reaction was then quenched by adding 2 N HCl to
a pH of 2.0 and extracted three times with 20 mL of DCM. The
combined organic phase was washed with NaClss and filtered over
Na2SO4.
2-Benzyloxycarbonylamino-6-lauroylamino-hexanoic Acid (2e).

The crude product was purified by flash chromatography on SiO2 gel
with DCM−acetonitrile (acetonitrile gradient from 1% to 40%).
Yellow oil; yield 12.7% (0.95 mmol, 439 mg); Rf = 0.21 (DCM−
acetonitrile 55−45%). 1H NMR (400 MHz, CDCl3): δ = 7.37−7.26
(m, 5H, CH aromatic ring), 5.81 (s, 1H, NH amide), 5.73 (d,
3J(H,H) = 7.8 Hz, 1H, NH amide), 5.09 (s, 2H, CH2 benzyl), 4.45−
4.33 (m, 1H, CHNH), 3.30−3.12 (m, 2H, CH2NH), 2.19−2.10 (m,
2H, COCH2), 1.93−1.71 (m, 2H, CH2CH), 1.63−1.55 (m, 2H,
CH2CH2), 1.53−1.46 (m, 2H, CH2CH 2), 1.45−1.36 (m, 2H,
CH2CH2), 1.31−1.24 (m, 16H, CH2CH2 lauroyl chain), 0.88 ppm (t,
3J(H,H) = 6.9 Hz, 3H, CH2CH3). MS (ESI−): 461.2 [M − H]−.
2-Benzyloxycarbonylamino-6-myristoylamino-hexanoic Acid

(2f). A mixture of DCM−acetonitrile (acetonitrile gradient from 1
to 80%) was used to purify the crude product by flash
chromatography on SiO2 gel. Colorless oil; yield 13.4% (0.470
mmol, 231 mg); Rf = 0.35 (ethyl acetate−methanol 80−20%). 1H
NMR (400 MHz, CDCl3): δ = 7.37−7.31 (m, 5H, CH aromatic ring),
5.91 (s, 1H, NH amide), 5.70 (d, 3J(H,H) = 7.8 Hz, 1H, NH amide),
5.14 (s, 2H, CH2 benzyl), 4.42−4.36 (m, 1H, CHNH), 3.34−3.14
(m, 2H, CH2NH), 2.20 (t, 2H, 3J(H,H) = 7.2 Hz, COCH2), 1.96−
1.73 (m, 2H, CH2CH2), 1.65−1.58 (m, 2H, CH2CH2), 1.56−1.51
(m, 2H, CH2CH2), 1.46−1.36 (m, 2H, CH2CH2), 1.32−1.27 (m,
20H, CH2CH2 myristoyl chain), 0.90 ppm (t, 3J(H,H) = 6.9 Hz, 3H,
CH2CH3). MS (ESI−): 489.7 [M − H]−.
General Procedure for the Synthesis of [5-Acylamino-1-(4-

methyl-2-oxo-2H-chromen-7-ylcarbamoyl)pentyl]carbamic

Acid Benzyl Esters (3a−g). 2a−g (0.09−4.53 mmol, 0.03−1.72 g, 1
equiv) were dissolved in 52 equiv of dry pyridine (4.71−235 mmol,
0.372−18.62 g, 0.38−18.98 mL), and then 2.7 equiv of 7-amino,4-
methylcoumarin (0.18−9.06 mmol, 0.03−1.60 g) was added at −15
°C. Then, 2.7 equiv (0.24−12.2 mmol, 0.04−1.90 g, 0.02−1.14 mL)
of POCl3 was added by a syringe, resulting in a red-orange solution.
After 40 min to 3 h, the mixture was poured into a 10-fold volume of
H2O/ice and extracted with ethyl acetate (four times, 50 mL each).
The combined organic layers were washed with NaClss (50 mL), 2 M
HCl (50 mL), NaClss (50 mL), 5% NaHCO3 (50 mL), and NaClss
(30 mL). The organic phase was dried over Na2SO4, and the solvent
was evaporated.

[5 -Buty ry lamino-1- (4 -methy l -2 -oxo-2H-chromen-7-
ylcarbamoyl)pentyl]carbamic Acid Benzyl Ester (3a). The resulting
product was purified by flash chromatography on SiO2 gel with
DCM−methanol 96−4%. White crystal; yield 44% (0.04 mmol, 20.1
mg); Rf = 0.22 (DCM−methanol 96−4%). 1H NMR (400 MHz,
CDCl3): δ = 9.33 (s, 1H, NH amide), 7.67 (s, 1H, CH coumarin),
7.55 (d, 3J(H,H) = 8.7 Hz, 1H, CH coumarin), 7.49 (d, 3J(H,H) = 8.7
Hz, 1H, CH coumarin), 7.35 (s, 5H, CH benzyl), 6.18 (s, 1H, NH
amide), 5.84 (s, 1H, NH amide), 5.82 (s, 1H, COCH coumarin), 5.13
(s, 2H, CH2 benzyl), 4.37−4.33 (m, 1H, CHNH), 3.33−3.23 (m, 2H,
CH2NH), 2.41 (s, 3H, CH3 coumarin), 2.15 (t, 3J(H,H) = 7.5 Hz,
2H, COCH2), 2.17−1.74 (m, 2H, CH2CH2), 1.65 (m, 2H, CH2CH3),
1.58 (quint, 3J(H,H) = 6.1 Hz, 2H, CH2CH2), 1.46 (quint,

3J(H,H) =
6.2 Hz, 2H, CH2CH2), 0.91 ppm (t, 3J(H,H) = 7.4 Hz, 3H,
CH2CH3).

13C NMR (101 MHz, CDCl3): δ = 173.8 (2C, CO amide),
170.9 (CO ester), 161.2 (CO carbamate), 154.0 (CCH3 coumarin),
152.3 (CO coumarin), 141.5 (CNH coumarin), 136.0 (CCH2
benzyl), 128.5 (2C, CH benzyl), 128.2 (CH benzyl), 128.0 (2C,
CH benzyl), 125.0 (CH coumarin), 116.0 (CH coumarin), 115.7
(CCH coumarin), 113.3 (CH coumarin), 107.2 (COCH coumarin),
67.2 (CH2 benzyl), 55.3 (CHNH), 38.6 (CH2NH), 37.9 (COCH2),
31.0 (CH2CH), 28.6 (CH2CH2), 22.0 (CH2CH2), 19.0 (CCH3), 18.5
(CH2CH3), 14.0 ppm (CH2CH3). HRMS (ESI): m/z calcd for
C28H33N3O6 + H+ [M + H]+: 508.2442. Found: 508.2444. HPLC
analysis: retention time = 19.496 min; peak area, 97%.

[5-Hexanoylamino-1-(4-methyl-2-oxo-2H-chromen-7-
ylcarbamoyl)pentyl]carbamic Acid Benzyl Ester (3b). Purification of
the resulting crude product by flash chromatography on SiO2 gel with
DCM−methanol 96−4%. Colorless powder; yield 7% (0.30 mmol,
162 mg); Rf = 0.25 (DCM−methanol 96−4%). 1H NMR (400 MHz,
CDCl3): δ = 9.35 (s, 1H, NH amide), 7.68 (s, 1H, CH coumarin),
7.54 (d, 3J(H,H) = 8.8 Hz, 1H, CH coumarin), 7.49 (d, 3J(H,H) = 8.6
Hz, 1H, CH coumarin), 7.34 (s, 5H, CH benzyl), 6.18 (s, 1H, CH
coumarin), 5.89 (s, 1H, COCH), 5.84 (d, 3J(H,H) = 7.9 Hz, 1H, NH
amide), 5.12 (s, 2H, CH2 benzyl), 4.39−4.33 (m, 1H, CHNH), 3.36−
3.19 (m, 2H, CH2NH), 2.40 (s, 3H, CCH3), 2.17 (t, 3J(H,H) = 7.1
Hz, 2H, COCH2), 2.12−1.99 (m, 2H, CH2CH), 1.61−1.60 (m, 2H,
CH2CH2), 1.60−1.57 (m, 2H, CH2CH2), 1.50−1.43 (m, 2H,
CH2CH2), 1.34−1.21 (m, 4H, CH2CH2 and CH2CH3), 0.87 ppm
(t, 3J(H,H) = 6.9 Hz, 3H, CH2CH3).

13C NMR (101 MHz, CDCl3):
δ = 174.1 (2C, CO amide), 171.1 (CO ester), 161.2 (CO carbamate),
154.0 (CCH3 coumarin), 152.5 (CO coumarin), 141.5 (CNH
coumarin), 136.0 (CCH2 benzyl), 128.5 (2C, CH benzyl), 128.2
(CH benzyl), 127.9 (2C, CH benzyl), 125.0 (CH coumarin), 115.9
(CH coumarin), 115.8 (CCH coumarin), 113.2 (CH coumarin),
107.2 (COCH coumarin), 67.1 (CH2 benzyl), 55.3 (CHNH), 38.3
(CH2NH), 36.6 (COCH2), 31.3 (2C, CH2CH2), 28.6 (CH2CH2),
25.4 (2C, CH2CH2), 22.3 (CH2CH3), 18.5 (CCH3), 13.9 ppm
(CH2CH3). HRMS (ESI): m/z calcd for C30H37N3O6 + H+ [M +
H]+: 536.2755. Found: 536.2751. HPLC analysis: retention time =
22.108 min; peak area, 98%.

[5-Octanoylamino-1-(4-methyl-2-oxo-2H-chromen-7-
ylcarbamoyl)pentyl]carbamic Acid Benzyl Ester (3c). Purification by
flash chromatography on SiO2 gel with DCM−methanol 96−4%.
White crystal; yield 10% (0.39 mmol, 218 mg); Rf = 0.28 (DCM−
methanol 96−4%). 1H NMR (400 MHz, CDCl3) δ = 9.41 (s, 1H, NH
amide), 7.70 (s, 1H, CH coumarin), 7.54 (d, 3J(H,H) = 8.3 Hz, 1H,
CH coumarin), 7.49 (d, 3J(H,H) = 8.3 Hz, 1H, CH cumarin), 7.34 (s,
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5H, CH benzyl), 6.18 (s, 1H, NH amide), 6.14 (s, 1H, COCH
coumarin), 5.87 (s, 1H, NH amide), 5.12 (s, 2H, CH2 benzyl), 4.41−
4.33 (m, 1H, CHNH), 3.34−3.23 (m, 2H, CH2NH), 2.40 (s, 3H,
CCH3), 2.20 (t, 3J(H,H) = 7.1 Hz, 2H, COCH2), 2.08−1.73 (m, 4H,
CH2CH2 and CH2CH), 1.60 (m, 2H, CH2CH2), 1.47 (quint,

3J(H,H)
= 7.2 Hz, 2H, CH2CH2), 1.25 (s, 8H, CH2CH2 octanoyl chain), 0.85
ppm (t, 3J(H,H) = 6.8 Hz, 3H, CH2CH3).

13C NMR (101 MHz,
CDCl3): δ = 174.2 (2C, CO amide), 171.2 (CO ester), 161.2 (CCH
coumarin), 154.0 (CO coumarin), 152.5 (CCH3 coumarin), 141.5
(CNH coumarin), 136.0 (CO carbamate), 128.5 (2C, CH benzyl),
128.2 (CH benzyl), 128.0 (2C, CH benzyl), 125.0 (CH coumarin),
115.9 (CH coumarin), 115.8 (CCH coumarin), 113.1 (CH
coumarin), 107.1 (COCH coumarin), 67.1 (CH2 benzyl), 55.3
(CHNH), 38.3 (CH2NH), 36.5 (COCH2), 31.6 (CH2CH2), 31.4
(CH2CH2), 29.2 (CH2CH), 28.9 (CH2CH2), 28.6 (CH2CH2), 25.8
(CH2CH2), 22.5 (CH2CH2), 22.3 (CH2CH3), 18.5 (CCH3), 14.0
ppm (CH2CH3). HRMS (ESI): m/z calcd for C32H41N3O6 + Na+ [M
+ Na]+: 563.2888. Found: 586.2885. HPLC analysis: retention time =
24.323 min; peak area, 99%.
[5-Decanoylamino-1-(4-methyl-2-oxo-2H-chromen-7-

ylcarbamoyl)pentyl]carbamic Acid Benzyl Ester (3d). The crude
product was purified by column chromatography on SiO2 gel with
DCM−methanol 96−4%. White powder; yield 5% (0.12 mmol, 69.40
mg); Rf = 0.33 (DCM−methanol 96−4%). 1H NMR (400 MHz,
CDCl3): δ = 9.36 (s, 1H, NH amide), 7.69 (s, 1H, CH coumarin),
7.53 (d, 3J(H,H) = 8.8 Hz, 1H, CH coumarin), 7.49 (d, 3J(H,H) = 8.6
Hz, 1H, CH coumarin), 7.34 (s, 5H, CH benzyl), 6.18 (s, 1H, NH
amide), 5.93 (s, 1H, COCH coumarin), 5.85 (s, 1H, NH amide), 5.13
(s, 2H, CH2 benzyl), 4.38−4.34 (m, 1H, CHNH), 3.33−3.23 (m, 2H,
CH2NH), 2.40 (s, 3H, CCH3), 2.18 (t, 3J(H,H) = 7.7 Hz, 2H,
COCH2), 2.07−1.87 (m, 2H, CH2CH), 1.81−1.72 (m, 2H,
CH2CH2), 1.60 (quint, 3J(H,H) = 7.2 Hz, 2H, CH2CH2), 1.47
(quint, 3J(H,H) = 7.2 Hz, 2H, CH2CH2), 1.23 (s, 12H, CH2CH2
deacanoyl chain), 0.86 ppm (t, 3J(H,H) = 6.9 Hz, 3H, CH2CH3).

13C
NMR (101 MHz, CDCl3): δ = 207.1 (2C, CO amide), 174.1 (CO
ester), 161.2 (CO carbamate), 154.0 (CCH3 coumarin), 152.5
(COCH coumarin), 141.5 (CNH coumarin), 136.0 (CCH2 benzyl),
128.5 (2C, CH benzyl), 128.2 (CH benzyl), 128.0 (2C, CH benzyl),
125.0 (CH coumarin), 115.9 (CH coumarin), 115.8 (CCH
coumarin), 113.2 (CH coumarin), 107.2 (CH coumarin), 67.1
(CH2 benzyl), 55.3 (CHNH), 38.3 (CH2NH), 36.7 (COCH2), 31.8
(CH2CH2), 30.9 (CH2CH2), 29.4 (CH2CH), 29.3 (CH2CH2), 29.2
(CH2CH2), 29.2 (CH2CH2), 28.7 (CH2CH2), 25.7 (CH2CH2), 22.6
(CH2CH2), 22.3 (CH2CH3), 18.5 (CCH3), 14.1 ppm (CH2CH3).
HRMS (ESI): m/z calcd for C34H45N3O6 + Na+ [M + Na]+:
591.3201. Found: 614.3201. HPLC analysis: retention time = 26.061
min; peak area, 99%.
[5 -Lauroy lamino-1- (4 -methy l -2 -oxo-2H-chromen-7-

ylcarbamoyl)pentyl]carbamic Acid Benzyl Ester (3e). Purification of
crude product by flash column chromatography DCM−methanol
(methanol gradient from 1 to 8%). White powder; yield 4% (0.04
mmol, 25 mg); Rf = 0.30 (DCM−methanol 96−4%). 1H NMR (400
MHz, CDCl3): δ = 9.29 (s, 1H, NH amide), 7.69 (s, 1H, CH
coumarin), 7.54 (s, 1H, CH coumarin), 7.50 (s, 1H, CH coumarin),
7.35 (s, 5H, CH benzyl), 6.19 (s, 1H, NH amide), 5.80 (s, 2H,
COCH coumarin and NH amide), 5.13 (s, 2H, CH2 benzyl), 4.32−
4.28 (m, 1H, CHNH), 3.40−3.17 (m, 2H, CH2NH), 2.41 (s, 3H,
CCH3), 2.23−1.98 (m, 2H, CH2CH), 1.79−1.70 (m, 4H, COCH2
and CH2CH2), 1.61 (m, 4H, CH2CH2), 1.54−1.38 (m, 2H,
CH2CH2), 1.24 (s, 14H, CH2CH2 lauroyl chain), 0.87 ppm (t,
3J(H,H) = 6.8 Hz, 3H, CH2CH3).

13C NMR (101 MHz, CDCl3): δ =
171.3 (CO amide), 170.9 (CO amide), 161.2 (CO ester), 154.1 (CO
carbamate), 152.3 (CNH coumarin), 141.4 (CO coumarin), 136.0
(CCH3 coumarin), 128.5 (2C, CH benzyl), 128.2 (CH benzyl), 128.0
(2C, CH benzyl), 125.2 (CH coumarin), 125.1 (CCH coumarin),
120.6 (CCH2 benzyl), 116.0 (CH coumarin), 113.3 (CH coumarin),
107.2 (COCH coumarin), 70.04 (CH2 benzyl), 67.3 (CHNH), 38.4
(CH2NH), 37.3 (COCH2), 31.9 (CH2CH2), 31.4 (CH2CH2), 29.6
(CH2CH2), 29.5 (2C, CH2CH2), 29.4 (CH2CH2), 29.3 (CH2CH2),
28.8 (CH2CH2), 25.9 (CH2CH2), 22.6 (CH2CH2), 22.4 (CH2CH2),

18.6 (CH2CH3), 14.8 (CCH3), 14.1 ppm (CH2CH3). HRMS (ESI):
m/z calcd for C36H49N3O6 + Na+ [M + Na]+: 642.3514. Found:
642.3510. HPLC analysis: retention time = 25.175 min; peak area,
97%.

[5-Myristoylamino-1-(4-methyl-2-oxo-2H-chromen-7-
ylcarbamoyl)pentyl]carbamic Acid Benzyl Ester (3f). Purification of
crude product by flash column chromatography DCM−methanol
(methanol gradient from 1 to 10%). White powder; yield 11% (0.05
mmol, 34 mg), Rf = 0.32 (DCM−methanol 96−4%). 1H NMR (400
MHz, CDCl3): δ = 9.56 (s, 1H, NH amide), 7.75 (s, 1H, CH
coumarin), 7.57 (d, 3J(H,H) = 8.3 Hz, 1H, CH coumarin), 7.50 (d,
3J(H,H) = 8.6 Hz, 1H, CH coumarin), 7.35 (s, 5H, CH benzyl), 6.89
(s, 1H, NH amide), 6.20 (s, 1H, COCH), 6.01 (s, 1H, NH amide),
5.12 (s, 2H, CH2 benzyl), 4.45−4.37 (m, 1H, CHNH), 3.41−3.24
(m, 2H, CH2NH), 2.4 (s, 3H, CCH3), 2.30 (t,

3J(H,H) = 7.3 Hz, 2H,
COCH2), 2.12−1.64 (m, 2H, CH2CH), 1.67−1.64 (m, 2H,
CH2CH2), 1.62−1.58 (m, 2H, CH2CH2), 1.54−1.47 (m, 2H,
CH2CH2), 1.33−1.23 (m, 20H, CH2CH2 myristoyl chain), 0.89
ppm (t, 3J(H,H) = 6.9 Hz, 3H, CH2CH3).

13C NMR (101 MHz,
(CD3)2SO): δ = 172.4 (CO amide), 160.5 (CO amide), 156.6 (CO
ester), 154.1 (CO carbamate), 153.6 (CCH3 coumarin), 142.7
(COCH coumarin), 128.8 (CNH coumarin), 128.3 (CCH2 benzyl),
128.2 (2C, CH benzyl), 126.4 (CH benzyl), 115.7 (2C, CH benzyl),
115.5 (CH coumarin), 112.8 (CH coumarin), 106.1 (CCH
coumarin), 65.9 (CH coumarin), 56.0 (COCH coumarin), 38.5
(CH2 benzyl), 35.9 (CHNH), 31.8 (CH2NH), 29.5 (COCH2), 29.5
(CH2CH), 29.4 (2C, CH2CH2), 29.3 (2C, CH2CH2), 29.2 (2C,
CH2CH2), 29.2 (2C, CH2CH2), 29.1 (2C, CH2CH2), 25.8
(CH2CH2), 23.4 (CH2CH2), 22.6 (CH2CH3), 18.4 (CCH3
coumarin), 14.4 ppm (CH2CH3). MS (ESI), m/z: 646.7 [M −
H]−. HPLC analysis: retention time = 30.424 min; peak area, 95%.

[5-Palmitoylamino-1-(4-methyl-2-oxo-2H-chromen-7-
ylcarbamoyl)pentyl]carbamic Acid Benzyl Ester (3g). Purification of
crude product by flash column chromatography DCM−methanol
(methanol gradient from 1 to 8%). White powder; yield 10% (0.29
mmol, 200 mg); Rf = 0.60 (DCM−methanol 96−4%). 1H NMR (400
MHz, CDCl3): δ = 9.30 (s, 1H, NH amide), 7.68 (s, 1H, CH
coumarin), 7.54 (d, 3J(H,H) = 8.8 Hz, 1H, CH coumarin), 7.49 (d, 3J
= 8.6 Hz, 1H, CH coumarin), 7.35 (s, 5H, CH benzyl), 6.19 (s, 1H,
NH amide), 5.79 (d, 3J(H,H) = 8.8 Hz, 1H, NH amide), 5.75 (s, 1H,
COCH), 5.13 (s, 2H, CH2 benzyl), 4.38−4.30 (m, 1H, CHNH),
3.37−3.19 (m, 2H, CH2NH), 2.41 (s, 3H, CCH3), 2.16 (t,

3J(H,H) =
7.1 Hz, 2H, COCH2), 2.08−1.72 (m, 2H, CH2CH2), 1.64−1.60 (m,
2H, CH2CH), 1.59−1.55 (m, 2H, CH2CH2), 1.50−1.42 (m, 2H,
CH2CH2), 1.31−1.19 (m, 24H, CH2CH2 palmitoyl chain), 0.88 ppm
(t, 3J(H,H) = 6.9 Hz, 3H, CH2CH3).

13C NMR (101 MHz, CDCl3):
δ = 174.0 (CO amide), 174.0 (CO amide), 171.0 (CO ester), 161.2
(CO carbamate), 154.0 (CCH3 coumarin), 152.3 (COCH coumarin),
141.5 (CNH coumarin), 136.0 (CCH2 benzyl), 128.5 (2C, CH
benzyl), 128.2 (CH benzyl), 127.9 (2C, CH benzyl), 125.0 (CH
coumarin), 115.9 (CH coumarin), 115.7 (CCH coumarin), 113.2
(CH coumarin), 107.2 (COCH), 67.2 (CH2 benzyl), 65.8 (CHNH),
38.1 (COCH2), 36.7 (CH2CH2), 31.9 (CH2CH2), 31.2 (CH2CH),
29.6 (2C, CH2CH2), 29.6 (2C, CH2CH2), 29.6 (CH2CH2), 29.5 (2C,
CH2CH2), 29.3 (CH2CH2), 29.2 (CH2CH2), 28.6 (CH2CH2), 25.7
(CH2CH2), 22.6 (CH2CH2), 22.1 (CH2CH2), 18.5 (CH2CH3), 15.2
(CCH3 coumarin), 14.1 ppm (CH2CH3). MS (ESI), m/z: 674.9 [M
− H]−. HPLC analysis: retention time = 26.635 min; peak area, 98%.

Synthesis of N-(4-(5-((1-(3-Fluoro-2-methylbenzyl)piperidin-3-
yl)methyl)-1,2,4-oxadiazol-3-yl)phenyl)acetamide (6). Compound
8 (0.51 mmol, 150 mg, 1 equiv), 10a (0.51 mmol, 98.8 mg, 1 equiv),
and K2CO3 (1.89 mmol, 261.3 mg, 3.7 equiv) were mixed in 5.00 mL
of pyridine and refluxed for 8 h. The reaction mixture was left for 72 h
at rt and diluted with 15 mL of ethyl acetate; washed with H2O (two
times, 10 mL each), and NaClss (10 mL); and dried over Na2SO4.
The solvent was evaporated, and the crude product purified by flash
column chromatography on SiO2 gel with DCM−methanol (98−2%).
Yellow oil; yield 5% (0.03 mmol, 12 mg); Rf = 0.28 (DCM−methanol
95−5%). 1H NMR (400 MHz, DMSO-d6, 50 °C): δ = 10.12 (s, 1H,
NH anilide), 7.88 (d, 3J(H,H) = 8.8 Hz, 2H, CH anilide), 7.75 (d,
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3J(H,H) = 8.8 Hz, 2H, CH anilide), 7.15−6.97 (m, 3H, CH benzyl),
3.44 (s, 2H, CH2 benzyl), 3.00−2.92 (m, 2H, CHCH2), 2.77−2.74
(m, 1H, CH piperidine), 2.63−2.56 (m, 1H, CH piperidine), 2.23 (s,
3H, CCH3 benzyl), 2.15−2.13 (m, 1H, CH piperidine), 2.12−2.11
(m, 1H, CH piperidine), 2.09 (s, 3H, CH3 amide), 2.00−1.92 (m, 1H,
CH piperidine), 1.76−1.68 (m, 1H, CH piperidine), 1.67−1.61 (m,
1H, CH piperidine), 1.53−1.42 (m, 1H, CH piperidine), 1.21−1.11
ppm (m, 1H, CH piperidine). 13C NMR (101 MHz, (CD3)2SO, 50
°C): δ = 179.4 (CONH amide), 169.1 (CN oxadiazole), 167.6 (CO
oxadiazole), 141.2 (d, 1J(C,F) = 264.1 Hz, CF), 128.1 (CH anilide),
126.7 (CH benzyl), 125.8 (CH benzyl), 124.3 (2C, CCH anilide and
CCH2 benzyl), 124.1 (CNH anilide), 121.0 (CCH3 benzyl), 120.6
(CCH anilide), 119.5 (2C, CH anilide), 113.7 (CH benzyl), 60.5
(NCH2 benzyl), 58.7 (NCH2 piperidine), 53.8 (NCH2 piperidine),
34.50 (CH2CH piperidine), 34.47 (CHCH2 piperidine) 30.3
(COCH3), 30.1 (CH2CH piperidine), 24.5 (CH2CH2 piperidine),
10.3 ppm (CCH3 benzyl). 19F (376 MHz, (CD3)2SO, 50 °C): δ =
−117.73 ppm (s, CF). HRMS (ESI): m/z calcd for C24H27FN4O2 +
H+ [M + H]+: 423.2191. Found: 423.2195. HPLC analysis: retention
time = 16.559 min; peak area, 99%.
Synthesis of N7-(1-(4-(4-Methoxyphenoxy)phenyl)ethyl)-N7-

methylpyrimido[4,5-d]pyrimidine-2,4,7-triamine (7). The substi-
tutued 4-aminopyrimidin-5-carbonitrile 47e′ (310 mg, 0.83 mmol)
was stirred with 0.73 M free base guanidine solution in dry 2-
methoxyethanol (3.5 equiv, 2.90 mmol, 3.97 mL) at 150 °C. After the
completion of the reaction, the mixture was concentrated, quenched
with water, and extracted with ethyl acetate. The organic phase was
dried over anhydrous sodium sulfate, filtered, and evaporated giving a
crude product purified by silica gel column chromatography eluting
with a mixture of chloroform/methanol/ammonia (20/1/0.1, v/v/v)
and then triturated with a mixture of petroleum ether/diethyl ether,
which resulted in a white powder. It was then recrystallized from
acetonitrile. Yield: 60.0%. mp: 181−184 °C. 1H NMR (400 MHz,
DMSO-d6) δ ppm: 1.50−1.52 (d, 3H, CHCH3), 2.82 (br s, 3H,
NCH3), 3.74 (s, 3H, OCH3), 6.28 (br s, 1H, CHCH3), 6.49 (br s, 2H,
C2−NH2), 6.87−6.90 (d, 2H, CH benzene ring), 6.94−7.00 (m, 4H,
CH benzene rings), 7.25−7.27 (d, 2H, CH benzene rings), 7.41 (br s,
2H, C4−NH2), 8.95 (s, 1H, CH pyrimidine ring). 13C NMR (100
MHz, DMSO) δ 16.8, 29.2, 51.3, 55.9, 96.4, 115.5 (2C), 117.6 (2C),
121.1 (2C), 128.8 (2C), 136.3, 149.9, 156.0, 156.7, 157.3, 163.3,
163.4, 165.9, 166.0. MS (ESI), m/z: 418 [M + H]+. Elemental anal.
calcd (%) for C22H23N7O2: C 63.30, H 5.55, N 23.49. Found: C
63.38, H 5.57, N 23.41.
Synthesis of Ethyl 2-(1-(3-fluoro-2-methylbenzyl)piperidin-3-

yl)acetate (8). 2-(Piperidin-3-yl) acetic acid ethyl ester (1 equiv,
5.84 mmol, 1 g) was dissolved in 2.5 mL of toluene, followed by the
addition of 2.4 equiv of triethylamine (11.7 mmol, 1.62 mL) and 1
equiv of 3-fluoro-2-methylbenzyl bromide (5.84 mmol, 1.18 g) at 0
°C. After 10 min, the mixture was warmed up to room temperature.
After 18 h, the precipitate was removed by filtration, washed with
cyclohexane, and the filtrate was concentrated. The crude product was
dried using a vacuum pump for 2−5 h and then purified by flash
column chromatography on SiO2 gel with DCM−methanol (99−1%).
Colorless oil; yield 85−90% (2.45−2.89 mmol, 723−767 mg); Rf =
0.67 (DCM−methanol 95−5%). 1H NMR (400 MHz, CDCl3): δ =
7.10−7.0 (m, 2H, CH benzyl), 6.94−6.89 (m, 1H, CH benzyl), 4.15−
4.03 (m, 2H, CH2CH3), 3.41 (s, 2H, CH2 benzyl), 2.75−2.59 (m, 2H,
CH2COO), 2.25 (s, 3H, CH3 benzyl), 2.24−2.22 (m, 1H, CH
piperidine), 2.20−2.16 (m, 1H, CH piperidine), 2.13−1.99 (m, 1H,
CH piperidine), 1.89−1.80 (m, 1H, CH piperidine), 1.76−1.74 (m,
1H, CH piperidine), 1.67−1.59 (m, 1H, CH piperidine), 1.59−1.50
(m, 2H, CH piperidine), 1.21 (t, 3J(H,H) = 7.1 Hz, 3H, CH2CH3),
1.09−1.00 ppm (m, 1H, CH piperidine). MS (ESI), m/z: 294.32 [M
+ H]+.
General Procedure for the Synthesis of N-(4-Cyanophenyl)-

acylamide (9b and 9c). 4-Aminobenzonitrile (4.23 mmol, 500 mg,
1 equiv) was dissolved in 15 mL of dry DCM at 0 °C under nitrogen
atmosphere, followed by addition of 7 equiv of triethylamine and 4
equiv of acyl chloride. After 2 h at rt, the reaction was quenched with
water and extracted (three times, 15 mL of water each). Then, the

organic phase was washed with 2 M HCl (once, 15 mL), NaClss
(once, 15 mL), 5% Na2CO3 (once, 15 mL), NaClss (once, 15 mL),
and dried over Na2SO4. The solvent was evaporated to dryness, and
the crude product was purified by flash column chromatography on
SiO2 gel with DCM−methanol (98−2%).

N-(4-Cyanophenyl)octanamide (9b). White solid; yield 62−65%
(2.60−2.73 mmol, 635−666 mg); Rf = 0.47 (DCM−methanol 98−
2%). 1H NMR (400 MHz, CDCl3): δ = 7.67 (d, 3J(H,H) = 8.8 Hz,
2H, CH aromatic ring), 7.61 (d, 3J(H,H) = 8.8 Hz, 2H, CH aromatic
ring), 7.38 (s, 1H, NH amide), 2.39 (t, 3J(H,H) = 7.2 Hz, 2H,
COCH2), 1.73 (quint, 3J(H,H) = 7.2 Hz, 2H, CH2CH2), 1.42−1.23
(m, 8H, CH2CH2), 0.88 ppm (t, 3J(H,H) = 7.0 Hz, 3H, CH2CH3).
MS (ESI), m/z: 243.3 [M − H]−.

N-(4-cyanophenyl)decanamide (9c). Yellow solid; yield 71%
(5.98 mmol, 1.63 g); Rf = 0.63 (DCM−methanol 99−1%). 1H
NMR (400 MHz, CDCl3): δ = 7.67 (d, 3J(H,H) = 8.9 Hz, 2H, CH
aromatic ring), 7.61 (d, 3J(H,H) = 8.9 Hz, 2H, CH aromatic ring),
7.35 (s, 1H, NH amide), 2.39 (t, 3J(H,H)= 7.6 Hz, 2H, COCH2),
1.73 (quint, 3J(H,H) = 7.6 Hz, 2H, CH2CH2), 1.39−1.27 (m, 12H,
CH2CH2), 0.88 ppm (t, 3J(H,H) = 6.9 Hz, 3H, CH2CH3). MS (ESI),
m/z: 271.4 [M − H]−.

General Procedure for the Synthesis of (Z)-N-(4-(N′-
Hydroxycarbamimidoyl)-phenyl)acylamide (10a−c). N-(4-
Cyanophenyl)acylamide (3.74−5.98 mmol, 0.60−1.63 g, 1 equiv),
NH2OH·HCl (13.84−22.14 mmol, 0.96−1.50 g, 3.7 equiv), and
Na2CO3 (6.36−10.17 mmol, 0.67−1.07 g, 1.7 equiv) were dissolved
in a mixture of water and EtOH. After stirring for 6−8 h at reflux, the
reaction was cooled on ice and a yellow-orange precipitate was
formed. The precipitate was collected by filtration and dried under
vacuum.

N-(4-(N′-Hydroxycarbamimidoyl)phenyl)acetamide (10a). The
reaction was performed in a mixture of 5 mL of ethanol and 20 mL of
water. 3a was obtained as white crystal; yield 86% (4.03 mmol, 778
mg); Rf = 0.83 (DCM−methanol 80−20%). 1H NMR (400 MHz,
DMSO-d6): δ = 10.04 (s, 1H, NH amide), 9.53 (s, 1H, NOH), 7.60
(d, 3J(H,H) = 9.1 Hz, 2H, CH aromatic ring), 7.56 (d, 3J(H,H) = 9.1
Hz, 2H, CH aromatic ring), 5.76 (s, 2H, CNH2), 2.05 ppm (s, 3H,
COCH3). MS (ESI), m/z: 194.2 [M + H]+.

(Z)-N-(4-(N′-Hydroxycarbamimidoyl)phenyl)octanamide (10b).
A mixture of 15 mL of water and 45 mL of ethanol was used for
the reaction. 3b is a white crystal; yield 77% (4.04 mmol, 1.12 g); Rf =
0.07 (DCM−methanol 95−5%). 1H NMR (400 MHz, DMSO-d6): δ
= 10.01 (s, 1H, NH amide), 9.54 (s, 1H, NOH), 7.86−7.23 (m, 4H,
CH aromatic ring), 5.78 (s, 2H, CNH2), 2.31 (t, 3J(H,H) = 7.4 Hz,
2H, COCH2), 1.65−1.52 (m, 2H, CH2CH2), 1.36−1.20 (m, 8H,
CH2CH2), 0.86 ppm (t, 3J(H,H) = 6.5 Hz, 3H, CH2CH3). MS (ESI),
m/z: 278.2 [M + H]+.

(Z)-N-(4-(N′-Hydroxycarbamimidoyl)phenyl)decanamide (10c).
Water (20 mL) and ethanol (45 mL) were used in this case as
reaction solvent. 3c is a white crystal; yield 87% (5.17 mmol, 1.58 g);
Rf = 0.07 (DCM−methanol 98−2%). 1H NMR (400 MHz, DMSO-
d6): δ = 9.95 (s, 1H, NH amide), 9.52 (s, 1H, NOH), 7.85−7.26 (m,
4H, CH aromatic ring), 5.74 (s, 2H, CNH2), 2.30 (t, 3J(H,H) = 7.4
Hz, 2H, COCH2), 1.62−1.55 (quint, 3J(H,H) = 7.3 Hz, 2H,
CH2CH2), 1.33−1.19 (m, 12H, CH2CH2), 0.86 ppm (t, 3J(H,H) =
7.1 Hz, 3H, CH2CH3). MS (ESI), m/z: 306.4 [M + H]+.

Synthesis of N-(4-(5-((1-(3-Fluoro-2-methylbenzyl)piperidin-3-
yl)methyl)-1,2,4-oxadiazol-3-yl)phenyl)octanamide (11). Com-
pound 8 (0.82 mmol, 240 mg, 1 equiv), 10b (1.64 mmol, 453.5
mg, 2 equiv), and K2CO3 (3.27 mmol, 452 mg, 4 equiv) in 9 mL of
pyridine were mixed, and the reaction was performed with
microwaves (10 min, 180 °C, 300 W). Then, the mixture was
refluxed at 160 °C for 43 h and stirred at rt for 12 h. After that, the
pyridine was removed and the reaction mixture was dissolved in 40
mL of ethyl acetate, extracted with water (three times, 15 mL each),
washed with NaClss (once, 15 mL), and dried over Na2SO4. The
solvent was evaporated and the crude product was purified by flash
column chromatography on SiO2 gel with DCM−methanol (98−2%)
and with DCM−methanol (95−5%) obtaining 11 as colorless oil.
Yield 28.9% (0.02 mmol, 12 mg); Rf = 0.36 (DCM−methanol 95−
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5%). 1H NMR (400 MHz, CD3OD, 50 °C): δ = 10.06 (s, 1H, NH
anilide), 7.93 (d, 3J(H,H) = 8.6 Hz, 2H, CH anilide), 7.75 (d,
3J(H,H) = 8.6 Hz, 2H, CH anilide), 7.24−6.97 (m, 3H, CH benzyl),
3.80−3.64 (m, 2H, CH2CH), 3.13−3.02 (m, 1H, CH piperidine),
3.00−2.97 (m, 1H, CH piperidine), 2.95−2.92 (m, 1H, CH
piperidine), 2.44−2.42 (m, 2H, COCH2), 2.40−2.37 (m, 1H, CH
piperidine), 2.30 (s, 3H, CCH3 benzyl), 2.29−2.22 (m, 1H, CH
piperidine), 2.18 (s, 2H, CH2 benzyl), 1.89−1.84 (m, 1H, CH
piperidine), 1.82−1.79 (m, 1H, CH piperidine), 1.78−1.76 (m, 2H,
CH2CH2), 1.73−1.68 (m, 2H, CH2CH2), 1.67−1.60 (m, 1H, CH
piperidine), 1.40−1.19 (m, 7H, CH piperidine and CH2CH2 octanoyl
chain), 0.92 ppm (t, 3J(H,H) = 6.4 Hz, 3H, CH2CH3).

13C NMR
(400 MHz, CD3OD, 50 °C): δ = 178.7 (CONH amide), 173.6 (CN
oxadiazole), 167.6 (CO oxadiazole), 141.5 (CNH anilide), 127.6 (2C,
CH anilide), 126.3 (CH benzyl), 126.2 (2C, CCH anilide and CCH2
benzyl), 126.0 (CH benzyl), 120.6 (d, 1J(C−F) = 212.6 Hz, CF),
119.5 (2C, CH anilide), 114.2 (CCH3 benzyl), 113.9 (CH benzyl),
100.0 (CH2 benzyl), 59.5 (CH2CH), 57.7 (NCH2 piperidine), 53.5
(NCH2 piperidine), 36.7 (COCH2), 31.5 (CH2CH2), 29.9 (CHCH2),
29.1 (CH2CH piperidine), 28.9 (CH2CH2), 28.8 (CH2CH2), 25.4
(CH2CH2), 23.6 (CH2CH2 piperidine), 22.3 (CH2CH3), 13.0
(CH2CH3), 9.3 ppm (CCH3).

19F (376 MHz, CDCl3, 50 °C): δ =
−117.40 ppm (s, CF). HRMS (ESI): m/z calcd for C30H39FN4O2 +
H+ [M + H]+: 507.3130. Found: 507.3129. HPLC analysis: retention
time = 22.798 min; peak area, 96%.
Synthesis of N-(4-(5-((1-(3-Fluoro-2-methylbenzyl)piperidin-3-

yl)methyl)-1,2,4-oxadiazol-3-yl)phenyl)decanamide (12). Com-
pound 8 (3.41 mmol, 1 g, 1 equiv) was dissolved in 23 mL of
ethanol, followed by dropwise addition of 4 equiv (13.63 mmol, 13.6
mL) of 1 M LiOH solution. The reaction mixture was stirred for 20 h
at rt (TLC-control), acidified with 2 M HCl solution with consequent
removal of water by evaporation. Under N2 atmosphere, the
previously formed carboxylic acid was dissolved in 200 μL of N,N-
dimethylformamide and 2.5 mL of dry DCM. SOCl2 (9.31 mmol, 1.1
g, 5 equiv) was added dropwise at −15 °C. The reaction mixture was
stirred for 3 h (TLC-control) and then SOCl2 was removed by a
stream of N2. Compound 10c (2.42 mmol, 739 mg, 1.3 equiv),
solubilized in 3 mL of N,N-dimethylformamide and 5 mL of dry
DCM, was added to the acyl chloride, followed by 3 equiv of
triethylamine (5.58 mmol, 0.77 mL). After 22 h, the solvent was
evaporated and 5 mL of N,N-dimethylformamide was added. The
mixture was heated at 150 °C for 3 h, basified with 2 M KOH,
extracted with ethyl acetate (three times, 10 mL each), washed with
NaClss (once, 10 mL), and dried over Na2SO4. The product was
purified by flash chromatography DCM−methanol (methanol
gradient from 2 to 25%), followed by preparative HPLC obtaining
12 as a white powder. Yield 2.3% (0.08 mmol, 41.8 mg); Rf = 0.33
(DCM−methanol 98−2%). 1H NMR (400 MHz, CD3OD, 50 °C): δ
= 10.08 (s, 1H, NH amide), 7.90 (d, 3J(H,H) = 8.3 Hz, 2H, CH
anilide), 7.76 (d, 3J(H,H) = 8.4 Hz, 2H, CH anilide), 7.36−7.20 (m,
3H, CH benzyl), 4.53−4.40 (m, 2H, CHCH2), 3.87−3.79 (m, 1H,
CH piperidine), 3.65−3.55 (m, 1H, CH piperidine), 3.16−3.12 (m,
1H, CH piperidine), 3.10−3.09 (m, 1H, CH piperidine), 3.03−3.01
(m, 1H, CH piperidine), 2.98−2.93 (m, 1H, CH piperidine), 2.49−
2.43 (m, 2H, COCH2), 2.40 (s, 3H, CCH3 benzyl), 2.09−1.97 (m,
3H, CH piperidine and CH2 benzyl), 1.95−1.85 (m, 1H, CH
piperidine), 1.77−1.66 (quint, 3J(H,H) = 7.8 Hz, 2H, CH2CH2),
1.52−1.32 (m, 13H, CH piperidine and CH2CH2 decanoyl chain),
0.91 ppm (t, 3J(H,H) = 6.2 Hz, 3H, CH2CH3).

13C NMR (400 MHz,
CD3OD, 50 °C): δ = 177.5 (CONH amide), 173.7 (CN oxadiazole),
167.6 (CO oxadiazole), 162.8 (CH benzyl), 141.6 (CNH anilide),
127.7 (CCH3 benzyl), 127.6 (CH benzyl), 127.5 (2C, CCH anilide
and CCH2 benzyl), 120.6 (d, 1J(C−F) = 188.1 Hz, CF), 119.5 (CH2
benzyl), 119.5 (2C, CH anilide), 116.6 (2C, CH anilide), 116.3 (CH
benzyl), 59.3 (CHCH2), 55.7 (NCH2 piperidine), 52.7 (NCH2
piperidine), 36.8 (COCH2), 32.4 (CH2CH piperidine), 31.6
(CHCH2 piperidine), 29.3 (CH2CH2), 29.2 (CH2CH2), 29.0
(CH2CH2 piperidine), 28.9 (CH2CH2 piperidine), 27.8 (CH2CH2),
25.4 (CH2CH2), 22.3 (CH2CH2), 22.2 (CH2CH3), 13.0 (CH2CH3),
9.8 ppm (CCH3).

19F (376 MHz, CDCl3, 50 °C): δ = −112.65 ppm

(s, CF). HRMS (ESI): m/z calcd for C32H43FN4O2 + H+ [M + H]+:
535.3443. Found: 535.3441. HPLC analysis: retention time = 13.378
min; peak area, 98%.

General Procedure for the Synthesis of the N7-Substituted
Pyrimido[4,5-d]pyrimidine-2,4,7-triamines (14−44). 2-Substi-
tuted-4-aminopyrimidin-5-carbonitriles 47 (1 equiv, 0.83 mmol)
were stirred with 0.73 M free base guanidine solution in dry 2-
methoxyethanol (3.5 equiv, 2.90 mmol, 3.97 mL) at 150 °C for 1.5−
4.5 h. After the completion of the reaction, the mixture was
concentrated, quenched with water, and extracted with ethyl acetate.
The organic phase was dried over anhydrous sodium sulfate, filtered,
and evaporated, giving a crude product purified by silica gel column
chromatography eluting with a mixture of chloroform/methanol/
ammonia and then triturated with a mixture of petroleum ether/
diethyl ether to afford the final compounds 14−44 as a white powder.

N7-(1-Benzylpiperidin-4-yl)pyrimido[4,5-d]pyrimidine-2,4,7-tria-
mine (14). Recryst. solvent: acetonitrile/methanol. Yield: 75.3%. mp:
205−208 °C. 1H NMR (400 MHz, DMSO-d6) δ ppm: 1.46−1.54 (m,
2H, 2× CH piperidine ring), 1.82−1.85 (m, 2H, 2× CH piperidine
ring), 1.99−2.04 (m, 2H, 2× CH piperidine ring), 2.79−2.81 (m, 2H,
2× CH piperidine ring), 3.46 (s, 2H, NCH2Ph), 3.74 (br m, 1H,
NHC4−H-piperidine ring), 6.40 (br s, 2H, C2−NH2), 7.18−7.35 (m,
8H, CH benzene ring, NH and C4−NH2), 8.84 (s, 1H, CH
pyrimidine ring). 13C NMR (100 MHz, DMSO) δ 31.8 (2C), 48.2,
52.8 (2C), 62.7, 96.2, 127.3, 128.6 (2C), 129.2 (2C), 139.2, 157.0,
163.3, 163.4, 165.7, 166.2. MS (ESI), m/z: 351 [M + H]+. Elemental
anal. calcd (%) for C18H22N8: C 61.70, H 6.33, N 31.98. Found: C
61.80, H 6.35, N 31.85.

7-(2-Methylpiperidin-1-yl)pyrimido[4,5-d]pyrimidine-2,4-dia-
mine (15). Recryst. solvent: methanol. Yield: 52.8%. mp: >300 °C. 1H
NMR (400 MHz, DMSO) δ ppm: 1.12−1.14 (d, 3H, CHCH3), 1.36
(m, 1H, CH piperidine ring), 1.58−1.70 (m, 5H, 5× CH piperidine
ring), 2.85−2.92 (t, 1H, CH piperidine ring), 4.66−4.69 (m, 1H, CH
piperidine ring), 5.10 (br s, 1H, CH−CH3−piperidine ring), 6.43 (br
s, 2H, C2−NH2), 7.34 (br s, 2H, C4−NH2), 8.90 (s, 1H, CH
pyrimidine ring). 13C NMR (100 MHz, DMSO) δ 15.4, 19.1, 25.9,
30.3, 38.3, 45.4, 96.1, 156.7, 162.6, 163.3, 165.9, 166.1. MS (ESI), m/
z: 260 [M + H]+. Elemental anal. calcd (%) for C12H17N7: C 55.58, H
6.61, N 37.81. Found: C 55.68, H 6.63, N 37.69.

7-(3,4-Dihydroisoquinolin-2(1H)-yl)pyrimido[4,5-d]pyrimidine-
2,4-diamine (16). Recryst. solvent: methanol. Yield: 70.6%. mp: 278−
280 °C. 1H NMR (400 MHz, DMSO-d6) δ ppm: 2.85−2.88 (m, 2H,
CH piperidine ring), 4.03 (m, 2H, CH piperidine ring), 4.92 (s, 2H,
CH piperidine), 6.51 (br s, 2H, C2−NH2), 7.18−7.25 (m, 4H, CH
isoquinoline ring), 7.43 (br s, 2H, C4−NH2), 8.97 (s, 1H, CH
pyrimidine ring). 13C NMR (100 MHz, DMSO-d6) δ 28.6, 41.6, 46.1,
96.5, 126.5, 126.7, 126.8, 129.0, 134.7, 135.4, 156.8, 162.8, 163.4,
166.0, 166.1. MS (ESI), m/z: 294 [M + H]+. Elemental anal. calcd
(%) for C15H15N7: C 61.42, H 5.15, N 33.43. Found: C 61.53, H 5.17,
N 33.30.

7-(4-Phenylpiperazin-1-yl)pyrimido[4,5-d]pyrimidine-2,4-dia-
mine (17). Recryst. solvent: methanol. Yield: 62.8%. mp: >300 °C. 1H
NMR (400 MHz, DMSO-d6) δ ppm: 3.19 (m, 4H, 2× CH2
piperazine ring), 3.95 (m, 4H, 2× CH2 piperazine ring), 6.52 (br s,
2H, C2−NH2), 6.79.6.83 (t, 1H, CH benzene ring), 6.99−7.01 (m,
2H, CH benzene ring), 7.22−7.26 (m, 2H, CH benzene ring), 7.43
(br s, 2H, C4−NH2), 8.96 (s, 1H, CH pyrimidine ring). 13C NMR
(100 MHz, DMSO-d6) δ 43.7 (2C), 48.9 (2C), 96.6, 116.3 (2C),
119.6, 129.4 (2C), 151.5, 156.8, 162.8, 163.4, 166.0, 166.1. MS (ESI),
m/z: 323 [M + H]+. Elemental anal. calcd (%) for C16H18N8: C 59.61,
H 5.63, N 34.76. Found: C 59.72, H 5.65, N 34.63.

N7-(4-Methoxybenzyl)pyrimido[4,5-d]pyrimidine-2,4,7-triamine
(18). Recryst. solvent: methanol. Yield: 82.7%. mp: >300 °C. 1H
NMR (400 MHz, DMSO-d6) δ ppm: 3.71 (s, 3H, OCH3), 4.42 (br m,
2H, NHCH2Ph), 6.46 (br s, 2H, C2−NH2), 6.84−6.86 (d, 2H, CH
benzene ring), 7.24−7.31 (br m, 4H, 2× CH benzene ring and C4−
NH2), 7.66−7.76 (br m, 1H, NHCH2Ph), 8.86 (s, 1H, CH pyrimidine
ring). 13C NMR (100 MHz, DMSO-d6) δ 43.7, 55.5, 96.4, 113.9
(2C), 129.0 (2C), 132.8, 157.0, 158.5, 163.3, 164.1, 165.9, 166.3. MS
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(ESI), m/z: 298 [M + H]+. Elemental anal. calcd (%) for C14H15N7O:
C 56.56, H 5.09, N 32.98. Found: C 56.67, H 5.11, N 32.85.
N7-(1-Phenylethyl)pyrimido[4,5-d]pyrimidine-2,4,7-triamine

(19). Recryst. solvent: methanol. Yield: 68.3%. mp: >300 °C. 1H
NMR (400 MHz, DMSO-d6) δ ppm: 1.41−1.43 (d, 3H, CHCH3),
5.14 (br s, 1H, CHCH3), 6.44 (br s, 2H, C2−NH2), 7.16−7.19 (m,
1H, CH benzene ring), 7.27−7.39 (m, 6H, 4× CH benzene ring and
C4−NH2), 7.79 (br m, 1H, NH), 8.85 (s, 1H, CH pyrimidine ring).
13C NMR (100 MHz, DMSO-d6) δ 23.4, 50.0, 96.4, 126.5 (2C),
126.8, 128.5 (2C), 146.2, 156.9, 163.3, 163.4, 165.9, 166.2. MS (ESI),
m/z: 282 [M + H]+. Elemental anal. calcd (%) for C14H15N7: C 59.77,
H 5.37, N 34.85. Found: C 59.89, H 5.38, N 34.73.
N7-Benzyl-N7-methylpyrimido[4,5-d]pyrimidine-2,4,7-triamine

(20). Recryst. solvent: methanol. Yield: 65.2%. mp: 275−277 °C. 1H
NMR (400 MHz, DMSO-d6) δ ppm: 3.09 (s, 3H, NCH3), 4.89 (s,
2H, CH2Ph), 6.49 (br s, 2H, C2−NH2), 6.24−7.33 (m, 7H, 5× CH
benzene ring and C4−NH2), 8.94 (s, 1H, CH pyrimidine ring). 13C
NMR (100 MHz, DMSO-d6) δ 35.1, 51.9, 96.4, 127.3 (2C), 127.7,
128.9 (2C), 139.0, 156.8, 163.4, 163.6, 166.0, 166.1. MS (ESI), m/z:
282 [M + H]+. Elemental anal. calcd (%) for C14H15N7: C 59.77, H
5.37, N 34.85. Found: C 59.87, H 5.39, N 34.74.
N7-Methyl-N7-(1-phenylethyl)pyrimido[4,5-d]pyrimidine-2,4,7-

triamine (21). Recryst. solvent: acetonitrile/methanol. Yield: 76.8%.
mp: 192−194 °C. 1H NMR (400 MHz, DMSO-d6) δ ppm: 1.53−1.55
(d, 3H, CHCH3), 2.82 (s, 3H, NCH3), 6.30 (br m, 1H, CHCH3),
6.48 (br s, 2H, C2−NH2), 7.28−7.34 (m, 7H, 5× CH benzene ring
and C4−NH2), 8.96 (s, 1H, CH pyrimidine ring). 13C NMR (100
MHz, DMSO-d6) δ 16.7, 29.3, 51.8, 96.4, 127.2 (2C), 127.3, 128.8
(2C), 142.2, 156.7, 163.4, 163.4, 165.9, 166.0. MS (ESI), m/z: 296
[M + H]+. Elemental anal. calcd (%) for C15H17N7: C 61.00, H 5.80,
N 33.20. Found: C 61.11, H 5.82, N 33.07.
N7-(1-(4-Methoxyphenyl)ethyl)-N7-methylpyrimido[4,5-d]-

pyrimidine-2,4,7-triamine (22). Recryst. solvent: acetonitrile/meth-
anol. Yield: 60.1%. mp: 184−187 °C. 1H NMR (400 MHz, DMSO-
d6) δ ppm: 1.49 (d, 3H, CHCH3), 2.78 (s, 3H, NCH3), 3.73 (s, 3H,
OCH3), 6.26 (br s, 1H, CHCH3), 6.48 (br s, 2H, C2−NH2), 6.88−
6.90 (d, 2H, CH benzene ring), 7.20−7.22 (d, 2H, CH benzene ring),
7.39 (br s, 2H, C4−NH2), 8.95 (s, 1H, CH pyrimidine ring). 13C
NMR (100 MHz, DMSO-d6) δ 16.8, 29.1, 51.2, 55.5, 96.4, 114.2
(2C), 128.4 (2C), 134.0, 156.7, 158.6, 163.3, 163.4, 166.0, 166.1. MS
(ESI), m/z: 326 [M + H]+. Elemental anal. calcd (%) for C16H19N7O:
C 59.06, H 5.89, N 30.13. Found: C 59.17, H 5.91, N 30.01.
N7-(1-([1,1′-Biphenyl]-4-yl)ethyl)-N7-methylpyrimido[4,5-d]-

pyrimidine-2,4,7-triamine (23). Recryst. solvent: methanol. Yield:
57.1%. mp: >300 °C. 1H NMR (400 MHz, DMSO-d6) δ ppm: 1.57−
1.59 (d, 3H, CHCH3), 2.87 (s, 3H, NCH3), 6.35 (br s, 1H, CHCH3),
6.51 (br s, 2H, C2−NH2), 7.34−7.48 (m, 7H, 5× CH benzene rings
and C4−NH2), 7.63−7.66 (m, 4H, CH benzene rings), 8.97 (s, 1H,
CH pyrimidine ring). 13C NMR (100 MHz, DMSO-d6) δ 16.9, 29.4,
51.7, 96.5, 127.0 (2C), 127.1 (2C), 127.8 (2C), 127.9, 129.4 (2C),
139.2, 140.3, 141.5, 156.7, 163.4, 163.4, 166.0, 166.1. MS (ESI), m/z:
372 [M + H]+. Elemental anal. calcd (%) for C21H21N7: C 67.90, H
5.70, N 26.40. Found: C 68.01, H 5.72, N 26.27.
N7-Methyl-N7-(1-(4-phenoxyphenyl)ethyl)pyrimido[4,5-d]-

pyrimidine-2,4,7-triamine (24). Recryst. solvent: acetonitrile/meth-
anol. Yield: 41.9%. mp: 185−187 °C. 1H NMR (400 MHz, DMSO-
d6) δ ppm: 1.52−1.54 (d, 3H, CHCH3), 2.84 (s, 3H, NCH3), 6.30 (br
s, 1H, CHCH3), 6.49 (br s, 2H, C2−NH2), 6.97−7.01 (m, 4H, CH
benzene rings), 7.11−7.15 (t, 1H, CH benzene ring), 7.30−7.40 (m,
6H, CH benzene rings and C4−NH2), 8.96 (s, 1H, CH pyrimidine
ring). 13C NMR (100 MHz, DMSO-d6) δ 16.8, 29.2, 51.4, 96.5, 118.9
(2C), 119.0 (2C), 123.8, 128.9 (2C), 130.5 (2C), 137.3, 155.9, 156.7,
157.2, 163.3, 163.4, 166.0, 166.1. MS (ESI), m/z: 388 [M + H]+.
Elemental anal. calcd (%) for C21H21N7O: C 65.10, H 5.46, N 25.31.
Found: C 65.20, H 5.48, N 25.20.
N7-(1-(4-(4-Methoxyphenoxy)phenyl)ethyl)pyrimido[4,5-d]-

pyrimidine-2,4,7-triamine (25). Recryst. solvent: methanol. Yield:
82.5%. mp: >300 °C. 1H NMR (400 MHz, DMSO-d6) δ ppm: 1.40−
1.42 (d, 3H, CHCH3), 3.91 (s, 3H, OCH3), 5.12 (br m, 1H,
CHCH3), 6.45 (br s, 2H, C2−NH2), 6.83−6.85 (m, 2H, CH benzene

rings), 6.92−6.98 (m, 4H, CH benzene rings), 7.20−7.36 (m, 4H, CH
benzene rings and C4−NH2), 7.76−7.78 (br m, 1H, NH), 8.85 (s, 1H,
CH pyrimidine ring). 13C NMR (100 MHz, DMSO-d6) δ 23.3, 49.4,
55.9, 96.4, 115.5 (2C), 117.5 (2C), 121.0 (2C), 128.0 (2C), 140.4,
150.1, 155.9, 156.9, 157.0, 163.3, 163.6, 165.9, 166.2. MS (ESI), m/z:
404 [M + H]+. Elemental anal. calcd (%) for C21H21N7O2: C 62.52, H
5.25, N 24.30. Found: C 62.62, H 5.27, N 24.20.

N7-(4-(4-Methoxyphenoxy)benzyl)-N7-methylpyrimido[4,5-d]-
pyrimidine-2,4,7-triamine (26). Recryst. solvent: methanol. Yield:
68.0%. mp: 244−247 °C. 1H NMR (400 MHz, DMSO-d6) δ ppm:
3.08 (br s, 3H, NCH3), 3.74 (s, 3H, OCH3), 4.85 (s, 2H,
N(CH3)CH2Ph), 6.50 (br s, 2H, C2−NH2), 6.86−6.88 (d, 2H, CH
benzene rings), 6.93−6.99 (m, 4H, CH benzene rings), 7.23 (br m,
2H, CH benzene rings), 7.41 (br s, 2H, C4−NH2), 8.94 (s, 1H, CH
pyrimidine ring). 13C NMR (100 MHz, DMSO-d6) δ 35.0, 51.3, 55.9,
96.4, 115.5 (2C), 117.8 (2C), 121.0 (2C), 129.3 (2C), 133.2, 150.0,
156.0, 156.7, 157.4, 163.4, 163.5, 166.0, 166.1. MS (ESI), m/z: 404
[M + H]+. Elemental anal. calcd (%) for C21H21N7O2: C 62.52, H
5.25, N 24.30. Found: C 62.63, H 5.26, N 24.19.

N 7 - ( 1 - ( 4 - ( 4 -Me t ho x y ph eno x y ) p h e n y l ) p r o p y l ) - N 7 -
methylpyrimido[4,5-d]pyrimidine-2,4,7-triamine (27). Recryst. sol-
vent: acetonitrile/methanol. Yield: 60.7%. mp: 186−190 °C. 1H NMR
(400 MHz, DMSO-d6) δ ppm: 0.85 (t, 3H, CH2CH3), 1.90−2.07 (m,
2H, CH2CH3), 2.79−2.82 (br s, 3H, NCH3), 3.74 (s, 3H, OCH3),
6.10 (br m, 1H, CHCH3), 6.48 (br s, 2H, C2−NH2), 6.86−6.88 (m,
2H, CH benzene rings), 6.93−7.00 (m, 4H, CH benzene rings),
7.20−7.38 (br m, 4H, CH benzene rings and C4−NH2), 8.94 (s, 1H,
CH pyrimidine ring). 13C NMR (100 MHz, DMSO-d6) δ 11.5, 23.5,
28.9, 55.9, 57.2, 96.3, 115.5 (2C), 117.5 (2C), 121.1 (2C), 129.1
(2C), 135.6, 149.9, 156.1, 156.5, 157.4, 163.4, 164.0, 166.0, 166.1. MS
(ESI), m/z: 432 [M + H]+. Elemental anal. calcd (%) for
C23H25N7O2: C 64.02, H 5.84, N 22.72. Found: C 64.12, H 5.86,
N 22.60.

N7-(1-(4-(4-Methoxyphenoxy)phenyl)-2-methylpropyl)-N7-
methylpyrimido[4,5-d]pyrimidine-2,4,7-triamine (28). Recryst. sol-
vent: acetonitrile. Yield: 64.0%. mp: 162−165 °C. 1H NMR (400
MHz, DMSO-d6) (mixture of two rotamers 50:50) δ ppm: 0.83 and
0.89 (two d, 6H, CH(CH3)2), 2.51−2.58 (m, 1H, CH(CH3)2), 2.81
and 2.89 (two br s, 3H, NCH3), 3.74 (s, 3H, OCH3), 5.82−5.84 (m,
1H, CHCH(CH3)2), 6.46 (two br s, 2H, C2−NH2), 6.86−6.88 (m,
2H, CH benzene rings), 6.93−7.01 (m, 4H, CH benzene rings),
7.36−7.42 (m, 4H, 2× CH benzene rings and C4−NH2), 8.91 and
8.95 (two s, 1H, CH pyrimidine ring). 13C NMR (100 MHz, DMSO-
d6) δ 20.0 (2C), 21.0, 27.6, 28.9, 55.9, 96.2, 115.5 (2C), 117.4 (2C),
121.3 (2C), 130.1 (2C), 134.4, 149.7, 156.1, 156.2, 156.8, 157.5,
163.3, 163.7, 166.0. MS (ESI), m/z: 446 [M + H]+. Elemental anal.
calcd (%) for C24H27N7O2: C 64.70, H 6.11, N 22.01. Found: C
64.81, H 6.13, N 21.89.

N7-((4-(4-Methoxyphenoxy)phenyl)(phenyl)methyl)-N7-
methylpyrimido[4,5-d]pyrimidine-2,4,7-triamine (29). Recryst. sol-
vent: methanol. Yield: 58.8%. mp: 248−250 °C. 1H NMR (400 MHz,
DMSO-d6) δ ppm: 2.89 (br s, 3H, NCH3), 3.93 (s, 3H, OCH3), 6.52
(br s, 2H, C2−NH2), 6.91−7.04 (m, 6H, CH benzene rings), 7.13−
7.18 (m, 4H, CH benzene rings), 7.28−7.43 (m, 6H, 4× CH benzene
rings and C4−NH2), 8.97 (m, 1H, CH pyrimidine ring). 13C NMR
(100 MHz, DMSO-d6) δ 32.0, 55.9, 61.2, 96.8, 115.6 (2C), 117.6
(2C), 121.3 (2C), 127.6, 128.7 (2C), 128.9 (2C), 130.5 (2C), 134.4,
140.5, 149.7, 156.2, 156.7, 157.6, 163.4, 163.6, 166.0, 166.1. MS
(ESI), m/z: 480 [M + H]+. Elemental anal. calcd (%) for
C27H25N7O2: C 67.63, H 5.25, N 20.45. Found: C 67.74, H 5.27,
N 20.34.

N7-(1-(4-(3-Methoxyphenoxy)phenyl)ethyl)-N7-methylpyrimido-
[4,5-d]pyrimidine-2,4,7-triamine (30). Recryst. solvent: acetonitrile.
Yield: 47.4%. mp: 152−154 °C. 1H NMR (400 MHz, DMSO-d6) δ
ppm: 1.52−1.54 (d, 3H, CHCH3), 2.83 (br s, 3H, NCH3), 3.73 (s,
3H, OCH3), 6.31 (br s, 1H, CHCH3), 6.49−6.54 (br m, 3H, CH
benzene rings and C2−NH2), 6.58 (t, 1H, CH benzene ring), 6.69−
6.72 (dd, 1H, CH benzene ring), 6.98−7.00 (d, 2H, CH benzene
rings), 7.25−7.32 (m, 3H, CH benzene rings), 7.40 (br s, 2H, C4−
NH2), 8.96 (s, 1H, CH pyrimidine ring). 13C NMR (100 MHz,
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DMSO-d6) δ 16.8, 29.2, 51.4, 55.7, 96.5, 100.0, 105.0, 109.5, 110.8,
119.1 (2C), 128.9, 130.9 (2C), 137.4, 155.7, 156.7, 158.4, 161.2,
163.3, 163.4, 166.0. MS (ESI), m/z: 418 [M + H]+. Elemental anal.
calcd (%) for C22H23N7O2: C 63.30, H 5.55, N 23.49. Found: C
63.41, H 5.57, N 23.38.
N7- (1 - (4 - (3 ,4 -D imethoxyphenoxy )pheny l ) e thy l ) -N7 -

methylpyrimido[4,5-d]pyrimidine-2,4,7-triamine (31). Recryst. sol-
vent: acetonitrile/methanol. Yield: 69.2%. mp: 185−188 °C. 1H NMR
(400 MHz, DMSO-d6) δ ppm: 1.50−1.52 (d, 3H, CHCH3), 2.82 (br
s, 3H, NCH3), 3.72 (s, 3H, OCH3), 3.74 (s, 3H, OCH3), 6.29 (br s,
1H, CHCH3), 6.48−6.53 (br m, 3H, CH benzene ring and C2−NH2),
6.74 (d, 1H, CH benzene ring), 6.89−6.95 (m, 3H, CH benzene
rings), 7.25−7.27 (m, 2H, CH benzene rings), 7.40 (br s, 2H, C4−
NH2), 8.96 (s, 1H, CH pyrimidine ring). 13C NMR (100 MHz,
DMSO-d6) δ 16.9, 29.2, 51.3, 56.1, 56.4, 96.5, 105.3, 110.9, 113.0,
117.6 (2C), 128.7 (2C), 136.3, 145.8, 150.1, 150.3, 156.7, 157.2,
163.3, 163.4, 166.0, 166.1. MS (ESI), m/z: 448 [M + H]+. Elemental
anal. calcd (%) for C23H25N7O3: C 61.73, H 5.63, N 21.91. Found: C
61.84, H 5.65, N 21.80.
N7- (1 - (4 - (3 ,5 -D imethoxyphenoxy )pheny l ) e thy l ) -N7 -

methylpyrimido[4,5-d]pyrimidine-2,4,7-triamine (32). Recryst. sol-
vent: methanol. Yield: 75.6%. mp: 233−235 °C. 1H NMR (400 MHz,
DMSO-d6) δ ppm: 1.52−1.54 (d, 3H, CHCH3), 2.83 (br s, 3H,
NCH3), 3.70 (s, 6H, 2× OCH3), 6.13 (m, 2H, CH benzene rings),
6.28 (m, 2H, CHCH3 and CH benzene ring), 6.48 (br s, 2H, C2−
NH2), 6.99 (d, 2H, CH benzene rings), 7.29−7.40 (m, 4H, 2× CH
benzene rings and C4−NH2), 8.96 (s, 1H, CH pyrimidine ring). 13C
NMR (100 MHz, DMSO-d6) δ 16.8, 29.2, 51.4, 55.8 (2C), 95.9, 96.5,
97.5 (2C), 119.2 (2C), 128.9 (2C), 137.5, 155.5, 156.7, 159.0, 161.8
(2C), 163.3, 163.4, 166.0, 166.1. MS (ESI), m/z: 448 [M + H]+.
Elemental anal. calcd (%) for C23H25N7O3: C 61.73, H 5.63, N 21.91.
Found: C 61.82, H 5.64, N 21.82.
N7-((4-(3,5-Dimethoxyphenoxy)phenyl)(phenyl)methyl)-N7-

methylpyrimido[4,5-d]pyrimidine-2,4,7-triamine (33). Recryst. sol-
vent: acetonitrile. Yield: 58.2%. mp: 152−154 °C. 1H NMR (400
MHz, DMSO-d6) δ ppm: 2.91 (br s, 3H, NCH3), 3.71 (s, 6H, 2×
OCH3), 6.17 (d, 2H, CH benzene rings), 6.30 (t, 1H, CH benzene
rings), 6.52 (br s, 2H, C2−NH2), 7.02−7.04 (d, 2H, CH benzene
rings), 7.17−7.20 (m, 4H, CH benzene rings), 7.29−7.46 (m, 6H, CH
benzene rings, CHPh and C4−NH2), 8.98 (s, 1H, CH pyrimidine
ring). 13C NMR (100 MHz, DMSO-d6) δ 32.0, 55.8 (2C), 61.2, 96.0,
97.8 (2C), 119.1 (2C), 119.1, 127.6, 128.7 (2C), 129.0 (2C), 130.5
(2C), 135.5, 140.5, 155.9, 156.8, 158.8, 161.9 (2C), 162.0, 163.4,
163.6, 166.1. MS (ESI), m/z: 510 [M + H]+. Elemental anal. calcd
(%) for C28H27N7O3: C 66.00, H 5.34, N 19.24. Found: C 66.10, H
5.35, N 19.14.
N7-(1-(4-(3 ,4 ,5-Tr imethoxyphenoxy)phenyl)ethyl ) -N7-

methylpyrimido[4,5-d]pyrimidine-2,4,7-triamine (34). Recryst. sol-
vent: acetonitrile. Yield: 67.1%. mp: 172−176 °C. 1H NMR (400
MHz, DMSO-d6) δ ppm: 1.51−1.53 (d, 3H, CHCH3), 2.82 (br s, 3H,
NCH3), 3.64 (s, 3H, OCH3), 3.71 (s, 6H, 2× OCH3), 6.30 (br s, 1H,
CHCH3), 6.37 (s, 2H, CH benzene ring), 6.48 (br s, 2H, C2−NH2),
6.94−6.96 (d, 2H, CH benzene ring), 7.27−7.29 (d, 2H, CH benzene
ring) 7.40 (br s, 2H, C4−NH2), 8.96 (s, 1H, CH pyrimidine ring). 13C
NMR (100 MHz, DMSO-d6) δ 16.9, 29.2, 51.3, 56.4 (2C), 60.6, 96.5,
97.8 (2C), 117.9 (2C), 128.8 (2C), 134.4, 136.7, 152.6, 154.1, 156.6,
156.7 (2C), 163.3, 163.4, 166.0, 166.1. MS (ESI), m/z: 478 [M +
H]+. Elemental anal. calcd (%) for C24H27N7O4: C 60.37, H 5.70, N
20.53. Found: C 60.47, H 5.72, N 20.43.
N7-Methyl-N7-(1-(4-(4-(trifluoromethoxy)phenoxy)phenyl)ethyl)-

pyrimido[4,5-d]pyrimidine-2,4,7-triamine (35). Recryst. solvent:
toluene. Yield: 58.3%. mp: 140−143 °C. 1H NMR (400 MHz,
DMSO-d6) δ ppm: 1.53−1.55 (d, 3H, CHCH3), 2.85 (br s, 3H,
NCH3), 6.31 (br s, 1H, CHCH3), 6.49 (br s, 2H, C2−NH2), 7.03−
7.10 (m, 4H, CH benzene ring), 7.33−7.39 (m, 6H, CH benzene ring
and C4−NH2), 8.96 (s, 1H, CH pyrimidine ring). 13C NMR (100
MHz, DMSO-d6) δ 16.9, 29.2, 51.4, 96.5, 119.5 (2C), 120.0 (2C),
120.6 (q OCF3), 123.4 (2C), 129.1 (2C), 138.0, 144.0, 155.3, 156.3,
156.7, 163.3, 163.4, 166.0, 166.1. MS (ESI), m/z: 472 [M + H]+.

Elemental anal. calcd (%) for C22H20F3N7O2: C 56.05, H 4.28, N
20.80. Found: C 56.15, H 4.30, N 20.70.

N7-Methyl-N7-(1-(4-(4-(methylthio)phenoxy)phenyl)ethyl)-
pyrimido[4,5-d]pyrimidine-2,4,7-triamine (36). Recryst. solvent:
toluene. Yield: 65.6%. mp: 145−146 °C. 1H NMR (400 MHz,
DMSO-d6) δ ppm: 1.52−1.54 (d, 3H, CHCH3), 2.46 (s, 3H, SCH3),
2.83 (br s, 3H, NCH3), 6.30 (br m, 1H, CHCH3), 6.48 (br s, 2H, C2−
NH2), 6.96−7.00 (m, 4H, CH benzene rings), 7.28−7.31 (m, 4H, CH
benzene rings), 7.39 (br s, 2H C4−NH2), 8.95 (s, 1H, CH pyrimidine
ring). 13C NMR (100 MHz, DMSO-d6) δ 16.2, 16.9, 29.2, 51.4, 96.5,
118.7 (2C), 119.9 (2C), 128.9 (2C), 128.9 (2C), 132.7, 137.2, 154.9,
156.0, 156.7, 163.3, 163.4, 166.0, 166.1. MS (ESI), m/z: 434 [M +
H]+. Elemental anal. calcd (%) for C22H23N7OS: C 60.95, H 5.35, N
22.62, S 7.40. Found: C 61.06, H 5.36, N 22.52, S 7.37.

N7 - ( 1 - ( 4 - ( 4 - ( Benzy loxy )phenoxy )pheny l ) e thy l ) -N 7 -
methylpyrimido[4,5-d]pyrimidine-2,4,7-triamine (37). Recryst. sol-
vent: cyclohexane. Yield: 77.8%. mp: 129−132 °C. 1H NMR (400
MHz, DMSO-d6) δ ppm: 1.50−1.52 (d, 3H, CHCH3), 2.82 (br s, 3H,
NCH3), 5.08 (s, 2H, OCH2Ph), 6.28 (br s, 1H, CHCH3), 6.48 (br s,
2H, C2−NH2), 6.88−6.90 (d, 2H, CH benzene rings), 6.98−7.05 (m,
4H, CH benzene rings), 7.26−7.28 (d, 2H, CH benzene rings), 7.34−
7.47 (m, 7H, 5× CH benzene rings and C4−NH2), 8.96 (s, 1H, CH
pyrimidine ring). 13C NMR (100 MHz, DMSO-d6) δ 16.9, 29.2, 51.3,
70.1, 96.5, 116.5 (2C), 117.7 (2C), 121.0 (2C), 128.2 (2C), 128.3
(2C), 128.8, 128.9 (2C), 136.4, 137.5, 150.1, 155.1, 156.7, 157.2,
163.3, 163.4, 166.0, 166.1. MS (ESI), m/z: 494 [M + H]+. Elemental
anal. calcd (%) for C28H27N7O2: C 68.14, H 5.51, N 19.87. Found: C
68.25, H 5.53, N 19.77.

N7-(1-(4-((4-Methoxynaphthalen-1-yl)oxy)phenyl)ethyl)-N7-
methylpyrimido[4,5-d]pyrimidine-2,4,7-triamine (38). Recryst. sol-
vent: methanol. Yield: 71.9%. mp: >300 °C. 1H NMR (400 MHz,
DMSO-d6) δ ppm: 1.49−1.51 (d, 3H, CHCH3), 2.82 (br s, 3H,
NCH3), 3.98 (s, 3H, OCH3), 6.28 (br s, 1H, CHCH3), 6.46 (br s, 2H,
C2−NH2), 6.89−6.96 (m, 3H, CH aromatic rings), 7.07−7.09 (d, 1H,
CH naphthalene ring), 7.25−7.27 (d, 2H, CH aromatic rings), 7.38
(br s, 2H, C4−NH2), 7.53−7.58 (m, 2H, CH naphthalene ring),
7.89−7.91 (m, 1H, CH naphthalene ring), 8.19−8.21 (m, 1H, CH
naphthalene ring), 8.95 (s, 1H, CH pyrimidine ring). 13C NMR (100
MHz, DMSO-d6) δ 16.9, 29.2, 51.3, 56.2, 96.4, 104.5, 116.3, 116.9
(2C), 121.9, 122.4, 126.3, 126.5, 127.4, 127.6, 128.8 (2C), 136.2,
144.9, 152.1, 156.7, 158.0, 163.3, 163.4, 166.0, 166.1. MS (ESI), m/z:
468 [M + H]+. Elemental anal. calcd (%) for C26H25N7O2: C 66.79, H
5.39, N 20.97. Found: C 66.90, H 5.41, N 20.85.

N7 - ( 1 - ( 4 - ( ( 4 -Me thoxybenzy l ) oxy )pheny l ) e thy l ) -N 7 -
methylpyrimido[4,5-d]pyrimidine-2,4,7-triamine (39). Recryst. sol-
vent: methanol. Yield: 78.1%. mp: 225−228 °C. 1H NMR (400 MHz,
DMSO-d6) δ ppm: 1.48−1.50 (d, 3H, CHCH3), 2.79 (br s, 3H,
NCH3), 3.75 (s, 3H, OCH3), 4.99 (s, 2H, OCH2Ph), 6.26 (br s, 1H,
CHCH3), 6.47 (br s, 2H, C2−NH2), 6.93−6.97 (m, 4H, CH benzene
rings), 7.20−7.22 (d, 2H, CH benzene rings), 7.36−7.38 (m, 4H, 2×
CH benzene rings and C4−NH2), 8.95 (s, 1H, CH pyrimidine ring).
13C NMR (100 MHz, DMSO-d6) δ 16.8, 29.1, 51.2, 55.5, 69.4, 96.4,
114.3 (2C), 115.0 (2C), 128.4 (2C), 129.4, 129.9 (2C), 134.2, 156.7,
157.8, 159.4, 163.3, 163.4, 166.0, 166.1. MS (ESI), m/z: 432 [M +
H]+. Elemental anal. calcd (%) for C23H25N7O2: C 64.02, H 5.84, N
22.72. Found: C 64.13, H 5.85, N 22.61.

N7- (1 - (4 - ( (4 -Methoxypheny l ) th io )pheny l ) e thy l ) -N7 -
methylpyrimido[4,5-d]pyrimidine-2,4,7-triamine (40). Recryst. sol-
vent: acetonitrile. Yield: 72.9%. mp: 160−163 °C. 1H NMR (400
MHz, DMSO-d6) δ ppm: 1.48−1.50 (d, 3H, CHCH3), 2.81 (br s, 3H,
NCH3), 3.77 (s, 3H, OCH3), 6.24 (br s, 1H, CHCH3), 6.49 (br s, 2H,
C2−NH2), 6.98−7.01 (d, 2H, CH benzene rings), 7.10−7.12 (d, 2H,
CH benzene rings), 7.21−7.41 (m, 6H, 4× CH benzene rings and
C4−NH2), 8.94 (s, 1H, CH pyrimidine ring). 13C NMR (100 MHz,
DMSO-d6) δ 16.8, 29.3, 51.5, 55.8, 96.5, 115.8 (2C), 123.8, 128.2
(2C), 128.6 (2C), 135.5 (2C), 136.4, 140.4, 156.7, 160.1, 163.3,
163.4, 166.0, 166.1. MS (ESI), m/z: 434 [M + H]+. Elemental anal.
calcd (%) for C22H23N7OS: C 60.95, H 5.35, N 22.62, S 7.40. Found:
C 61.06, H 5.36, N 22.51, S 7.37.
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N7-(1-(4-((3,5-Dimethoxyphenyl)thio)phenyl)ethyl)-N7-
methylpyrimido[4,5-d]pyrimidine-2,4,7-triamine (41). Recryst. sol-
vent: toluene. Yield: 64.0%. mp: 138−139 °C. 1H NMR (400 MHz,
DMSO-d6) δ ppm: 1.53−1.55 (d, 3H, CHCH3), 2.83 (br s, 3H,
NCH3), 3.69 (s, 6H, 2× OCH3), 6.30 (br s, 1H, CHCH3), 6.36 (m,
2H, CH benzene ring), 6.41 (m, 1H, CH benzene ring), 6.50 (br s,
2H, C2−NH2), 7.31−7.38 (m, 6H, 4× CH benzene ring and C4−
NH2), 8.96 (s, 1H, CH pyrimidine ring). 13C NMR (100 MHz,
DMSO-d6) δ 16.7, 29.4, 51.6, 55.8 (2C), 96.5, 99.4, 107.9 (2C), 128.5
(2C), 132.3, 132.3 (2C), 138.0, 142.4, 156.7, 161.3 (2C), 163.4,
166.0, 166.1, 166.2. MS (ESI), m/z: 464 [M + H]+. Elemental anal.
calcd (%) for C23H25N7O2S: C 59.59, H 5.44, N 21.15, S 6.92. Found:
C 59.71, H 5.46, N 21.04, S 6.89.
N7-((4-((3,5-Dimethoxyphenyl)thio)phenyl)(phenyl)methyl)-N7-

methylpyrimido[4,5-d]pyrimidine-2,4,7-triamine (42). Recryst. sol-
vent: toluene. Yield: 76.2%. mp: 139−141 °C. 1H NMR (400 MHz,
DMSO-d6) δ ppm: 2.90 (br s, 3H, NCH3), 3.70 (s, 6H, 2× OCH3),
6.42 (m, 3H, CH benzene rings), 6.53 (br s, 2H, C2−NH2), 7.17−
7.21 (m, 4H, CH benzene rings), 7.30−7.34 (m, 1H, CH benzene
ring), 7.37−7.46 (m, 7H, CH benzene rings, CHPh and C4−NH2),
8.97 (s, 1H, CH pyrimidine ring). 13C NMR (100 MHz, DMSO-d6) δ
32.1, 55.8 (2C), 61.5, 96.9, 99.7, 108.3 (2C), 127.8, 128.9 (2C),
129.0 (2C), 130.0 (2C), 132.0 (2C), 133.0, 137.5, 140.1, 140.3,
156.8, 161.4 (2C), 163.4, 163.5, 166.1, 166.2. MS (ESI), m/z: 526 [M
+ H]+. Elemental anal. calcd (%) for C28H27N7O2S: C 63.98, H 5.18,
N 18.65, S 6.10. Found: C 64.09, H 5.20, N 18.54, S 6.07.
N7-(1-(4-( (4-Methoxyphenyl)amino)phenyl)ethyl ) -N7-

methylpyrimido[4,5-d]pyrimidine-2,4,7-triamine (43). Recryst. sol-
vent: toluene. Yield: 52.1%. mp: 146−149 °C. 1H NMR (400 MHz,
DMSO-d6) δ ppm: 1.46−1.48 (d, 3H, CHCH3), 2.79 (br s, 3H,
NCH3), 3.71 (s, 3H, OCH3), 6.23 (br s, 1H, CHCH3), 6.46 (br s, 2H,
C2−NH2), 6.84−6.90 (m, 4H, CH benzene rings), 7.01−7.03 (d, 2H,
CH benzene rings), 7.09−7.11 (m, 2H, CH benzene rings), 7.38 (br
s, 2H, C4−NH2), 7.83 (s, 1H, NHPh−OCH3), 8.95 (s, 1H, CH
pyrimidine ring). 13C NMR (100 MHz, DMSO-d6) δ 16.7, 29.1, 51.3,
55.7, 96.3, 115.0 (2C), 115.2 (2C), 120.6 (2C), 128.2 (2C), 131.7,
136.7, 144.4, 154.1, 156.7, 163.3, 163.4, 166.0, 166.1. MS (ESI), m/z:
417 [M + H]+. Elemental anal. calcd (%) for C22H24N8O: C 63.45, H
5.81, N 26.90. Found: C 63.56, H 5.83, N 26.79.
N-(4-(1-((5,7-Diaminopyrimido[4,5-d]pyrimidin-2-yl)(methyl)-

amino)ethyl)phenyl)-4-methoxybenzamide (44). Recryst. solvent:
acetonitrile/methanol. Yield: 74.0%. mp: 196−198 °C. 1H NMR (400
MHz, DMSO-d6) δ ppm: 1.51−1.53 (d, 3H, CHCH3), 2.81 (br s, 3H,
NCH3), 3.83 (s, 3H, OCH3), 6.30 (br m, 1H, CHCH3), 6.46 (br s,
2H, C2−NH2), 7.04−7.06 (d, 2H, CH benzene ring), 7.24−7.26 (d,
2H, CH benzene ring), 7.38 (br s, 2H, C4−NH2), 7.71−7.73 (d, 2H,
CH benzene ring), 7.94−7.96 (d, 2H, CH benzene ring), 8.96 (s, 1H,
CH pyrimidine ring), 10.08 (s, 1H, NHCO). 13C NMR (100 MHz,
DMSO-d6) δ 16.7, 29.2, 51.5, 55.9, 96.4, 114.0 (2C), 120.7 (2C),
127.4, 127.5 (2C), 130.0 (2C), 137.1, 138.6, 156.7, 162.3, 163.3,
163.4, 165.3, 166.0, 166.1. MS (ESI), m/z: 445 [M + H]+. Elemental
anal. calcd (%) for C23H24N8O2: C 62.15, H 5.44, N 25.21. Found: C
62.25, H 5.46, N 25.10.
General Procedure for the Synthesis of the Intermediate

Ketones 45f−q and 45s−u. A mixture of the appropriate alkyl/
phenyl 4′-fluorophenyl ketone (1 equiv, 3 mmol), the properly
substituted phenol, 1-naphthol or phenylthiol (1 equiv, 3 mmol), and
anhydrous potassium carbonate (1.2 equiv, 3.6 mmol) in anhydrous
DMF (3 mL) was stirred at 175 °C for 5 h. After the completion of
the reaction, the medium was quenched with water (50 mL) and the
product was extracted with ethyl acetate (3 × 25 mL). The organic
phase was washed with saturated sodium chloride (2 × 50 mL), dried
over anhydrous sodium sulfate, filtered, and concentrated under
reduced pressure. The crude product was purified by silica gel column
chromatography eluting with a mixture of ethyl acetate/n-hexane to
obtain the pure ketones 45f−q and 45s−u.
1-(4-(4-Methoxyphenoxy)phenyl)propan-1-one (45f).62 Yield:

83%. mp: 50−51 °C. 1H NMR (400 MHz, CDCl3) δ ppm: 1.14 (t,
3H, COCH2CH3), 2.87−2.89 (q, 2H, COCH2CH3), 3.75 (s, 3H,

OCH3), 6.86 (m, 4H, CH benzene rings), 6.95 (m, 2H, CH benzene
ring), 7.85 (m, 2H, CH benzene ring).

1-(4-(4-Methoxyphenoxy)phenyl)-2-methylpropan-1-one (45g).
Oil. Yield: 68%. 1H NMR (400 MHz, CDCl3) δ ppm: 1.13 (d, 6H,
CH(CH3)2), 3.42−3.45 (m, 1H, CH(CH3)2), 3.76 (s, 3H, OCH3),
6.86 (m, 4H, CH benzene rings), 6.95 (m, 2H, CH benzene ring),
7.85 (m, 2H, CH benzene ring).

(4-(4-Methoxyphenoxy)phenyl)(phenyl)methanone (45h).63

Yield: 86%. mp: 107−108 °C. 1H NMR (400 MHz, CDCl3) δ
ppm: 3.76 (s, 3H, OCH3), 6.85−6.91 (m, 4H, CH benzene rings),
6.96−6.99 (m, 2H, CH benzene ring), 7.38−7.42 (m, 2H, CH ring),
7.48−7.50 (m, 1H, CH benzene ring), 7.68−7.74 (m, 4H, CH
benzene rings).

1-(4-(3-Methoxyphenoxy)phenyl)ethan-1-one (45i).64 Yield:
59%. mp: 65−67 °C. 1H NMR (400 MHz, CDCl3) δ ppm: 2.60 (s,
3H, COCH3), 3.82 (s, 3H, OCH3), 6.64−6.68 (m, 2H, CH benzene
ring), 6.76−6.78 (m, 1H, CH benzene ring), 7.03−7.05 (m, 2H, CH
benzene ring), 7.28−7.33 (m, 1H, CH benzene ring), 7.97 (m, 2H,
CH benzene ring).

1-(4-(3,4-Dimethoxyphenoxy)phenyl)ethan-1-one (45j). Recryst.
solvent: cyclohexane. Yield: 86%. mp: 99−101 °C. 1H NMR (400
MHz, CDCl3) δ ppm: 2.50 (s, 3H, COCH3), 3.78 (s, 3H, OCH3),
3.83 (s, 3H, OCH3), 6.55−6.58 (m, 2H, CH benzene ring), 6.79−
6.81 (d, 1H, CH benzene ring), 6.87−6.91 (m, 2H, CH benzene
ring), 7.85−7.87 (m, 2H, CH benzene ring).

1-(4-(3,5-Dimethoxyphenoxy)phenyl)ethan-1-one (45k). Recryst.
solvent: cyclohexane. Yield: 79%. mp: 85−87 °C. 1H NMR (400
MHz, CDCl3) δ ppm: 2.51 (s, 3H, COCH3), 3.70 (s, 6H, 2× OCH3),
6.15 (s, 2H, CH benzene ring), 6.23 (s, 1H, CH benzene ring), 6.96−
6.98 (d, 2H, CH benzene ring), 7.86−7.88 (d, 2H, CH benzene ring).

(4-(3,5-Dimethoxyphenoxy)phenyl)(phenyl)methanone (45l).
Oil. Yield: 92.0%. 1H NMR (400 MHz, CDCl3) δ ppm: 3.78 (s,
6H, 2× OCH3), 6.25 (d, 2H, CH benzene ring), 6.30 (m, 1H, CH
benzene ring), 7.07 (d, 2H, CH benzene ring), 7.46−7.50 (m, 2H,
CH benzene ring), 7.56−7.60 (m, 1H, CH benzene ring), 7.77−7.79
(m, 4H, CH benzene rings).

1-(4-(3,4,5-Trimethoxyphenoxy)phenyl)ethan-1-one (45m). Re-
cryst. solvent: cyclohexane. Yield: 66%. mp: 94−96 °C. 1H NMR
(400 MHz, CDCl3) δ ppm: 2.60 (s, 3H, COCH3), 3.83 (s, 6H, 3,5-
(OCH3)2), 3.88 (s, 3H, 4-OCH3), 6.34 (s, 2H, CH benzene ring),
7.02 (d, 2H, CH benzene ring), 7.96 (d, 2H, CH benzene ring).

1-(4-(4-(Trifluoromethoxy)phenoxy)phenyl)ethan-1-one (45n).65

Oil. Yield: 95%. 1H NMR (400 MHz, CDCl3) δ ppm: 2.51 (s, 3H,
COCH3), 6.95 (d, 2H, CH benzene ring), 7.01 (d, 2H, CH benzene
ring), 7.16−7.19 (d, 2H, CH benzene ring), 7.89 (d, 2H, CH benzene
ring).

1-(4-(4-(Methylthio)phenoxy)phenyl)ethan-1-one (45o). Recryst.
solvent: cyclohexane. Yield: 87%. mp: 83−84 °C. 1H NMR (400
MHz, CDCl3) δ ppm: 2.50 (s, 3H, SCH3), 2.57 (s, 3H, COCH3),
6.93−7.03 (m, 4H, CH benzene ring), 7.30 (m, 2H, CH benzene
ring), 7.92−7.95 (m, 2H, CH benzene ring).

1-(4-(4-(Benzyloxy)phenoxy)phenyl)ethan-1-one (45p).66 Yield:
70%. mp: 101−103 °C. 1H NMR (400 MHz, CDCl3) δ ppm: 2.49 (s,
3H, COCH3), 5.00 (s, 2H, CH2Ph), 6.86−6.89 (m, 2H, CH benzene
ring), 6.94 (m, 4H, CH benzene rings), 7.27−7.39 (m, 5H, CH
benzene rings), 7.83−7.85 (m, 2H, CH benzene ring).

1-(4-((4-Methoxynaphthalen-1-yl)oxy)phenyl)ethan-1-one
(45q). Oil. Yield: 50%. 1H NMR (400 MHz, CDCl3) δ ppm: 2.48 (s,
3H, COCH3), 3.96 (s, 3H, OCH3), 6.70−6.72 (d, 1H, CH
naphthalene ring), 6.87−6.89 (m, 2H, CH benzene ring), 7.02−
7.04 (d, 1H, CH naphthalene ring), 7.38−7.47 (m, 2H, CH
naphthalene ring), 7.77−7.79 (d, 1H, CH naphthalene ring), 7.82
(m, 2H, CH benzene ring), 8.22−8.24 (d, 1H, CH naphthalene ring).

1-(4-((4-Methoxyphenyl)thio)phenyl)ethan-1-one (45s).58 Oil.
Yield: 54%. 1H NMR (400 MHz, CDCl3) δ ppm: 2.47 (s, 3H,
COCH3), 3.79 (s, 3H, OCH3), 6.88−6.90 (d, 2H, CH benzene ring),
7.01−7.04 (d, 2H, CH benzene ring), 7.41 (d, 2H, CH benzene ring),
7.72 (d, 2H, CH benzene ring).

1-(4-((3,5-Dimethoxyphenyl)thio)phenyl)ethan-1-one (45t). Re-
cryst. solvent: cyclohexane. Yield: 72%. mp: 41−42 °C. 1H NMR
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(400 MHz, CDCl3) δ ppm: 2.56 (s, 3H, COCH3), 3.77 (s, 6H, 2×
OCH3), 6.46 (m, 1H, CH benzene ring), 6.62 (m, 2H, CH benzene
ring), 7.27 (d, 2H, CH benzene ring), 7.83 (d, 2H, CH benzene ring).
(4-((3,5-Dimethoxyphenyl)thio)phenyl)(phenyl)methanone

(45u). Oil. Yield: 80%. 1H NMR (400 MHz, CDCl3) δ ppm: 3.71 (s,
6H, 2× OCH3), 6.39 (m, 1H, CH benzene ring), 6.58 (m, 2H, CH
benzene ring), 7.23 (d, 2H, CH benzene ring), 7.38−7.42 (m, 2H,
CH benzene ring), 7.48−7.52 (m, 1H, CH benzene ring), 7.65 (d,
2H, CH benzene ring), 7.69−7.71 (m, 2H, CH benzene ring).
General Procedure for the Synthesis of the Intermediate

Amines 46i−f′. A 2 M methylamine solution in methanol or,
alternatively, a 7 M ammonia solution in methanol (3−6 equiv, 6−12
mmol) was added to a solution of titanium isopropoxide (1.3−2
equiv, 2.6−4 mmol) and the carbonyl compounds 45a−w (1 equiv, 2
mmol) in THF (5 mL), and the reaction mixture was stirred under
nitrogen atmosphere at room temperature. After 5−6 h, sodium
borohydride (1.1 equiv, 2.2 mmol) was added portionwise at 0 °C,
and the mixture was stirred for 2 h at room temperature. After
completion, the reaction was quenched with distilled water (2 mL)
and acidified at 0 °C with 1 M hydrochloric acid until pH was 1−2.
The resulting suspension was filtered on celite and washed with a
mixture of water (50 mL) and ethyl acetate (50 mL). The filtrate and
the washings were combined, extracted with ethyl acetate (3 × 30
mL), basified with 10% w/w sodium hydroxide up to pH 10−12, and
further extracted with ethyl acetate (3 × 30 mL). The organic phase
was dried over anhydrous sodium sulfate, filtered, and concentrated
under reduced pressure to give an oily crude product. This was finally
purified by silica gel column chromatography eluting with a mixture of
chloroform/methanol/ammonia or ethyl acetate/n-hexane, thus
affording the pure amines 46i−f′.
1-(4-Methoxyphenyl)-N-methylethan-1-amine (46i).67 Oil. Yield:

87%. 1H NMR (400 MHz, CDCl3) δ ppm: 1.26 (d, 3H, CHCH3),
2.22 (s, 3H, NHCH3), 3.52 (m, 1H, CHCH3), 3.73 (s, 3H, OCH3),
6.81 (d, 2H, CH benzene ring), 7.15 (d, 2H, CH benzene ring).
1-([1,1′-Biphenyl]-4-yl)-N-methylethan-1-amine (46j). Oil. Yield:

55%. 1H NMR (400 MHz, CDCl3) δ ppm: 1.42 (d, 3H, CHCH3),
2.37 (s, 3H, NHCH3), 3.71−3.73 (m, 1H, CHCH3), 7.35−7.41 (m,
3H, CH biphenyl ring), 7.44−7.47 (m, 2H, CH biphenyl ring), 7.58−
7.62 (m, 4H, CH biphenyl ring).
N-Methyl-1-(4-phenoxyphenyl)ethan-1-amine (46k). Oil. Yield:

85%. 1H NMR (400 MHz, CDCl3) δ ppm: 1.39 (d, 3H, CHCH3),
2.34 (s, 3H, NHCH3), 3.65−3.70 (m, 1H, CHCH3), 6.98−7.04 (m,
4H, CH benzene rings), 7.09−7.13 (m, 1H, CH benzene ring), 7.29−
7.32 (m, 2H, CH benzene ring), 7.35−7.37 (m, 2H, CH benzene
ring).
1-(4-(4-Methoxyphenoxy)phenyl)ethan-1-amine (46l). Oil. Yield:

34%. 1H NMR (400 MHz, CDCl3) δ ppm: 1.30 (d, 3H, CHCH3),
3.73 (s, 3H, OCH3), 4.03 (m, 1H, CHCH3), 6.79−6.91 (m, 6H, CH
benzene rings), 7.21 (m, 2H, CH benzene ring).
1-(4-(4-Methoxyphenoxy)phenyl)-N-methylmethanamine

(46m). Oil. Yield: 78%. 1H NMR (400 MHz, CDCl3) δ ppm: 2.38 (s,
3H, NHCH3), 3.63 (s, 2H, CH2NHCH3), 3.73 (s, 3H, OCH3), 6.79−
6.84 (m, 4H, CH benzene rings), 6.89−6.91 (d, 2H, CH benzene
rings), 7.15−7.18 (m, 2H, CH benzene rings).
1-(4-(4-Methoxyphenoxy)phenyl)-N-methylethan-1-amine

(46n). Oil. Yield: 73%. 1H NMR (400 MHz, CDCl3) δ ppm: 1.27 (d,
3H, CHCH3), 2.24 (s, 3H, NHCH3), 3.55 (m, 1H, CHCH3), 3.73 (s,
3H, OCH3), 6.79−6.84 (m, 4H, CH benzene rings), 6.89−6.92 (m,
2H, CH benzene ring), 7.14−7.16 (m, 2H, CH benzene ring).
1-(4-(4-Methoxyphenoxy)phenyl)-N-methylpropan-1-amine

(46o). Oil. Yield: 83%. 1H NMR (400 MHz, CDCl3) δ ppm: 0.72−
0.75 (t, 3H, CHCH2CH3), 1.51−1.58 (m, 1H, CHCHHCH3), 1.63−
1.71 (m, 1H, CHCHHCH3), 2.21 (s, 3H, NHCH3), 3.24−3.28 (m,
1H, CHCH2CH3), 3.74 (s, 3H, OCH3), 6.79−6.84 (m, 4H, CH
benzene rings), 6.90−6.92 (m, 2H, CH benzene ring), 7.1 (m, 2H,
CH benzene ring).
1-(4-(4-Methoxyphenoxy)phenyl)-N,2-dimethylpropan-1-amine

(46p). Oil. Yield: 62%. 1H NMR (400 MHz, CDCl3) δ ppm: 0.66−
0.68 (d, 3H, CHCH3(CH3)), 0.88−0.90 (d, 3H, CHCH3(CH3)),
1.73−1.81 (m, 1H, CH(CH3)2), 2.16 (s, 3H, NHCH3), 3.08−3.10

(m, 1H, CHCH(CH3)2), 3.73 (s, 3H, OCH3), 6.79−6.83 (m, 4H, CH
benzene rings), 6.89−6.94 (m, 2H, CH benzene ring), 7.07−7.10 (m,
2H, CH benzene ring).

1-(4-(4-Methoxyphenoxy)phenyl)-N-methyl-1-phenylmethan-
amine (46q). Oil. Yield: 60%. 1H NMR (400 MHz, CDCl3) δ ppm:
2.33 (s, 3H, NHCH3), 3.72 (s, 3H, OCH3), 4.59 (m, 1H, CHPh),
6.77−6.80 (m, 4H, CH benzene rings), 6.86−6.89 (m, 2H, CH
benzene ring), 7.14−7.16 (m, 1H, CH benzene ring), 7.22−7.25 (m,
4H, CH benzene rings), 7.29−7.31 (m, 2H, CH benzene ring).

1-(4-(3-Methoxyphenoxy)phenyl)-N-methylethan-1-amine (46r).
Oil. Yield: 79%. 1H NMR (400 MHz, CDCl3) δ ppm: 1.29 (d, 3H,
CHCH3), 2.25 (s, 3H, NHCH3), 3.56−3.59 (m, 1H, CHCH3), 3.71
(s, 3H, OCH3), 6.50−6.52 (d, 2H, CH benzene ring), 6.56−6.58 (d,
1H, CH benzene ring), 6.90−6.92 (d, 2H, CH benzene ring), 7.12−
7.20 (m, 3H, CH benzene rings).

1-(4-(3,4-Dimethoxyphenoxy)phenyl)-N-methylethan-1-amine
(46s). Oil. Yield: 84%. 1H NMR (400 MHz, CDCl3) δ ppm: 1.27 (d,
3H, CHCH3), 2.24 (s, 3H, NHCH3), 3.54−3.56 (m, 1H, CHCH3),
3.77 (s, 3H, OCH3), 3.80 (s, 3H, OCH3), 6.47−6.50 (d, 1H, CH
benzene ring), 6.59 (s, 1H, CH benzene ring), 6.74−6.76 (d, 1H, CH
benzene ring), 6.84−6.86 (d, 2H, CH benzene ring), 7.15−7.18 (m,
2H, CH benzene ring).

1-(4-(3,5-Dimethoxyphenoxy)phenyl)-N-methylethan-1-amine
(46t). Oil. Yield: 72%. 1H NMR (400 MHz, CDCl3) δ ppm: 1.8 (d,
3H, CHCH3), 2.25 (s, 3H, NHCH3), 3.54−3.59 (m, 1H, CHCH3),
3.68 (s, 6H, 2× OCH3), 6.09 (m, 2H, CH benzene ring), 6.13 (m,
1H, CH benzene ring), 6.91−6.93 (d, 2H, CH benzene ring), 7.18−
7.20 (d, 2H, CH benzene ring).

1-(4-(3,5-Dimethoxyphenoxy)phenyl)-N-methyl-1-phenylme-
thanamine (46u). Oil. Yield: 46%. 1H NMR (400 MHz, CDCl3) δ
ppm: 2.41 (s, 3H, NHCH3), 3.73 (s, 6H, 3,5-(OCH3)2), 4.68 (s, 1H,
NHCHPh), 6.19 (m, 2H, CH benzene ring), 6.34 (m, 1H, CH
benzene ring), 6.94−6.96 (d, 2H, CH benzene ring), 7.21−7.26 (m,
1H, CH benzene ring), 7.31−7.35 (m, 6H, CH phenyl rings).

N-Methyl-1-(4-(3,4,5-trimethoxyphenoxy)phenyl)ethan-1-amine
(46v). Oil. Yield: 82%. 1H NMR (400 MHz, CDCl3) δ ppm: 1.27−
1.29 (d, 3H, CHCH3), 2.25 (s, 3H, NHCH3), 3.55−3.57 (m, 1H,
CHCH3), 3.72 (s, 6H, 3,5-(OCH3)2), 3.76 (s, 3H, 4-OCH3), 6.20 (s,
2H, CH benzene ring), 6.88−6.90 (m, 2H, CH benzene ring), 7.18−
7.20 (m, 2H, CH benzene ring).

N-Methyl-1-(4-(4-(trifluoromethoxy)phenoxy)phenyl)ethan-1-
amine (46w). Oil. Yield: 77%. 1H NMR (400 MHz, CDCl3) δ ppm:
1.28−1.30 (d, 3H, CHCH3), 2.25 (s, 3H, NHCH3), 3.57−3.59 (m,
1H, CHCH3), 6.89−6.93 (m, 4H, CH benzene rings), 7.09 (m, 2H,
CH benzene ring), 7.21−7.23 (m, 2H, CH benzene ring).

N-Methyl-1-(4-(4-(methylthio)phenoxy)phenyl)ethan-1-amine
(46x). Oil. Yield: 84%. 1H NMR (400 MHz, CDCl3) δ ppm: 1.27−
1.29 (d, 3H, CHCH3), 2.25 (s, 3H, SCH3), 2.40 (s, 3H, NHCH3),
3.54−3.58 (m, 1H, CHCH3), 6.87−6.89 (m, 4H, CH benzene rings),
7.18−7.20 (m, 4H, CH benzene rings).

1-(4-(4-(Benzyloxy)phenoxy)phenyl)-N-methylethan-1-amine
(46y). Recryst. solvent: cyclohexane. Yield: 77%. mp: 90−91 °C. 1H
NMR (400 MHz, CDCl3) δ ppm: 1.26−1.28 (d, 3H, CHCH3), 2.24
(s, 3H, NHCH3), 3.54−3.56 (m, 1H, CHCH3), 4.98 (s, 2H,
OCH2Ph), 6.83−6.92 (m, 6H, CH benzene ring), 7.14−7.17 (m, 2H,
CH benzene ring), 7.26−7.28 (m, 1H, CH benzene ring), 7.30−7.38
(m, 4H, CH benzene rings).

1-(4-((4-Methoxynaphthalen-1-yl)oxy)phenyl)-N-methylethan-
1-amine (46z). Oil. Yield: 84%. 1H NMR (400 MHz, CDCl3) δ ppm:
1.26−1.28 (d, 3H, CHCH3), 2.24 (s, 3H, NHCH3), 3.52−3.57 (m,
1H, CHCH3), 3.93 (s, 3H, OCH3), 6.65−6.67 (d, 1H, CH
naphthalene ring), 6.84−6.86 (d, 2H, CH naphthalene ring), 6.91−
6.93 (d, 1H, CH naphthalene ring), 7.13−7.15 (m, 2H, CH benzene
ring), 7.39−7.46 (m, 2H, CH benzene ring), 7.96−7.98 (d, 1H, CH
naphthalene ring), 8.19−8.22 (d, 1H, CH naphthalene ring).

1-(4-((4-Methoxybenzyl)oxy)phenyl)-N-methylethan-1-amine
(46a′). Recryst. solvent: cyclohexane. Yield: 70%. mp: 99−100 °C. 1H
NMR (400 MHz, CDCl3) δ ppm: 1.25−1.27 (d, 3H, CHCH3), 2.23
(s, 3H, NHCH3), 3.50−3.55 (m, 1H, CHCH3), 3.75 (s, 3H, OCH3),
4.90 (s, 2H, OCH2Ph), 6.84−6.88 (m, 4H, CH benzene rings), 7.13−
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7.15 (m, 2H, CH benzene ring), 7.28−7.30 (m, 2H, CH benzene
ring).
1-(4-((4-Methoxyphenyl)thio)phenyl)-N-methylethan-1-amine

(46b′). Oil. Yield: 80%. 1H NMR (400 MHz, CDCl3) δ ppm: 1.23−
1.25 (d, 3H, CHCH3), 2.22 (s, 3H, NHCH3), 3.50−3.52 (m, 1H,
CHCH3), 3.75 (s, 3H, OCH3), 6.81−6.83 (d, 2H, CH benzene ring),
7.06−7.12 (m, 4H, CH benzene rings), 7.32−7.34 (m, 2H, CH
benzene ring).
1-(4-((3,5-Dimethoxyphenyl)thio)phenyl)-N-methylethan-1-

amine (46c′). Oil. Yield: 78%. 1H NMR (400 MHz, CDCl3) δ ppm:
1.26−1.28 (d, 3H, CHCH3), 2.24 (s, 3H, NHCH3), 3.54−3.59 (m,
1H, CHCH3), 3.66 (s, 6H, 3,5-(OCH3)2), 6.24 (m, 1H, CH benzene
ring), 6.36 (m, 2H, CH benzene ring), 7.19−7.21 (d, 2H, CH
benzene ring), 7.29−7.31 (d, 2H, CH benzene ring).
1-(4-((3,5-Dimethoxyphenyl)thio)phenyl)-N-methyl-1-phenylme-

thanamine (46d′). Oil. Yield: 30%. 1H NMR (400 MHz, CDCl3) δ
ppm: 2.34 (s, 3H, NHCH3), 3.64 (s, 6H, 2× OCH3), 4.61 (s, 1H,
NHCHPh), 6.23 (m, 1H, CH benzene ring), 6.35 (m, 2H, CH
benzene ring), 7.14−7.16 (m, 1H, CH benzene ring), 7.23−7.26 (m,
8H, CH benzene rings).
4-Methoxy-N-(4-(1-(methylamino)ethyl)phenyl)aniline (46e′).

Oil. Yield: 57%. 1H NMR (400 MHz, CDCl3) δ ppm: 1.26−1.28
(d, 3H, CHCH3), 2.25 (s, 3H, NHCH3), 3.47−3.54 (m, 1H,
CHCH3), 3.73 (s, 3H, OCH3), 5.34 (s, 1H, PhNHPh−OCH3), 6.75−
6.83 (m, 4H, CH benzene rings), 6.98−7.00 (d, 2H, CH benzene
ring), 7.06−7.08 (d, 2H, CH benzene ring).
4-Methoxy-N-(4-(1-(methylamino)ethyl)phenyl)benzamide

(46f′). Recryst. solvent: methanol. Yield: 88%. mp: 220−221 °C. 1H
NMR (400 MHz, DMSO-d6) δ ppm: 1.21−1.23 (d, 3H, CHCH3),
2.12 (s, 3H, NHCH3), 3.51−3.53 (m, 1H, CHCH3), 3.84 (s, 3H,
OCH3), 7.05−7.07 (s, 2H, CH benzene ring), 7.25−7.27 (d, 2H, CH
benzene ring), 7.67−7.69 (d, 2H, CH benzene ring), 7.94−7.96 (d,
2H, CH benzene ring), 10.02 (s, 1H, CONH).
General Procedure for the Synthesis of the 2-Substituted 4-

Aminopyrimidin-5-Carbonitriles (47a−f′). 4-Amino-2-bromopyr-
imidine-5-carbonitrile (1 equiv, 1 mmol) and triethylamine (1.6
equiv, 1.6 mmol) were added to a solution of amines 46 (1 equiv, 1
mmol) in dry 2-methoxyetanol. After stirring at room temperature for
2.5 h, the reaction was stopped and the solvent was evaporated. The
residue was diluted with ethyl acetate and washed two times with
potassium hydrogen sulfate 0.1 N. The aqueous layer was counter-
extracted with ethyl acetate, and the combined organic phases were
dried over sodium sulfate, filtered, and evaporated under reduced
pressure. The crude residue was finally purified by silica gel column
chromatography eluting with a mixture of chloroform and n-hexane to
afford the desired intermediate compounds 47 as white solids.
4-Amino-2-((1-benzylpiperidin-4-yl)amino)pyrimidine-5-carbon-

itrile (47a). Recryst. solvent: acetonitrile/methanol. Yield: 83%. mp:
205−208 °C. 1H NMR (400 MHz, DMSO-d6) δ ppm: 1.44−1.53 (m,
2H, 2× CH piperidine ring), 1.74 (m, 2H, 2× CH piperidine ring),
1.93−1.99 (m, 2H, 2× CH piperidine ring), 2.77−2.79 (m, 2H, 2×
CH piperidine ring), 3.43−3.45 (m, 2H, NCH2Ph), 3.72 (br m, 1H,
NHC4−H-piperidine ring), 7.02−7.49 (m, 8H, CH benzene ring,
NH2 and NH), 8.13 and 8.23 (two s, 1H, CH pyrimidine ring of two
tautomers).
4-Amino-2-(2-methylpiperidin-1-yl)pyrimidine-5-carbonitrile

(47b). Recryst. solvent: methanol. Yield: 82%. mp: 157−161 °C. 1H
NMR (400 MHz, DMSO-d6) δ ppm: 1.07−1.09 (d, 3H, CH3), 1.27−
1.31 (m, 1H, CH piperidine ring), 1.54−1.68 (m, 5H, 5× CH
piperidine ring), 2.84−2.92 (t, 1H, CH piperidine ring), 4.57−4.60
(m, 1H, CH piperidine ring), 5.02−5.04 (m, 1H, CH piperidine ring),
7.17 (br s, 2H, NH2), 8.24 (s, 1H, CH pyrimidine ring).
4-Amino-2-(3,4-dihydroisoquinolin-2(1H)-yl)pyrimidine-5-car-

bonitrile (47c). Recryst. solvent: acetonitrile. Yield: 88%. mp: 186−
189 °C. 1H NMR (400 MHz, DMSO-d6) δ ppm: 2.83−2.86 (m, 2H,
CH2 tetrahydroisoquinoline ring), 3.97 (m, 2H, CH2 tetrahydroiso-
quinoline ring), 4.87 (s, 2H, CH2 tetrahydroisoquinoline ring), 7.19
(m, 4H, CH tetrahydroisoquinoline ring), 7.33 (br s, 2H, NH2), 8.31
(s, 1H, CH pyrimidine ring).
4-Amino-2-(4-phenylpiperazin-1-yl)pyrimidine-5-carbonitrile

(47d). Recryst. solvent: methanol. Yield: 78%. mp: 272−277 °C. 1H

NMR (400 MHz, DMSO-d6) δ ppm: 3.16−3.18 (m, 4H, 2× CH2
piperazine ring), 3.89 (m, 4H, 2× CH2 piperazine ring), 6.79−6.87
(m, 1H, CH benzene ring), 6.97−6.99 (m, 2H, CH benzene ring),
7.22−7.25 (m, 2H, CH benzene ring), 7.32 (br s, 2H, NH2), 8.30 (s,
1H, CH pyrimidine ring).

4-Amino-2-((4-methoxybenzyl)amino)pyrimidine-5-carbonitrile
(47e). Recryst. solvent: methanol. Yield: 62%. mp: 228−230 °C. 1H
NMR (400 MHz, DMSO-d6) (mixture of two tautomers 60:40) δ
ppm: 3.72 (s, 3H, OCH3), 4.37−4.42 (m, 2H, NHCH2Ph−OCH3),
6.85−6.87 (m, 2H, CH benzene ring), 7.12−7.24 (m, 4H, CH
benzene ring and NH2), 7.81 and 7.97 (two t, 1H, NHCH2), 8.17 and
8.24 (two s, 1H, CH pyrimidine ring).

4-Amino-2-((1-phenylethyl)amino)pyrimidine-5-carbonitrile
(47f). Recryst. solvent: toluene. Yield: 94%. mp: 130−132 °C. 1H
NMR (400 MHz, DMSO-d6) (mixture of two tautomers 60:40) δ
ppm: 1.41 (d, 3H, CHCH3), 5.12−5.16 (m, 1H, CHCH3), 7.20−7.36
(m, 7H, CH benzene ring and NH2), 7.81 and 8.05 (two d, 1H, NH),
8.16 (s, 1H, CH pyrimidine ring).

4-Amino-2-(benzyl(methyl)amino)pyrimidine-5-carbonitrile
(47g). Recryst. solvent: acetonitrile. Yield: 91%. mp: 187−187 °C. 1H
NMR (400 MHz, DMSO-d6) δ ppm: 3.04 (br s, 3H, NCH3), 4.84 (s,
2H, NCH2Ph), 7.21−7.34 (m, 7H, CH benzene ring and NH2), 8.29
(s, 1H, CH pyrimidine ring).

4-Amino-2-(methyl(1-phenylethyl)amino)pyrimidine-5-carboni-
trile (47h). Recryst. solvent: acetonitrile. Yield: 86%. mp: 189−191
°C. 1H NMR (400 MHz, DMSO-d6) δ ppm: 1.51 (d, 3H, CHCH3),
2.77 (s, 3H, NCH3), 6.21 (br m, 1H, CHCH3), 7.26−7.35 (m, 7H,
CH benzene ring and NH2), 8.30 (s, 1H, CH pyrimidine ring).

4-Amino-2-((1-(4-methoxyphenyl)ethyl)(methyl)amino)-
pyrimidine-5-carbonitrile (47i). Recryst. solvent: acetonitrile. Yield:
91%. mp: 153−154 °C. 1H NMR (400 MHz, DMSO-d6) δ ppm: 1.47
(d, 3H, CHCH3), 2.74 (s, 3H, NCH3), 3.73 (s, 3H, OCH3), 6.16 (br
m, 1H, CHCH3), 6.89−6.91 (d, 2H, CH benzene ring), 7.19−7.26
(m, 4H, CH benzene ring and NH2), 8.30 (s, 1H, CH pyrimidine
ring).

2-((1-([1,1′-Biphenyl]-4-yl)ethyl)(methyl)amino)-4-aminopyrimi-
dine-5-carbonitrile (47j). Recryst. solvent: acetonitrile. Yield: 89%.
mp: 148−156 °C. 1H NMR (400 MHz, DMSO-d6) δ ppm: 1.56 (d,
3H, CHCH3), 2.83 (s, 3H, NCH3), 6.25 (br m, 1H, CHCH3), 7.29−
7.38 (m, 5H, CH biphenyl ring and NH2), 7.44−7.48 (m, 2H, CH
biphenyl ring), 7.63−7.66 (m, 4H, CH biphenyl ring), 8.32 (s, 1H,
CH pyrimidine ring).

4-Amino-2-(methyl(1-(4-phenoxyphenyl)ethyl)amino)-
pyrimidine-5-carbonitrile (47k). Recryst. solvent: toluene. Yield:
85%. mp: 147−150 °C. 1H NMR (400 MHz, DMSO-d6) δ ppm: 1.50
(d, 3H, CHCH3), 2.79 (s, 3H, NCH3), 6.20 (br m, 1H, CHCH3),
6.97−7.01 (m, 4H, CH benzene rings), 7.13 (m, 1H, CH benzene
ring), 7.28 (m, 4H, CH benzene rings and NH2), 7.36−7.40 (m, 2H,
CH benzene rings), 8.30 (s, 1H, CH pyrimidine ring).

4-Amino-2-((1-(4-(4-methoxyphenoxy)phenyl)ethyl)amino)-
pyrimidine-5-carbonitrile (47l). Recryst. solvent: acetonitrile/meth-
anol. Yield: 75%. mp: 193−196 °C. 1H NMR (400 MHz, DMSO-d6)
(mixture of two tautomers 60:40) δ ppm: 1.39−1.41 (d, 3H,
CHCH3), 3.74 (s, 3H, OCH3), 5.08−5.14 (two m, 1H, CHCH3),
6.84−6.86 (m, 2H, CH benzene ring), 6.93−6.99 (m, 4H, CH
benzene ring), 7.05 and 7.18 (two br s, 2H, NH2), 7.29−7.34 (m, 2H,
CH benzene ring), 7.82 and 8.02 (two br m, 1H, NHCHCH3), 8.16
and 8.20 (two s, 1H, CH pyrimidine ring).

4-Amino-2-((4-(4-methoxyphenoxy)benzyl)(methyl)amino)-
pyrimidine-5-carbonitrile (47m). Recryst. solvent: acetonitrile. Yield:
80%. mp: 188−189 °C. 1H NMR (400 MHz, DMSO-d6) (mixture of
two rotamers 50:50) δ ppm: 3.02 and 3.05 (two s, 3H, NCH3), 3.74
(s, 3H, OCH3), 4.77 and 4.81 (two s, 2H, NCH2Ph), 6.86−6.88 (d,
2H, CH benzene ring), 6.94−7.00 (m, 4H, CH benzene rings), 7.18−
7.26 (m, 4H, CH benzene ring and NH2), 8.29 (s, 1H, CH pyrimidine
ring).

4-Amino-2-((1-(4-(4-methoxyphenoxy)phenyl)ethyl)(methyl)-
amino)pyrimidine-5-carbonitrile (47n). Recryst. solvent: toluene.
Yield: 81%. mp: 145−149 °C. 1H NMR (400 MHz, DMSO-d6) δ
ppm: 1.49 (d, 3H, CHCH3), 2.77 (br s, 3H, NCH3), 3.75 (s, 3H,
OCH3), 6.17 (br m, 1H, CHCH3), 6.88−6.90 (d, 2H, CH benzene
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ring), 6.94−7.00 (m, 4H, CH benzene rings), 7.26−7.31 (m, 4H, CH
benzene ring and NH2), 8.32 (s, 1H, CH pyrimidine ring).
4-Amino-2-((1-(4-(4-methoxyphenoxy)phenyl)propyl)(methyl)-

amino)pyrimidine-5-carbonitrile (47o). Recryst. solvent: cyclo-
hexane. Yield: 53%. mp: 55−58 °C. 1H NMR (400 MHz, DMSO-
d6) (mixture of two rotamers 50:50) δ ppm: 0.82−0.86 (t, 3H,
CHCH2CH3), 1.91 and 2.06 (two br m, 2H, CHCH2CH3), 2.75 and
2.81 (two br s, 3H, NCH3), 3.75 (s, 3H, OCH3), 5.93 and 6.01 (two
br m, 1H, CHCH2CH3), 6.86−6.88 (d, 2H, CH benzene ring), 6.94−
7.00 (m, 4H, CH benzene rings), 7.26−7.34 (m, 4H, CH benzene
ring and NH2), 8.30 (s, 1H, CH pyrimidine ring).
4-Amino-2-((1-(4-(4-methoxyphenoxy)phenyl)-2-methylpropyl)-

(methyl)amino)pyrimidine-5-carbonitrile (47p). Recryst. solvent:
cyclohexane. Yield: 37%. mp: 58−65 °C. 1H NMR (400 MHz,
DMSO-d6) (mixture of two rotamers 50:50) δ ppm: 0.80 and 0.89
(two m, 6H, CHCH(CH3)2), 1.09 and 1.24 (two br m, 1H,
CHCH(CH3)2), 2.79 and 2.86 (two br s, 3H, NCH3), 3.92 (s, 3H,
OCH3), 5.58 and 5.73 (two br m, 1H, CH CH(CH3)2), 6.86−6.88
(m, 2H, CH benzene ring), 6.94−7.01 (m, 4H, CH benzene rings),
7.22 (br m, 2H, NH2), 7.34 and 7.43 (two m, 2H, CH benzene ring),
8.24 and 8.32 (two s, 1H, CH pyrimidine ring).
4-Amino-2-(((4-(4-methoxyphenoxy)phenyl)(phenyl)methyl)-

(methyl)amino)pyrimidine-5-carbonitrile (47q). Recryst. solvent:
cyclohexane. Yield: 45%. mp: 60−66 °C. 1H NMR (400 MHz,
DMSO-d6) δ ppm: 2.84 (s, 3H, NCH3), 3.75 (s, 3H, OCH3), 6.91−
6.93 (m, 2H, CH benzene ring), 6.96−6.99 (m, 2H, CH benzene
ring), 7.01−7.04 (m, 2H, CH benzene ring), 7.14−7.16 (m, 4H, CH
benzene rings and NH2), 7.31−7.40 (m, 6H, CH benzene rings and
CHPh), 8.32 (s, 1H, CH pyrimidine ring).
4-Amino-2-((1-(4-(3-methoxyphenoxy)phenyl)ethyl)(methyl)-

amino)pyrimidine-5-carbonitrile (47r). Recryst. solvent: cyclohex-
ane. Yield: 86%. mp: 45−41 °C. 1H NMR (400 MHz, DMSO-d6) δ
ppm: 1.50−1.52 (d, 3H, CHCH3), 2.79 (s, 3H, NCH3), 3.73 (s, 3H,
OCH3), 6.20 (br m, 1H, CHCH3), 6.51−6.58 (m, 2H, CH benzene
ring), 6.70−6.73 (m, 1H, CH benzene ring), 6.98−7.00 (m, 2H, CH
benzene ring), 7.25−7.29 (m, 5H, CH benzene rings and NH2), 8.31
(s, 1H, CH pyrimidine ring).
4-Amino-2-((1-(4-(3,4-dimethoxyphenoxy)phenyl)ethyl)-

(methyl)amino)pyrimidine-5-carbonitrile (47s). Recryst. solvent:
cyclohexane. Yield: 90%. mp: 61−63 °C. 1H NMR (400 MHz,
DMSO-d6) δ ppm: 1.48−1.50 (d, 3H, CHCH3), 2.77 (br s, 3H,
NCH3), 3.72 (s, 3H, OCH3), 3.74 (s, 3H, OCH3), 6.17 (br m, 1H,
CHCH3), 6.50−6.53 (m, 1H, CH benzene ring), 6.74 (s, 1H, CH
benzene ring), 6.89−6.95 (m, 3H, CH benzene rings), 7.25 (m, 4H,
CH benzene rings and NH2), 8.30 (s, 1H, CH pyrimidine ring).
4-Amino-2-((1-(4-(3,5-dimethoxyphenoxy)phenyl)ethyl)-

(methyl)amino)pyrimidine-5-carbonitrile (47t). Recryst. solvent:
cyclohexane. Yield: 65%. mp: 60−63 °C. 1H NMR (400 MHz,
DMSO-d6) δ ppm: 1.51 (d, 3H, CHCH3), 2.79 (br s, 3H, NCH3),
3.70 (s, 6H, 3,5-(OCH3)2), 6.12−6.29 (m, 4H, CH benzene ring and
CHCH3), 6.99−7.01 (m, 2H, CH benzene ring), 7.28 (m, 4H, CH
benzene ring and NH2), 8.30 (s, 1H, CH pyrimidine ring).
4-Amino-2-(((4-(3,5-dimethoxyphenoxy)phenyl)(phenyl)methyl)-

(methyl)amino)pyrimidine-5-carbonitrile (47u). Recryst. solvent:
cyclohexane. Yield: 54%. mp: 54−58 °C. 1H NMR (400 MHz,
DMSO-d6) δ ppm: 2.85 (s, 3H, NCH3), 3.71 (s, 6H, 3,5-(OCH3)2),
6.16 (s, 2H, CH benzene ring), 6.30 (t, 1H, CH benzene ring), 7.01−
7.03 (m, 2H, CH benzene ring), 7.16 (m, 4H, CH benzene rings and
NH2), 7.32−7.40 (m, 6H, CH benzene rings and CHPh), 8.31 (s, 1H,
CH pyrimidine ring).
4-Amino-2-(methyl(1-(4-(3,4,5-trimethoxyphenoxy)phenyl)-

ethyl)amino)pyrimidine-5-carbonitrile (47v). Recryst. solvent: cyclo-
hexane. Yield: 56%. mp: 65−67 °C. 1H NMR (400 MHz, DMSO-d6)
δ ppm: 1.50 (d, 3H, CHCH3), 2.77 (s, 3H, NCH3), 3.64 (s, 3H, 4-
OCH3), 3.71 (s, 6H, 3,5-(OCH3)2), 6.17 (br m, 1H, CHCH3), 6.37
(s, 2H, CH benzene ring), 6.94−6.96 (m, 2H, CH benzene ring), 7.27
(m, 4H, CH benzene ring and NH2), 8.30 (s, 1H, CH pyrimidine
ring).
4-Amino-2-(methyl(1-(4-(4-(trifluoromethoxy)phenoxy)phenyl)-

ethyl)amino)pyrimidine-5-carbonitrile (47w). Recryst. solvent:
cyclohexane. Yield: 65%. mp: 97−98 °C. 1H NMR (400 MHz,

DMSO-d6) δ ppm: 1.51−1.53 (d, 3H, CHCH3), 2.80 (br s, 3H,
NCH3), 6.21 (br m, 1H, CHCH3), 7.03−7.05 (d, 2H, CH benzene
ring), 7.08−7.10 (d, 2H, CH benzene ring), 7.31 (m, 4H, CH
benzene ring and NH2), 7.37−7.39 (d, 2H, CH benzene ring), 8.31
(s, 1H, CH pyrimidine ring).

4-Amino-2-(methyl(1-(4-(4-(methylthio)phenoxy)phenyl)ethyl)-
amino)pyrimidine-5-carbonitrile (47x). Recryst. solvent: cyclohex-
ane. Yield: 84%. mp: 48−50 °C. 1H NMR (400 MHz, DMSO-d6) δ
ppm: 1.49−1.51 (d, 3H, CHCH3), 2.45 (s, 3H, SCH3), 2.78 (br s,
3H, NCH3), 6.19 (br m, 1H, CHCH3), 6.95−6.98 (m, 4H, CH
benzene rings), 7.27−7.30 (m, 6H, CH benzene rings and NH2), 8.30
(s, 1H, CH pyrimidine ring).

4-Amino-2-((1-(4-(4-(benzyloxy)phenoxy)phenyl)ethyl)(methyl)-
amino)pyrimidine-5-carbonitrile (47y). Recryst. solvent: cyclohex-
ane/toluene. Yield: 51%. mp: 109−110 °C. 1H NMR (400 MHz,
DMSO-d6) δ ppm: 1.49 (d, 3H, CHCH3), 2.77 (br s, 3H, NCH3),
5.08 (s, 2H, OCH2Ph), 6.18 (br m, 1H, CHCH3), 6.88−6.90 (d, 2H,
CH benzene ring), 6.97−7.05 (m, 4H, CH benzene rings), 7.26 (m,
4H, CH benzene ring and NH2), 7.32−7.47 (m, 5H, CH benzene
ring), 8.30 (s, 1H, CH pyrimidine ring).

4-Amino-2-((1-(4-((4-methoxynaphthalen-1-yl)oxy)phenyl)-
ethyl)(methyl)amino)pyrimidine-5-carbonitrile (47z). Recryst. sol-
vent: cyclohexane. Yield: 49%. mp: 82−83 °C. 1H NMR (400 MHz,
DMSO-d6) δ ppm: 1.54 (d, 3H, CHCH3), 2.84 (br s, 3H, NCH3),
4.04 (s, 3H, OCH3), 6.22 (br m, 1H, CHCH3), 6.95−6.97 (d, 2H,
CH naphthalene ring), 7.00−7.02 (m, 1H, CH naphthalene ring),
7.13−7.15 (m, 1H, CH naphthalene ring), 7.30 (br m, 4H, CH
benzene ring and NH2), 7.59−7.64 (m, 2H, CH benzene ring), 7.93−
7.95 (m, 1H, CH naphthalene ring), 8.24−8.27 (m, 1H, CH
naphthalene ring), 8.35 (s, 1H, CH pyrimidine ring).

4-Amino-2-((1-(4-((4-methoxybenzyl)oxy)phenyl)ethyl)(methyl)-
amino)pyrimidine-5-carbonitrile (47a′). Recryst. solvent: acetoni-
trile/methanol. Yield: 52%. mp: 193−194 °C. 1H NMR (400 MHz,
DMSO-d6) δ ppm: 1.46−1.48 (d, 3H, CHCH3), 2.74 (br s, 3H,
NCH3), 3.75 (s, 3H, OCH3), 4.99 (s, 2H, OCH2Ph), 6.15 (br m, 1H,
CHCH3), 6.93−6.97 (m, 4H, CH benzene rings), 7.18 (m, 4H, CH
benzene ring and NH2), 7.36−7.38 (m, 2H, CH benzene ring), 8.30
(s, 1H, CH pyrimidine ring).

4-Amino-2-((1-(4-((4-methoxyphenyl)thio)phenyl)ethyl)(methyl)-
amino)pyrimidine-5-carbonitrile (47b′). Recryst. solvent: acetoni-
trile. Yield: 91%. mp: 167−168 °C. 1H NMR (400 MHz, DMSO-d6)
δ ppm: 1.46−1.48 (d, 3H, CHCH3), 2.76 (br s, 3H, NCH3), 3.78 (s,
3H, OCH3), 6.13 (br m, 1H, CHCH3), 6.98−7.02 (d, 2H, CH
benzene ring), 7.10−7.12 (m, 2H, CH benzene ring), 7.26 (m, 4H,
CH benzene ring and NH2), 7.38−7.42 (m, 2H, CH benzene ring),
8.29 (s, 1H, CH pyrimidine ring).

4-Amino-2-((1-(4-((3,5-dimethoxyphenyl)thio)phenyl)ethyl)-
(methyl)amino)pyrimidine-5-carbonitrile (47c′). Recryst. solvent:
cyclohexane. Yield: 81%. mp: 48−50 °C. 1H NMR (400 MHz,
DMSO-d6) δ ppm: 1.52 (d, 3H, CHCH3), 2.79 (br s, 3H, NCH3),
3.79 (s, 6H, 3,5-(OCH3)2), 6.19 (br m, 1H, CHCH3), 6.37 (s, 2H,
CH benzene ring), 6.41 (s, 1H, CH benzene ring), 7.29−7.31 (br m,
4H, CH benzene ring and NH2), 7.35−7.38 (m, 2H, CH benzene
ring), 8.30 (s, 1H, CH pyrimidine ring).

4-Amino-2-(((4-((3,5-dimethoxyphenyl)thio)phenyl)(phenyl)-
methyl)(methyl)amino)pyrimidine-5-carbonitrile (47d′). Recryst.
solvent: cyclohexane. Yield: 63%. mp: 84−87 °C. 1H NMR (400
MHz, DMSO-d6) δ ppm: 2.85 (br s, 3H, NCH3), 3.71 (s, 6H, 3,5-
(OCH3)2), 6.43 (m, 3H, CH benzene ring), 7.17−7.19 (m, 4H, CH
benzene ring and NH2), 7.31−7.41 (m, 8H, CH benzene rings and
CHCH3), 8.32 (br s, 1H, CH pyrimidine ring).

4-Amino-2-((1-(4-((4-methoxyphenyl)amino)phenyl)ethyl)-
(methyl)amino)pyrimidine-5-carbonitrile (47e′). Recryst. solvent:
cyclohexane. Yield: 65%. mp: 52−55 °C. 1H NMR (400 MHz,
DMSO-d6) δ ppm: 1. 45 (d, 3H, CHCH3), 2.74−2.76 (br s, 3H,
NCH3), 3.71 (s, 3H, 4-OCH3), 6.12 (br m, 1H, CHCH3), 6.84−7.89
(m, 4H, CH benzene rings), 7.00−7.07 (m, 4H, CH benzene ring and
NH2), 7.24 (m, 2H, CH benzene ring), 7.85 (s, 1H, NH), 8.29 (s, 1H,
CH pyrimidine ring).

N-(4-(1-((4-Amino-5-cyanopyrimidin-2-yl)(methyl)amino)ethyl)-
phenyl)-4-methoxybenzamide (47f′). Recryst. solvent: acetonitrile.
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Yield: 50%. mp: 164−165 °C. 1H NMR (400 MHz, DMSO-d6) δ
ppm: 1.50 (d, 3H, CHCH3), 2.67 (br s, 3H, NCH3), 3.84 (s, 3H, 4-
OCH3), 6.18−6.20 (br m, 1H, CHCH3), 7.05−7.07 (d, 2H, CH
benzene ring), 7.25 (m, 4H, CH benzene ring and NH2), 7.73−7.75
(d, 2H, CH benzene ring), 7.94−7.96 (d, 2H, CH benzene ring), 8.31
(s, 1H, CH pyrimidine ring), 10.11 (s, 1H, NHCO).
In Vitro Antischistosomal Effects of SmSirt2 Inhibitors.

Parasite Material and Ethics Statement. A Puerto Rican strain of S.
mansoni is maintained in the laboratory using albino Biomphalaria
glabrata snails as intermediate host and Mesocricetus auratus (golden
hamsters) as definitive host. Cercaria were released from infested
snails and harvested on ice, as described previously.68 Schistosomula
were prepared in vitro by mechanical transformation;68 8 weeks post
infestation, S. mansoni adult worms were recovered from the hamster
hepatic system by whole-body perfusion with saline solution pumped
through a perfusing needle placed in the left ventricle of the heart.69

All animal experimentation was conducted in accordance with the
European Convention for the Protection of Vertebrate Animals used
for Experimental and other Scientific Purposes (ETS No 123, revised
Appendix A) and was approved by the committee for ethics in animal
experimentation of the Nord-Pas de Calais region (Authorization No.
APAFIS#8289-2016122015127050V3) and the Pasteur Institute of
Lille (Agreement No. B59-350009).
Schistosomula Viability. A total of 500 schistosomula were

incubated at 37 °C under a humid atmosphere containing 5% CO2
for 72 h in a 24-well plate containing 1 mL of complete medium
(M199 medium, Invitrogen) supplemented with penicillin (50 U/
mL), streptomycin (50 μg/mL), gentamycin (15 μg/mL), rifampicin
(60 μg/mL), and 10% fetal calf serum (Gibco). Parasite death was
evaluated by visual examination under a microscope for 72 h after the
beginning of treatment using three major criteria: absence of motility,
tegument defects, and granular appearance. For each condition, we
observed a minimum of 300 larvae to determine the ratio of dead
larvae to total larvae. Moreover, for each condition, two different
assays were perfomed and two independent batches of schistosomula
(biological replicates) were used. SmSirt2 inhibitors were dissolved in
DMSO, and two different concentrations (10 and 20 μM) were used
(single dose at D0).
Adult Worm Pairing Stability and Egg Laying. Ten pairs of S.

mansoni adult worms were maintained in culture for 72 h in a 5% CO2
atmosphere at 37 °C in a six-well plate containing 4 mL of complete
medium in the presence of SmSirt2 inhibitors at 10 and 20 μM final
concentration. Every day, the number of paired couples was evaluated
by visual examination. At the end of the experiement, medium
containing eggs was harvested and the total number of eggs was
determined after centrifugation by microscopy. Two different assays
were performed for each condition and repeated with two
independent biological replicates.
Cell Proliferation Assay. HL-60 cells (grown in Roswell Park

Memorial Institute 1640 supplemented with 10% fetal bovine serum)
were incubated in 96-well tissue culture plates (density of 5000 per
well) with SmSirt2 inhibitors at 10 μM final concentration or DMSO
vehicle as control, in a total volume of 100 μL for 72 h at 37 °C; three
replicates per concentration were used. Growth inhibition was
determined using the CellTiter 96 AQueous Non-Radioactive Cell
Proliferation Assay according to the manufacturer’s instructions. Data
were plotted as absorbance units against compound concentration
using GraphPad Prism 7.0.
Calculation of Molecular Properties. Data in Table S7 were

calculated using DataWarrior (version 5.0, http://www.
openmolecules.org/datawarrior/).70
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Mai, A.; Neŕi, C. Characterization of Sirtuin Inhibitors in Nematodes
Expressing a Muscular Dystrophy Protein Reveals Muscle Cell and
Behavioral Protection by Specific Sirtinol Analogues. J. Med. Chem.
2010, 53, 1407−1411.
(33) Du, J.; Zhou, Y.; Su, X.; Yu, J. J.; Khan, S.; Jiang, H.; Kim, J.;
Woo, J.; Kim, J. H.; Choi, B. H.; He, B.; Chen, W.; Zhang, S.;
Cerione, R. A.; Auwerx, J.; Hao, Q.; Lin, H. Sirt5 Is a NAD-
Dependent Protein Lysine Demalonylase and Desuccinylase. Science
2011, 334, 806−809.
(34) Feldman, J. L.; Dittenhafer-Reed, K. E.; Kudo, N.; Thelen, J.
N.; Ito, A.; Yoshida, M.; Denu, J. M. Kinetic and Structural Basis for

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.9b00638
J. Med. Chem. 2019, 62, 8733−8759

8757

http://dx.doi.org/10.1021/acs.jmedchem.9b00638


Acyl-Group Selectivity and NAD + Dependence in Sirtuin-Catalyzed
Deacylation. Biochemistry 2015, 54, 3037−3050.
(35) Jiang, H.; Khan, S.; Wang, Y.; Charron, G.; He, B.; Sebastian,
C.; Du, J.; Kim, R.; Ge, E.; Mostoslavsky, R.; Hang, H. C.; Hao, Q.;
Lin, H. SIRT6 Regulates TNF-α Secretion through Hydrolysis of
Long-Chain Fatty Acyl Lysine. Nature 2013, 496, 110−113.
(36) Olsen, C. A. An Update on Lysine Deacylases Targeting the
Expanding “Acylome”. ChemMedChem 2014, 9, 434−437.
(37) Bao, X.; Wang, Y.; Li, X.; Li, X. M.; Liu, Z.; Yang, T.; Wong, C.
F.; Zhang, J.; Hao, Q.; Li, X. D. Identification of “erasers” for Lysine
Crotonylated Histone Marks Using a Chemical Proteomics Approach.
Elife 2014, 3, No. e02999.
(38) Tan, M.; Peng, C.; Anderson, K. A.; Chhoy, P.; Xie, Z.; Dai, L.;
Park, J.; Chen, Y.; Huang, H.; Zhang, Y.; Ro, J.; Gregory, R.; Green,
M. F.; Madsen, A. S.; Schmiesing, J.; Brett, S.; Xu, G.; Ilkayeva, O. R.;
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a b s t r a c t

Histone modifying proteins, specifically histone deacetylases (HDACs) and bromodomains, have emerged
as novel promising targets for anticancer therapy. In the current work, based on available crystal
structures and docking studies, we designed dual inhibitors of both HDAC6/8 and the bromodomain and
PHD finger containing protein 1 (BRPF1). Biochemical and biophysical tests showed that compounds
23a,b and 37 are nanomolar inhibitors of both target proteins. Detailed structure-activity relationships
were deduced for the synthesized inhibitors which were supported by extensive docking and molecular
dynamics studies. Cellular testing in acute myeloid leukemia (AML) cells showed only a weak effect, most
probably because of the poor permeability of the inhibitors. We also aimed to analyse the target
engagement and the cellular activity of the novel inhibitors by determining the protein acetylation levels
in cells by western blotting (tubulin vs histone acetylation), and by assessing their effects on various
cancer cell lines.

© 2020 Elsevier Masson SAS. All rights reserved.

1. Introduction

Post-translational modifications (PTMs) of histones, along with
DNA methylation, are the most extensively studied pathways of
epigenetic control of gene expression [1]. Histones are subject to
various PTMs that include acylation, acetylation, methylation,
phosphorylation, and ubiquitination. Acetylation of lysine residues
of histones is a dynamic process which results in opening up the
chromatin structure. This leads to an increase in the accessibility of
the DNA by the transcription machinery and is usually associated
with increased gene expression [2e4]. The state of histone acety-
lation is controlled by different regulators, namely writer proteins;
(histone acetyltransferases (HATs)), reader proteins; (bromodo-
mains (BRDs)), and eraser proteins; (histone deacetylases (HDACs)).

Deregulation of these key players, and consequently abnormal
acetylation levels, is linked to several pathologies such as inflam-
matory, metabolic, and cardiovascular diseases, and more clearly
cancer [5e10].

Bromodomains usually occur as an integral part of larger protein
complexes. Due to their ability to specifically recognize ε-N-acety-
lated lysine residues, they are generally responsible - together with
other epigenetic readers - for the recruitment of transcription
factors to chromatin. The human proteome contains 61 bromodo-
mains, which are present within 46 different proteins and are
classified into eight distinct families [11,12]. Due to their relation to
different malignancies and their druggability, they have emerged as
promising targets for anticancer therapy. Many inhibitors showed
notable potency and selectivity in biochemical and biophysical
assays against different bromodomain classes, together with sig-
nificant in vitro activity against various tumor cell lines (reviewed
in Ref. [13,14]). The bromodomain and PHD finger containing pro-
tein (BRPF) family has recently received increasing interest to
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elucidate its physiological role and pathological functions. BRPFs
have multiple reader domains, including a bromodomain, and act
as a scaffold for the recruitment and assembly of the histone ace-
tyltransferases of the MYST family. Normal activity of these HATs is
essential for different physiological processes, whereas their
deregulation is associated with overexpression of oncogenes and
development of different tumors, more notably leukemia [15e17].
Several BRPF inhibitors containing a 1,3-dimethyl benzimidazolone
scaffold were reported (Fig. 1; compound I), which not only showed
high potency and selectivity against the BRPF family, but in some
cases also subtype selectivity for BRPF1 [18,19]. This scaffold was
also utilized to design dual targeting inhibitors of BRPF1 and the
transcription factor TRIM24 (e.g. compound II, Fig. 1) as well as dual
inhibitors of BRPF and other bromodomains [20e23]. Another
group reported a pan BRPF inhibitor containing a 1,3-
dimethylquinolin-2-one scaffold (e.g. compound III; Fig. 1) that
showed low nanomolar potency against BRPFs and excellent
selectivity [24,25]. Recently, a hit-to-lead campaign identified a 1,4-
dimethyl-2,3-dioxo-quinoxaline (e.g. compound IV; Fig. 1) and 2,4-
dimethyloxazole derivatives as low micromolar probes for BRPF1
with good selectivity [26,27].

HDACs are a group of enzymes responsible for the removal of
acyl groups from acylated lysine residues in histones and non-
histone proteins. HDACs comprise 18 isoforms categorized into 4
classes differing in size, cellular distribution, substrate, and mech-
anism of catalytic activity. The deacetylase activity of classical
HDACs (class I, II and IV) is mediated through zinc ion, while sir-
tuins (class III) depend on nicotinamide adenine dinucleotide
(NADþ) for their action [28,29]. Given the large variation of their
substrates, HDACs regulate diverse physiological processes, in
addition to their epigenetic role. Their aberrant activity is linked to
different pathologies such as cardiac hypertrophy [30,31], neuro-
degenerative diseases [32,33], viral infections [34,35], and cancer
[36,37]. As a result, a lot of effort has been devoted to the devel-
opment of HDAC inhibitors (HDACi) to fully reveal their physio-
logical role. This work has already resulted in a large number of
promising probes and some candidates in clinical trials (either as
single agents or in combination therapy). Four drugs for the
treatment of specific hematological malignancies have been
approved by the FDA [38]. However, currently FDA approved drugs
are pan HDAC inhibitors, with several side effects such as car-
diotoxicity. This necessitates the design of selective HDAC in-
hibitors for disease-related isoforms [39e41].

The quest for selective HDAC6 and 8 inhibitors is of high
importance given their specific role in different disorders and
limited side effects that observed from their inhibition or knock-
down studies. HDAC6 is a class IIb isoform that localizes in the
cytoplasm, and deacetylates mainly non-histone proteins including

a-tubulin, cortactin and heat-shock protein 90 (Hsp90) [42,43].
Over the last decade, a variety of HDAC6 selective inhibitors
(in vitro) were reported ([44e50] and reviewed [51]) showing
nanomolar inhibitory activity, good in vitro selectivity over other
isoforms in biochemical assays (Fig. 2), and some also exhibited
promising in vitro activity against various cancer cell lines. Addi-
tionally HDAC6 deregulation is associated with different neurode-
generative disorders, inflammatory and rare diseases [52e55], and
its selective inhibitors could represent a valuable tool to study the
mechanisms underlying these diseases and/or a potential thera-
peutic tool to treat them. Recently published studies have however
shown that selective HDAC6 inhibition in cells is not sufficient for
an anti-cancer effect and that the observed anti-cancer effect of
reported HDAC6 inhibitors might be the result of inhibiting other
HDACs or other off-targets [56,57]. Class I member HDAC8 localizes
to either the nucleus or the cytoplasm, and therefore can interact
with non-histone proteins such as cortactin, SMC3, ERRa and p53.
HDAC8 is associated with a wide variety of tumors, and recent
evidence suggests a potential therapeutic benefit from its inhibition
[58,59]. Recent research also revealed some unique structural fea-
tures in this isoform, which distinguish it from other HDACs and
which can be utilized to design selective inhibitors [60]. As a result,
a variety of probes emerged (Fig. 3) that showed preferential
in vitro inhibition of HDAC8 compared to other isoforms ([61e66],
reviewed in Ref. [67,68]).

Several studies suggest that combination therapies of epigenetic
modulators could achievebetterclinical results thanamonotherapy,
especially against solid and resistant tumors (reviewed in Ref. [69]).
As a result, the polypharmacology concept was extended to the
epigenetics field, assuming that a multi-target inhibitor could be
more effective than single agents. Moreover, such an inhibitor is
postulated to show higher therapeutic efficacy, better predictable
pharmacokinetic profile, and improved patient compliance as
compared to a combination therapy. In this context, several dual
acting HDACi were designed to interact with a second target such as
kinases, metalloproteinases, topoisomerases, and others (reviewed
in details in Ref. [70]). Bromodomains received also some interest in
this regard, as some dual bromodomain/kinase inhibitors were
investigated [71e74]. Of particular relevance to the currentwork are
the attempts to design dual HDAC/BRD epigenetic inhibitors
[75e79]. In all of the reported studies, the rationale was to change
the cap group of HDACi, mostly SAHA, to a reported BRD4 inhibiting
pharmacophore. Indeed, the authors were not only able to achieve
dual inhibitory activity for some compounds (Fig. 4), but also
promising in vitro activity against some cancer cell lines. However,
the results failed to show superior activity over the original HDAC or
BRD inhibitors. Additionally, little information was given regarding
the selectivity of these dual inhibitors on different HDAC isoforms.

Fig. 1. Examples of previously reported BRPF bromodomain inhibitors.
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Therefore we wanted to focus on the design of dual targeting
inhibitors based on isoform selective HDACi. We have previously
reported the structural guided design, optimization and synthesis
of benzhydroxamic acids as potent and selective HDAC8 inhibitors
[64,80]. These inhibitors were used as starting point, as we set to
modify their structure by including a bromodomain inhibiting
scaffold. We decided to target the BRPF1 bromodomain rather than
the extensively studied BRD4 from the bromodomain and extra-
terminal motif (BET) family. BRPF1 was chosen in the current
study due to the reported activity of BRPF1 inhibitors against
several cancer cell lines as well as due to the availability of crystal
structures in complex with inhibitors. In addition, some BRPF1
inhibitors were reported to selectively inhibit it over other bro-
modomains and BRPF isoforms. Guided by molecular modelling
studies, the essential structural features for binding to both targets
were merged to come up with dual targeting inhibitors for HDAC8
and BRPF1. Moreover, we extended the scope of our dual targeting
inhibitors to selectively target HDAC6 and BRPF1. We report on the
synthesis and in vitro testing of dual targeting inhibitors against
specific HDAC isoforms and non-BET bromodomains.

2. Results and discussion

2.1. HDAC8/BRPF1 inhibitors

Our previously reported HDAC8 inhibitors were designed, so
that the benzhydroxamic acid moiety, which occupies the lysine
tunnel and chelates the zinc ion, is linked to an aromatic cap group
through amine, amide, inverse amide and ether moieties. These
two-atom linkers provided additional interactions with the
enzyme, and together with the meta-substitution pattern contrib-
uted to the HDAC8 selectivity [64]. According to our experience
with HDAC8 inhibitors, meta-substitution of the cap group with
respect to the benzhydroxamic acid moiety is important for selec-
tive inhibition. These findings were also supported by other groups
[61,81]. In the current work, we first maintained this substitution
pattern and chose the 1,3-dimethylquinolin-2-one to serve as a cap
group and BRPF targeting scaffold. This moiety was selected as it
contains the essential features to bind BRPF1, namely the N-methyl
and carbonyl groups to fit in the acetyllysine binding pocket, and
the 3-methyl substituent to increase the hydrophobic interactions

Fig. 2. Examples of previously reported HDAC6 inhibitors.

Fig. 3. Examples of previously reported HDAC8 inhibitors.
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with the bromodomain [24]. This ring is also chemically advanta-
geous since it can be easily synthesized and functionalized with an
amino group at position 6 to attach the benzhydroxamic acid
moiety. Finally, BRDi containing this scaffold showed nanomolar
potency against BRPF1, and excellent selectivity over other bro-
modomains [24,25]. Compounds 17a,b and 20a,b were generated
(Fig. 5) by retaining the amine and inverse amide two-atom linkers
as found in our original HDAC8i. Meanwhile in compounds 23a,b,
we introduced a sulfamoyl linker [61] to retain the bent confor-
mation of the original BRPF1 inhibitor [24]. The previous com-
pounds are designed to block either of the targets. We then
designed a structurally different dual HDAC8/BRPF1 inhibitor 32.
The idea here was not to modify the cap group of our previously
reported selective HDAC8i XVIII but rather to attach it as an intact
unit through a relatively longer linker to the 1,3-dimethylquinolin-
2-one scaffold (Fig. 5).

We determined the activity of compounds 17a,b, 20a,b and
23a,b on human recombinant HDAC8 (Table 1). As expected, all the
compounds showed a good inhibitory activity, with the amide
derivatives 17a and 17b showing the lowest IC50 values (113 and
65 nM). This was in accordance with our previous observation that
this orientation of the amide bond is favorable for the interaction
with HDAC8 [64]. Compounds 20a,b, bearing an amine linker,
showed lower activity, while the sulfonamides 23a,b displayed the
lowest inhibitory activity, albeit IC50 values still remained in the
submicromolar range. As expected, docking studies of these meta-
substituted derivatives in HDAC8 show the capping group, i.e. the
1,3-dimethylquinolin-2-one scaffold, accommodated in the
HDAC8-specific side pocket where it undergoes p-p stacking in-
teractions with Tyr306 (Fig. 6).

The most active compound on hHDAC8 17a and the sulfonamide
derivatives 23a,b were then selected for the BRPF1 binding assay,

Fig. 4. Previously reported dual HDAC/BRD inhibitors.

Fig. 5. Design of dual targeting HDAC8/BRPF1 inhibitors.
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where the amide derivative 17a showed only a modest affinity.
Interestingly, the sulfonamides23a,bhadamuchbetteraffinitywith
Kd values in the nanomolar range. In order to rationalize the differ-
ence in the activities between the sulfonamide and amide de-
rivatives (23a and 17a, respectively), docking studies were
performed into the crystal structure of BRPF1 in complexwithNI-57
(PDB ID 5MYG) using Glide (Schr€odinger LLC, NEW York, USA). Our
docking studies revealed that compounds bearing a sulfonamide
linker, as exemplified by23a in (Fig. 7A), could adopt a highly similar
binding conformation as the co-crystallized ligand. The quinolinone
ring of 23a is embedded in the acetyllysine site, showing the
conserved hydrogen bond interaction with Asn708 and a water
moleculemediated hydrogen bondwith Tyr665. In addition, twop-
p stacking interactions between the side chain of Phe714 and the
quinolone ring on the one hand and the phenyl ring on the other
hand, were observed. Meanwhile, the amide linker in 17a prevents
the compound from adopting the bent conformation observed in
compounds bearing a sulfonamide linker. The predicted binding
mode shows that the benzhydroxamic acid moiety is solvent-
exposed (Fig. 7B) which explains its significantly decreased activity.

We then tested the activity of the most promising compounds
on the class I member HDAC1 and class IIb HDAC6, where they

generally showed weak inhibition (Table 1). From this series, we
were able to identify compounds 23a,b as nanomolar inhibitors of
both HDAC8 and BRPF1, which showed low in vitro activity against
HDAC1 and 6.

Compound 32 showed only a modest activity against hHDAC8
and only weak micromolar activity against BRPF1.

2.2. HDAC6/BRPF1 inhibitors

In order to target HDAC6, we took advantage of the common
structure characteristics of selective HDAC6 inhibitors [81]. They
are usually aromatic hydroxamic acids with a cap group located in
the para position. The linker consists of one to three atoms often
including a methylene group. As we already have the bulky 1,3-
dimethylquinolin-2-one as a cap group, we hypothesized that
shifting it to the para-position would shift the activity to HDAC6,
and hence dual HDAC6/BRPF1 inhibitors could be obtained (Fig. 8).
For this series, we generally retained the sulfamoyl linker since the
compounds containing this linker 23a,b from the HDAC8/BRPF1
series showed the highest affinity for BRPF1 bromodomain. While
in compound 37 we retained the two-atom sulfamoyl bridge, we
incorporated an additional methylene group in compounds 44a,b.

Table 1
Inhibitory activity of the HDAC8/BRPF1 inhibitors against different human HDACs and BRPF1. Recombinant HDAC1,6,8 and fluorogenic peptide substrates (HDAC1,6: ZMAL (Z
(Ac)Lys-AMC), HDAC8: Fluor-de-Lys) were used for enzymatic testing. BRPF1 binding was measured by isothermal titration calorimetry.

Compound IC50 (nM)/% inhibition HDAC1 IC50 (nM)/% inhibition HDAC6 IC50 (nM) HDAC8 Kd BRPF1 (nM) P99Kd
(nM)

17a 6900 ± 500 709 ± 174 65 ± 7 857 690 - 1065
17b n.d. n.d. 113 ± 9 n.d. n.d.
20a 0 @ 1 mM

31 @10 mMa
40 @ 1 mM
68 @ 10 mMa

555 ± 169 n.d. n.d.

20b 0 @ 1 mM
20 @10 mMa

28 @ 1 mM
84 @ 10 mMa

3193 ± 660 n.d. n.d.

23a 6 @ 1 mM
38 @ 10 mMb

21 @ 1 mM
64 @ 10 mMb

443 ± 23 67 55e82

23b 13 @ 1 mM
31 @ 10 mM

13 @ 1 mM
59 @10 mM

560 ± 42 234 198e275

32 5200 ± 1100 50 @ 1 mM
68 @ 10 mMb

956 ± 74 4080 2544 - 6022

n.d.: not determined. For Kd BRPF1 the P99 interval is given.
a Self-fluorescence of the compounds hindered measurements at concentrations above 10 mM.
b Solubility problems at higher concentration hindered IC50 value determination.

Fig. 6. A. Predicted binding mode of 23a (green sticks) in HDAC8 (PDB ID 2V5X). B. Predicted binding mode of 17a (cyan sticks) in HDAC8 (PDB ID 2V5X). The ligands are shown as
cyan sticks, side chains of binding site residues as white sticks, water molecules as red spheres and the catalytic zinc ion as orange sphere. Yellow-dashed lines indicate hydrogen
bond interactions or metal-coordination, while cyan-dashed lines depict p-p stacking interactions. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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To further prove the effect of the substitution pattern on HDAC
isoform selectivity, compounds with meta substitution pattern
51a,b were synthesized as negative controls for HDAC6 inhibition
(isomers of 44a,b respectively).

These five compounds were first tested in vitro for HDAC inhi-
bition, where the para substituted compounds 37 and 44b showed,

as expected, IC50 values in the nanomolar range (Table 2). However,
both compounds did not show pronounced selectivity and inhibi-
ted HDAC1, 6 and 8 in submicromolar concentrations. The observed
HDAC6 inhibitory activity could be strongly attributed to the 4-
substitution pattern of the cap group, as the meta substituted
compounds from the first series 23a,b and the control compound

Fig. 7. A. Predicted binding mode of 23a (green sticks) in BRPF1. B. Predicted binding mode of 17a (cyan sticks) in BRPF1. The ligands are shown as green sticks, side chains of
binding site residues as white sticks, and water molecules as red spheres. Yellow-dashed lines indicate hydrogen bond interactions and cyan-dashed lines p-p stacking interactions.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Design of dual HDAC6/BRPF1 inhibitors.

Table 2
Inhibitory activity of the HDAC6/BRPF1 inhibitors against different human HDACs and BRPF1. Recombinant HDAC1,6,8 and fluorogenic peptide substrates (HDAC1,6: ZMAL (Z
(Ac)Lys-AMC), HDAC8: Fluor-de-Lys) were used for enzymatic testing. BRPF1 binding was measured by isothermal titration calorimetry.

Compound IC50 (nM)/% inhibition HDAC1 IC50 (nM)/% inhibition HDAC6 IC50 (nM) HDAC8 Kd BRPF1 (nM) P99Kd
(nM)

37 797 ± 282 nM 344 ± 41 908 ± 274 175.2 160e193
44a 11 @ 1 mM

29 @ 10 mMa
15 @ 1 mM
46 @ 10 mMa

231 ± 24 1582 1402e1609

44b 545 ± 59 nM 152 ± 13 360 ± 44 1497 1358e1652
51a 4 @ 1 mM

29 @ 10 mM
14 @ 1 mM
63 @ 10 mM

158 ± 21 n.d. n.d.

51b 2 @ 1 mM
26 @ 10 mM

3 @ 1 mM
33 @ 10 mM

465 ± 72 n.d. n.d.

n.d.: not determined. For Kd BRPF1 the P99 interval is given.
a Solubility problems at higher concentration hindered IC50 value determination.
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51b showed only a very weak HDAC6 inhibitory activity. Interest-
ingly, compound 44a did not show the expected HDAC6 activity,
despite the 4-substitution pattern of the cap group, suggesting that
the introduction of an orthomethoxy group (with respect to the cap
group) has a negative effect on the activity against HDAC6. Docking
of 37 and 44b into HDAC6 showed that both compounds adopt a
highly similar binding mode (Fig. 9), where the hydroxamic acid
group is able to chelate the catalytic zinc ion in a monodentate
fashion and undergo a hydrogen bond interaction with the side
chain of Tyr 782 in addition to a water mediated interaction.
Meanwhile the quinolone capping group is embedded in a hydro-
phobic region lined with Phe620 and His500 and undergoes and
additional hydrogen bond interaction with Asn494. An additional
orthomethoxy substitution, as found in 44a, would lead in this case
to a steric clash with the side chain of Leu749, which might explain
the loss of HDAC6 inhibitory activity.

The para-substituted compounds 37 and 44a,bwere also tested
in the BRPF1 binding assay (Table 2), where only 37 showed a
nanomolar Kd value. The introduction of the additional methylene
group in the linker of 44a,b remarkably decreased the BRPF1 af-
finity (almost 9fold decrease for 44b compared to 37). In order to
comprehend the observed negative effect of an additional methy-
lene group in the linker on the BRPF1 affinity, we first performed
docking into the crystal structure of BRPF1 as previously described.
Compound 37 could maintain the same binding conformation as
the co-crystallized ligand, where the quinolinone ring shows the
conserved hydrogen bond interaction with Asn708 and a water
mediated hydrogen bond with Tyr665, in addition to p-p stacking
interactions between the side chain of Phe714 (Fig. 10A). Moreover,
the benzhydroxamic moiety is placed in a perpendicular T-shaped
orientation to the side chain of Phe714 where it can undergo p-p
stacking interactions. Meanwhile, the docking pose of compound
44b shows that it similarly adopts a bent conformation, where the
benzhydroxamic moiety is still placed in the vicinity of Phe714
(Fig. 10B). Notably, the predicted binding mode compound 37
perfectly overlaps with the cocrystallized analogue NI-57, while in
44b the benzhydroxamic group shows a strong deviation (Fig. 10C).
We postulated that, owing to the flexibility of the methylene-
sulfamoyl linker in 44b, the predicted binding mode is not stable.
In order to investigate this hypothesis, molecular dynamics (MD)
simulations of the predicted complexes of BRPF1 with 37 and 44b

were performed using Amber16. These revealed that, as expected,
the predicted binding mode of 37 in BRPF1 is highly stable with the
ligand having a root mean square deviation (RMSD) below 2.5 Å
throughout the 100 ns MD simulation (Fig. 10D and Video 1 suppl.).
Meanwhile, the binding mode of 44b is highly unstable (Fig. 10E)
and the benzhydroxamic moiety becomes majorly solvent-exposed
(Video 2 suppl.). The applied MD simulation setup was also vali-
dated using the cocrystal structure of BRPF1 with NI-57 (Fig. S7,
Supporting Information).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.ejmech.2020.112338

We then tested the activity of the most promising compounds
on HDAC1 where they generally showed no or low inhibition
(Table 2). Testing on HDAC8 showed that compound 44a has a good
inhibitory activity against HDAC8 with an IC50 value in the low
nanomolar range.

Among this group of inhibitors, compound 37 appeared to be
the best HDAC6/BRPF1 dual inhibitor showing a nanomolar in vitro
inhibitory activity against both targets, and in vitro selectivity over
HDAC1 and 8.

In addition we synthesized several control compounds
including a dimeric BRPF1i compound 38 (Scheme 3) and carbox-
ylic esters 21, 35 and 42b (analogs of 23a, 37 and 44b) lacking the
hydroxamic acid functionality.

2.3. Cellular assay

The first objective of our cellular assays was to determine the
potential toxicity of our compounds on normal cells. Therefore, the
compounds were tested in a human epithelial kidney cell line
(HEK293). We also incorporated some of the intermediate car-
boxylic acids and esters in the assay as negative controls. The ma-
jority of the compounds showed no effect on HEK 293 cells, except
for 32which displayed only 15% viability of the cells. It is alsoworth
mentioning that some esters showed more toxic effects compared
to their corresponding hydroxamic acids, such as 21 and 23a.
Viability of HEK293 cells upon treatment with our compounds is
provided in supporting information, S5.

Our second objective was to assess the potential anti-
proliferative effects on cancer cell lines. As previously mentioned,
HDAC and BRD are interesting targets for the anticancer therapy,

Fig. 9. A. Predicted binding mode of 37 (cyan sticks) in HDAC6 (PDB ID 5EDU). B. Predicted binding mode of 44b (green sticks) in HDAC6. The ligands are shown as green sticks, side
chains of binding site residues as white sticks, and water molecules as red spheres. Yellow-dashed lines indicate hydrogen bond interactions or metal coordination and cyan-dashed
lines p-p stacking interactions. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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and their inhibitors showed cytotoxic activity against different tu-
mors. Our main focus was acute myeloid leukemia (AML) cell lines
(THP-1 and HL60) based on some previous reports showing evi-
dence of significance of HDAC6 [82] and HDAC8 [83,84] as well as
BRPF [15e17] inhibition in these cells. We tested our most prom-
ising compounds 23a,b (HDAC8/BRPF1), 37 and 44b (HDAC6/
BRPF1) -together with their esters as negative controls-on THP-1
and HL60 cell lines to investigate if the compounds in vitro inhib-
itory activity could be translated into cellular anticancer activity
(Table 3).

Although all the hydroxamic acids showed no or weak growth
inhibition on the cells, a much stronger inhibition was generally
observed for the esters, and the GI50 value of 21was determined to
be around 5.5 mM. The activity of the esters could be attributed to
the BRPF1 inhibiting scaffold. In fact, both 21 and the potent BRPF1
inhibitor 13-d [24] have almost the same GI50 value on THP-1 cells.
The corresponding hydroxamic acids, however, did not show an
inhibition, despite their bromodomain inhibitory scaffold. We
assumed that since the esters are more lipophilic than the
hydroxamic acids (log P value for 21 is 1.83 compared to 1.09 for
23a, calculated with ChemDraw Ultra 8), they should have better
cell permeability, and consequently better cellular activity than the
hydroxamic acids.

To get insight into the cellular activity of our hydroxamic acids,
western blotting experiments were performed with our best
HDAC6 inhibitor 44b (IC50 value: 152 nM, Table 2) in the two cell

lines THP-1 and HL60. The cells were incubated with 44b or SAHA
(reference compound), and then cell lysates were blotted against
acetylated-a-tubulin (HDAC6 substrate), acetylated-histone H3
(HDAC1 substrate), and glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) as a loading control (Fig. 11). At lower concentra-
tions, 44b showed negligible or no induction of tubulin acetylation
in both cell lines, whereas some degree of acetylationwas observed
at 10 mM. The lack of hyperacetylation at lower concentrations is in
line with the antiproliferative assays, where the compound showed
inhibition only at a high concentration of 100 mM. Thewestern blots
were quantified by determining the ratio of acetylated tubulin or
acetylated histone 3 versus GAPDH (Table 4). These results further
supported our postulation that our hydroxamic acids have poor
permeability and therefore did not show remarkable cellular ac-
tivity. It is worth mentioning that the dimeric compound 38
(Scheme 3 and later discussed in 2.5.2.) showed a promising growth
inhibition on THP-1 cells at 1 mM. However, its relatively poor
solubility hindered further testing at higher concentrations and
consequently GI50 determination.

Based on these findings, we then aimed to modify some of our
hydroxamic acids in order to acquire better cellular permeability. To
achieve that, we masked the hydroxamic acid functionality in 23a
and 44b by synthesizing the corresponding benzyl and para-ace-
toxy-benzyl ester prodrugs of hydroxamic acids 59a,b and 60b
(Fig. 12) as prodrugs. Masking hydroxamic acids was recently re-
ported as an approach to overcome problems like fast elimination,

Fig. 10. A. Predicted binding mode of 37 (cyan stick) in BRPF1. B. Predicted binding mode of 44b (green sticks) in BRPF1. C. Overlay of the predicted binding mode of 37 (cyan stick)
and 44b (green sticks) with the cocrystallized ligand NI-57 (yellow sticks). Side chains of binding site residues are depicted as white sticks, and water molecules as red spheres.
Yellow-dashed lines indicate hydrogen bond interactions and cyan-dashed lines p-p stacking interactions. D. RMSD plot of the MD simulation of 37 in BRPF1. E. RMSD plot of the
MD simulation of 44b in BRPF1. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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decreased cellular uptake and poor tissue penetration caused by
the highly polar hydroxamic acid group [85e90]. In addition, para-
acetoxybenzyl-based prodrugs were shown to be completely con-
verted to the parent hydroxamic acid in plasma [91]. Unfortunately,
even these masked hydroxamic acids 59a,b and 60b (log P values
ranging from 2.51 to 3.08, calculated with ChemDraw Ultra 8) did
not show an improvement in the activity against either THP-1 or
HL60 cell lines. Compounds 60a,b showed only promising inhibi-
tion at 100 mM, but not at lower concentrations.

2.4. Stability analysis

Stability stress tests were carried out to investigate the stability
of the synthesized hydroxamic acids, and to see if the masked de-
rivatives are hydrolyzed to release the free hydroxamic acid under
assay conditions. We used the hydroxamic acid 44b and the de-
rivative 60b as representatives. For this purpose, the compounds
were subjected to standard cellular assay conditions (Dulbecco’s
Modified Eagle’s Medium, DMEM) and also to buffer (in vitro assay)

Table 3
Antiproliferative activity on acutemyeloid leukemia cells THP-1 and HL60. Growth inhibitionwas determined using the CellTiter 96AQueous Non-Radioactive Cell Proliferation
Assay.

Class Structure Compound THP-1 HL60

Primary testing GI50 Primary testing GI50

Conc. [mM] Inhibition [%] Conc. [mM] Inhibition [%]

Hydroxamic acids 23a 100 43 n.d. 100 39 n.d.
20 32 20 10
4 0 4 25

23b 100 21 n.d. 100 33 n.d.
20 8 20 32
4 16 4 29

37 100 78 n.d. 100 34 n.d.
10 0 10 6
1 0 1 3

44b 100 89 n.d. 100 27 n.d.
10 8 10 0
1 0 1 5

Masked hydroxamic acids 59a 100 0 n.d 100 13 n.d
10 20 10 13
1 0 1 2

59b 100 27 n.d 100 95 n.d
10 3 10 0
1 0 1 0

60a 100 91 n.d n.d
10 1
1 0

60b 100 91 n.d 100 97 n.d
10 1 10 0
1 4 1 3

Esters 21 100 102 5.5 mM 100 66 n.d.
20 101 20 44
4 40 4 39

35 100 95 n.d 100 68 n.d
10 85 10 22
1 0 1 5

42b 100 93 n.d 100 78 n.d
10 9 10 14
1 0 1 15

BRPF1i-dimer 38 50 73 n.d 50 48 n.d
10 84 10 55
1 0 1 20

Reference SAHA 100 98 n.d 100 95 n.d
10 97 10 98
1 84 1 55
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conditions (Phosphate-Buffered Saline, PBS pH 7.4). After incuba-
tion at 37 �C for different time intervals, the original compounds
and potential hydrolysis products were detected and quantified via
HPLC.

We observed that the free hydroxamic acid 44b showed
acceptable stability over 4 days for both in cellular assay and in vitro
conditions. The prodrg 60b was relatively stable under buffer
conditions (70%) and showed only a 15% release of 44b as hydro-
lysis product after 12 h. After 96 h several non-identified degra-
dation products could be detected. However, under cellular assay
conditions 60bwas rapidly hydrolyzed (50% after 4 h) showing 44b
as the major degradation product. After 24 h, we could only detect
44b without any traces of 60b. The data clearly showed that the
masked prodrug was indeed hydrolyzed to release the active
hydroxamic acid under cellular assay conditions. However, this also
suggested that the rapid hydrolysis might be responsible that the
required concentration of the masked hydroxamic acid couldn’t be
delivered to cells, where the hydrolysis is supposed to occur.
Experimental details and graphs are provided in the supplemen-
tary information (Fig. S6, Supporting Information).

2.5. Chemistry

2.5.1. Synthesis of HDAC8/BRPF1 inhibitors
Synthesis of the 6-amino-1,3-dimethylquinolin-2-(1H)-one (5),

the common starting material for the compounds, was achieved
using the procedure reported by Igoe et al. [24] with some modi-
fications (Scheme S1.1, supporting information). Briefly, 3-
methylquinoline (1) was converted to 3-methylquinolin-2(1H)-
one (2) in two steps using 3-chloroperbenzoic acid then benzoyl
chloride. Methylation with iodomethane afforded the N-methyl
derivative (3), which was then nitrated to yield 1,3-dimethyl-6-
nitroquinolin-2-(1H)-one (4). Our main modification to the pro-
cedure was the conversion of the latter compound to the targeted
amine 5 using a microwave assisted reduction protocol [92]. This
enabled a much faster, more efficient, and easier reduction process
than the reported stannous chloride based procedure. To synthe-
size the first dual HDAC8/BRBF inhibitors 17a,b, 20a,b and 23a,b,
the required starting materials were prepared as reported in the
literature (Scheme S1.1, supporting information) [93e95]. The
synthesis of the target compounds is illustrated in Scheme 1.

Fig. 11. Western blots of acetyl-a-tubulin, acetyl-H3, and GAPDH after treatment of HL60 and THP-1 cells with SAHA and 44b. GAPDH and DMSO were used as loading and negative
controls.

Table 4
Quantification of western blots in THP-1 and HL60 cells.

Compound THP-1 HL60

Ac-tubulin/GAPDH Ac-H3/GAPDH Ac-tubulin/GAPDH Ac-H3/GAPDH

DMSO 1.00 1.00 1.00 1.00
44b 10 mM 7.67 2.63 7.36 1.38
44b 1 mM 2.51 1.98 4.96 1.66
44b 0.1 mM 2.64 1.53 1.36 0.90
SAHA 10 mM 78.80 8.78 309.78 5.73
SAHA 1 mM 68.15 10.09 146.10 2.57
SAHA 0.1 mM 6.21 2.78 8.36 1.12

Fig. 12. Benzyl and para-acetoxy-benzyl ester prodrugs of hydroxamic acids synthesized in the current work.
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Briefly, compounds 17a,b were prepared starting from the 5-
methoxycarbonyl-2-substitutedbenzoic acids (9a,b) which were
first activated using oxalyl chloride, and then coupled to 6-amino-
1,3-dimethylquinolin-2-(1H)-one (5) to give methyl 3-[(1,3-
dimethyl-2-oxo-1,2-dihydroquinolin-6-yl)carbamoyl]-4-
substitutedbenzoates (15a,b). These were finally hydrolyzed to
yield the corresponding carboxylic acids 16a,b. For inhibitors 20a,b,
sodium triacetoxyborohydride was utilized for the reductive ami-
nation of aldehydes 8a,b and amine 5 to synthesize the esters 18a,b,
again followed by hydrolysis to afford the 3-[(1,3-dimethyl-2-oxo-
1,2-dihydroquinolin-6-ylamino)methyl]-4-substitutedbenzoic
acids (19a,b). Carboxylic acid 22b was prepared directly from the
aromatic sulfonyl chloride 13b and amine 5 using pyridine as a
base. The same protocol for the synthesis of intermediate 22a
afforded a major byproduct (which was extremely insoluble in
common solvents, and unfortunately could not be characterized).
This necessitated an alternative route, where compound 5 was
reacted with the ester derivative 14 to first give methyl 3-[(1,3-
dimethyl-2-oxo-1,2-dihydroquinolin-6-yl)sulfamoyl]-4-
methoxybenzoate (21), which was further hydrolyzed to yield the
carboxylic acid 22a. The desired hydroxamic acids 17a,b, 20a,b and
23a,b were finally obtained from the corresponding carboxylic
acids 16a,b,19a,b and 22a,b using PyBOP as an activating agent and
O-(tetrahydro-2H-pyran-2-yl)hydroxylamine followed by cleavage
of the protecting group [65]. We adopted this method rather than
the classical one (reactionwith hydroxylamine hydrochloride and a
strong base like KOH), as this method facilitated the purification of
the final hydroxamic acids.

In the case of synthesis of compound 32, it was quiet challenging
to find the optimal synthetic sequence. As shown in Scheme 2, the

4-hydroxybenzaldehyde (26) was first alkylated with 5-
bromovalerate (25) to give the ester 27, which was then hydro-
lyzed to the corresponding acid 28. Again oxalyl chloride served as
an activating agent and the resulting acid chloride was reactedwith
5 to give N-(1,3-dimethyl-2-oxo-1,2-dihydroquinolin-6-yl)-5-(4-
formylphenoxy)pentanamide (29). The previously mentioned
conditions of reductive amination were not successful for the re-
action of 29 with 3-amino-4-methoxybenzoic acid (30), and
required a modification by adding trifluoroacetic acid (TFA) [96] to
obtain the carboxylic acid 31, which was finally converted to the
target compound 32 using the above mentioned protocol.

2.5.2. Synthesis of HDAC6/BRPF1 inhibitors
The starting materials for the dual HDAC6/BRPF1 inhibitors

were the appropriate sulfonyl chlorides. Trials to directly synthe-
size the carboxylic acid 36 from the commercially available 4-
(chlorosulfonyl)benzoic acid (33) again afforded a major by-
product. This product had a reasonable solubility and was identi-
fied as 4-[(1,3-dimethyl-2-oxo-1,2-dihydroquinolin-6-yl)sulfa-
moyl]-N-(1,3-dimethyl-2-oxo-1,2-dihydroquinolin-6-yl)benza-
mide 38 (Scheme 3). In case of 34, 41a,b and 48a,b we decided to
start with the sulfonyl chloride esters. Reaction of the corre-
sponding alkyl bromides 40a,b and 47a,bwith sodium sulphite and
phosphorus pentachloride yielded the aliphatic sulfonyl chlorides
41a,b and 48a,b (Scheme S1.2., supporting information). Again re-
action of these sulfonyl chlorides with 5 in pyridine afforded the
esters 35, 42a,b and 49a,b, whichwere hydrolyzed to the carboxylic
acids and finally converted to the desired hydroxamic acids 37,
44a,b and 51a,b as previously discussed (Scheme 4).

Scheme 1. Synthesis of dual HDAC8/BRPF1 inhibitors 17a,b, 20a,b and 23a,b. Reagents and conditions: (a) i) oxalyl chloride, cat. DMF, CH2Cl2, ii) DIPEA, CH2Cl2; (b) Na(AcO)3BH,
CH3COOH, THF; (c) pyridine; (d) i) aqu. NaOH, MeOH, reflux, ii) c. HCl; (e) i) PyBOP, DIPEA, H2NOTHP, THF, ii) cat. HCl, THF.
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2.5.3. Synthesis of masked hydroxamic acids
Compounds 59a,b and 60a,b were synthesized as shown in

Scheme 5 from the corresponding carboxylic acids 22a and 43b,
respectively. Whereas intermediate 58a was commercially avail-
able, intermediate 58b was synthesized following the procedure
reported by Rais et al. [91] with some modifications (Scheme S1.3.,
supporting information). Unlike the protocol for hydroxamic acid
synthesis (Schemes 1, 2 and 4), activation of the carboxylic acids
using PyBOP to synthesize the masked hydroxamic acid was not
optimal and complicated the purification process. Instead, we used
HATU as an activating agent, since its traces and side products could
be efficiently removed by aqueous workup which facilitated puri-
fication. It is also worth mentioning that compound 60a was ob-
tained as a deacetylated side product of compound 60b (probably
during the hydrazinolysis process due to slightly increased reaction
time). It was then purified, characterized, identified and incorpo-
rated in our cellular assays.

3. Conclusion

HDACs and bromodomains represent interesting epigenetic
targets whose deregulation is linked to different disorders. The
current work was initiated based on promising results of the
combination therapy of HDAC and bromodomain inhibitors,

assuming that a dual target inhibitor could achieve superior activity
to the single agents. We used previously developed selective
HDAC8 inhibitors as starting points and modified the cap group to
achieve simultaneous HDAC8 and BRPF1 inhibition. Two dual
HDAC8/BRPF1 nanomolar inhibitors (23a,b) were identified.
In vitro assays and modelling studies showed that small modifi-
cations of the linker are not tolerated, especially for the BRPF1 in-
hibition. Since HDAC6 is in the scope of this work, we took
advantage of the structural differences between different HDAC
isoforms to achieve the dual HDAC6/BRPF1 inhibitor 37. Further
attempts to enhance HDAC6 activity abolished the BRPF1 activity
emphasizing the limited available space to optimize these dual
inhibitors. The promising in vitro enzymatic results of the devel-
oped dual target inhibitors were not translated into cellular activity
against AML cell lines, while the corresponding esters, which
served as HDAC negative controls with only BRPF1 activity, showed
a modest effect. Therefore, we assumed that the poor permeability
of the hydroxamic acid is the reason for the lack of cellular activity.
Indeed, Western blot experiments showed a very weak acetylation
of a-tubulin, substantiating the lack of cellular HDAC6 activity of
the tested compounds. In an attempt to enhance the cellular effect
of the dual target inhibitors, some masked hydroxamic acids were
synthesized as potential prodrugs. However, no improvement in
the antiproliferative effect could be observed. Reasons for that

Scheme 2. Synthesis of dual HDAC8/BRPF1 inhibitor 32. Reagents and conditions: (a) p-toluenesulfonic acid, CH3OH; (b) K2CO3, acetone, reflux; (c) LiOH.H2O, THF, H2O; (d) i) oxalyl
chloride, cat. DMF, CH2Cl2, ii) DIPEA, CH2Cl2; (e) Na(AcO)3BH, CF3COOH, THF; (f) i) PyBOP, DIPEA, H2NOTHP, THF, ii) cat. HCl, THF.

Scheme 3. Synthesis of dimeric BRPF1i 38.
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could be the known limited cell permeability and short half-life of
hydroxamic acids due to fast metabolization. One prospective
modification of the developed dual inhibitors could be a replace-
ment of the hydroxamic acid moiety by more stable and permeable
zinc binding groups. It would be interesting to investigate if this
modification could achieve a balance between activities on both
targets and confer cellular activity.

4. Experimental protocols

4.1. Chemistry

4.1.1. General
All materials and reagents were purchased from Sigma-Aldrich

Co. Ltd. and abcr GmbH. All solvents were analytically pure and

Scheme 4. Synthesis of dual HDAC6/BRPF1 inhibitors 37, 44a,b and 51a,b. Reagents and conditions: (a) pyridne; (b) i) aqu. NaOH, CH3OH, reflux, ii) c. HCl; (c) i) PyBOP, DIPEA,
H2NOTHP, THF, ii) cat. HCl, THF.

Scheme 5. Synthesis of masked hydroxamic acids 59a,b and 60a,b. Reagents and conditions: (a) HATU, DIPEA, THF, DMF.
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dried before use. Thin layer chromatography was carried out on
aluminum sheets coated with silica gel 60 F254 (Merck, Darmstadt,
Germany). For column chromatography under normal pressure
silica gel 60 (0.036e0.200 mm) was used.

Final compounds were confirmed to be of >95% purity based on
HPLC. Purity was measured by UV absorbance at 254 nm. The HPLC
consists of an XTerra RP18 column (3.5 mm, 3.9 mm � 100 mm)
from the manufacturer Waters (Milford, MA, USA) and two LC-
10AD pumps, a SPD-M10A VP PDA detector, and a SIL-HT auto-
sampler, all from the manufacturer Shimadzu (Kyoto, Japan). For
preparative tasks a XTerra RP18 column (7 mm, 19 mm � 150 mm)
from the manufacturer Waters (Milford, MA, USA) and two LC-
20AD pumps were used. The mobile phase was in all cases a
gradient of methanol/water (starting at 95% water going to 5%
water).

Mass spectrometry analyses were performed with a Finnigan
MAT710C (Thermo Separation Products, San Jose, CA, USA) for the
ESIMS spectra and with a LTQ (linear ion trap) Orbitrap XL hybrid
mass spectrometer (Thermo Fisher Scientific, Bremen, Germany)
for the HRMS-ESI (high resolution mass spectrometry) spectra. For
the HRMS analyses the signal for the isotopes with the highest
prevalence was given and calculated (35Cl, 79Br).

1H NMR and 13C NMR spectra were taken on a Varian Inova 500
using deuterated chloroform and deuterated DMSO as solvent.
Chemical shifts are referenced to the residual solvent signals. The
following abbreviations and formulas for solvents and reagents
were used: ethyl acetate (EtOAc), dimethylformamide (DMF),
dimethylsulfoxide (DMSO), methanol (MeOH), tetrahydrofuran
(THF), chloroform (CHCl3), water (H2O), dichloromethane (CH2Cl2),
N,N-diisopropylethylamine (DIPEA), trimethylamine (TEA), hydro-
chloric acid (HCl) and trifluoroacetic acid (TFA).

4.1.2. General method for the synthesis of methyl 3-[(1,3-dimethyl-
2-oxo-1,2-dihydroquinolin-6-yl)carbamoyl]-4-substitutedbenzoates
(15a-b)

The appropriate 5-methoxycarbonyl-2-substitutedbenzoic acid
9a-b (3 mmol), DMF (one drop) and oxalyl chloride (4 mmol) were
stirred in CH2Cl2 at room temperature for 3 h. Themixturewas then
added dropwise to a solution of 6-amino-1,3-dimethylquinolin-2-
(1H)-one (5; 3 mmol) and DIPEA (8 mmol) in CH2Cl2, and stirring
was continued for another 2 h at room temperature. The reaction
mixture was washed with a saturated aqueous solution of ammo-
nium chloride and brine. The organic layer was dried over anhy-
drous sodium sulfate, filtered, and concentrated in vacuo. The
residue was purified using column chromatography (CHCl3: MeOH,
100:0e99:1).

Detailed characterization data of the compounds are provided in
the supporting information.

4.1.3. General method for the synthesis of methyl 3-[(1,3-dimethyl-
2-oxo-1,2-dihydroquinolin-6-ylamino)methyl]-4-
substitutedbenzoates (18a-b)

A mixture of the appropriate 4-substituted-3-formylbenzoate
8a-b (1.2 mmol) and 6-amino-1,3-dimethylquinolin-2-(1H)-one
(5; 1 mmol) was dissolved in toluene, and the reaction mixturewas
refluxed for 2 h using a dean stark apparatus. The solvent was then
evaporated under reduced pressure, and the crude product was
dissolved in CH2Cl2 and cooled to 0 �C. Then sodium triacetox-
yborohydride (4 mmol) was added and the reaction mixture was
stirred overnight at room temperature. The reaction was quenched
by adding H2O, and the pH was adjusted to 5 with aqueous po-
tassium bicarbonate solution. The mixture was extracted with
EtOAc, and the organic layer was evaporated under vacuum. The
products were purified by column chromatography (CHCl3: MeOH,
100:0e99:1).

Detailed characterization data of the compounds are provided in
the supporting information.

4.1.4. General method for the of synthesis of methyl 3(or 4)-[(1,3-
dimethyl-2-oxo-1,2-dihydroquinolin-6-yl)sulfamoyl]-4-
substitutedbenzoates (21 and 35) and methyl 3(or 4)-{[(1,3-
dimethyl-2-oxo-1,2-dihydroquinolin-6-yl)sulfamoyl]methyl}-4-
substitutedbenzoates (42a-b) and (49a-b)

To a solution of 6-amino-1,3-dimethylquinolin-2-(1H)-one (5;
1 mmol) in pyridine was added the appropriate methyl chlor-
osulfonylbenzoate or methyl (chlorosulfonylmethyl)benzoate 14,
34, 14a-b or 48a-b (1 mmol), and the reaction was stirred at room
temperature overnight. The solvent was then removed under vac-
uum, and the residue obtained was dissolved in EtOAc and washed
successively with aqueous 1M HCl, 1M copper sulfate and brine
solutions. The organic layer was dried over anhydrous sodium
sulfate, filtered, and concentrated in vacuo. The residue was puri-
fied using column chromatography (CHCl3: MeOH, 100:0e99:1).

Detailed characterization data of the compounds are provided in
the supporting information.

4.1.5. General method for the synthesis of carboxylic acids 16a-b,
19a-b, 22a-b, 36, 43a-b and 50a-b

The appropriate methyl esters 15a-b, 18a-b, 21, 35, 42a-b or
49a-b (1 mmol) was dissolved in MeOH followed by the addition of
aqueous solution of sodium carbonate (10 mmol) and the mixture
was stirred under reflux for 2e4 h until complete hydrolysis of the
ester. MeOH was then evaporated and the reaction was neutralized
with aqueous solution of 1M HCl until pH 6. The liberated free acid
was extracted with a mixture of EtOAc and THF, and the extract was
dried over sodium sulfate and evaporated under reduced pressure.
The product required no further purification.

Compound 22b was prepared directly from 6-amino-1,3-
dimethylquinolin-2-(1H)-one and methyl 4-chloro-3-
chlorosulfonylbenzoate using the procedure described in 4.1.4.

Detailed characterization data of the compounds are provided in
the supporting information.

4.1.6. General method for the of synthesis of hydroxamic acids 17a-
b, 20a-b, 23a-b, 37, 44a-b and 51a-b

The appropriate carboxylic acid 16a-b, 19a-b, 22a-b, 36, 43a-b
and 50a-b (1 mmol) was dissolved in dry THF, followed by the
addition of PyBOP (1.5 mmol) and DIPEA (3 mmol). The mixture
was stirred for 15 min, then NH2OTHP (1.2 mmol) was added and
the reaction mixture was stirred at room temperature for 2e4 h.
The solvent was evaporated under vacuum and the mixture was
dissolved in EtOAc (50 ml) and washed with 1M sodium carbonate
solution and brine. The organic layer was evaporated under vac-
uum and the product was purified by column chromatography
(CHCl3/MeOH/TEA, 99:0.95:0.05).

The obtained product was dissolved in THF and a catalytic
amount of diluted HCl was added. The mixture was stirred at room
temperature overnight. The reaction was controlled by TLC. After
that the solvent was evaporated under vacuum and the hydroxamic
acid product was purified by column chromatography (CHCl3:
MeOH, TEA 95:4.95:0.05).

Detailed characterization data of the compounds are provided in
the supporting information.

4.1.7. Synthesis of 3-{4-[5-(1,3-dimethyl-2-oxo-1,2-
dihydroquinolin-6-ylamino)-5-oxopentyloxy]benzylamino}-N-
hydroxy-4-methoxybenzamide (32)

Detailed synthesis of intermediates 25e28 are provided in the
supporting information.
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4.1.7.1. N-(1,3-dimethyl-2-oxo-1,2-dihydroquinolin-6-yl)-5-(4-
formylphenoxy)pentanamide (29).

5-(4-Formylphenoxy)pentanoic acid (28; 3 mmol), DMF (one
drop) and oxalyl chloride (4 mmol) were stirred in CH2Cl2 at room
temperature for 3 h. The mixture was then added dropwise to a
solution of 6-amino-1,3-dimethylquinolin-2-(1H)-one (5; 3 mmol)
and DIPEA (8 mmol) in CH2Cl2, and stirring was continued for
another 2 h at room temperature. The reactionmixturewaswashed
with saturated aqueous solution of ammonium chloride and brine.
The organic layer was dried over anhydrous sodium sulfate, filtered,
and concentrated in vacuo. The residue was purified using column
chromatography (CHCl3: MeOH, 100:0e98:2).

MS m/z: 393.20 [MþH] þ

Yield: 74%
1H NMR (400 MHz, DMSO) d 10.00 (s, 1H, eCOeNH-Ar), 9.84 (s,

1H, -CHO), 7.91 (d, J ¼ 2.4 Hz, 1H, AreH), 7.86e7.80 (m, 2H, AreH),
7.70 (s, 1H, AreH), 7.65 (dd, J ¼ 9.1, 2.4 Hz, 1H, AreH), 7.42 (d,
J¼ 9.1 Hz,1H, AreH), 7.14e7.07 (m, 2H, AreH), 4.11 (t, J¼ 5.9 Hz, 2H,
-CH2-O-), 3.60 (s, 3H, -NCH3), 2.39 (t, J ¼ 6.9 Hz, 2H, -CH2CO-), 2.10
(d, J ¼ 1.0 Hz, 3H, Ar-CH3), 1.84e1.71 (m, 4H, eCH2-C2H4eCH2-).

4.1.7.2. 3-{4-[5-(1,3-Dimethyl-2-oxo-1,2-dihydroquinolin-6-
ylamino)-5-oxopentyloxy]-benzylamino}-4-methoxybenzoic acid
(31).

A mixture of N-(1,3-dimethyl-2-oxo-1,2-dihydroquinolin-6-yl)-
5-(4-formylphenoxy)pentanamide (29; 1.1 mmol), 3-amino-4-
methoxybenzoic acid (30; 1 mmol) and TFA (2 mmol) in a (1:1)
mixture of THF and EtOAc was cooled to 0 �C, then sodium tri-
acetoxyborohydride (4 mmol) was added and the reaction mixture
was stirred overnight at room temperature. The reaction was
quenched by adding H2O, and the pH was adjusted to 5 with
aqueous potassium bicarbonate solution. The organic layer was
separated and the aqueous layer was extracted with EtOAc. The
organic layers were collected, dried over anhydrous sodium sulfate,
filtered, and concentrated in vacuo. The residue was purified using
column chromatography (CHCl3: MeOH, 100:0e97:3).

MS m/z: 542.82 [M-H] -

Yield: 81%
1H NMR (400 MHz, DMSO) d 12.26 (s, 1H, -COOH), 9.98 (s, 1H,

eCOeNH-Ar), 7.91 (d, J ¼ 2.2 Hz, 1H, AreH), 7.71 (s, 1H, AreH), 7.65
(dd, J ¼ 9.1, 2.3 Hz, 1H, AreH), 7.42 (d, J ¼ 9.1 Hz, 1H, AreH),
7.25e7.16 (m, 3H, AreH), 6.95 (d, J ¼ 2.0 Hz, 1H, AreH), 6.89e6.82
(m, 3H, AreH), 5.59 (t, J ¼ 6.0 Hz, 1H, eCH2-NH-Ar), 4.24 (d,
J ¼ 5.6 Hz, 2H, -CH2-NH-Ar), 3.98e3.91 (m, 2H, -CH2-O-), 3.85 (s,
3H, -OCH3), 3.60 (s, 3H, -NCH3), 2.40e2.34 (m, 2H, -CH2CO-), 2.10
(3H, Ar-CH3), 1.74 (m, 4H, eCH2-C2H4eCH2-).

4.1.7.3. 3-{4-[5-(1,3-Dimethyl-2-oxo-1,2-dihydroquinolin-6-
ylamino)-5-oxopentyloxy] -benzylamino}-N-hydroxy-4-
methoxybenzamide (32). This compound was prepared from 3-{4-
[5-(1,3-dimethyl-2-oxo-1,2-dihydroquinolin-6-ylamino)-5-
oxopentyloxy]-benzylamino}-4-methoxybenzoic acid (31) accord-
ing to the method described in 4.1.6.

Detailed characterization data of the compound are provided in
the supporting information.

4.1.8. General method for the synthesis of masked hydroxamic acids
59a-b and 60a-b

The appropriate carboxylic acids 23a or 44b (1 mmol) were
dissolved in dry THF, followed by the addition of HATU (1.2 mmol)
and DIPEA (3 mmol). The mixture was stirred for 15 min, then the
appropriate O-substitutedhydroxylamine 58a-b (1.2 mmol) was
added and the reaction mixture was stirred at room temperature
for 2 h. The solvent was evaporated under vacuum and the mixture
was dissolved in EtOAc and washed with aqueous sodium bicar-
bonate and ammonium chloride solutions then brine. The organic
layer was separated, dried over anhydrous sodium sulfate, filtered
and concentrated in vacuo. The residue was purified by column
chromatography (CHCl3: MeOH, 100:0e99:1).

Detailed characterization data of the compounds are provided in
the supporting information.

4.2. In vitro HDAC inhibitory activity

Recombinant human HDAC1 and -6 were purchased from BPS
Biosciences. Enzyme inhibition was determined by using a pub-
lished homogenous fluorescence assay [97]. The enzymes were
incubated for 90 min at 37 �C, with the fluorogenic substrate ZMAL
(Z-(Ac)Lys-AMC) in a concentration of 10.5 mM and increasing
concentrations of inhibitors. Fluorescence intensity was measured
at an excitationwavelength of 390 nm and an emissionwavelength
of 460 nm in a microtiter plate reader (BMG Polarstar).

Recombinant hHDAC8 was produced by Romier et al. in Stras-
bourg [60]. The HDAC8 activity assay was performed according to
the commercial HDAC8 Fluorometric Drug Discovery Kit [Fluor de
Lys®-HDAC8, BML-KI178] corresponding to the manufacturer’s
instructions as described earlier [98]. The substrate was a synthe-
sized tetrapeptide bound to aminomethylecoumarine (AMC) H2N-
Arg-His-Lys(Ac)-Lys(Ac)-AMC. The enzyme was incubated for
90 min at 37 �C, with a substrate concentration of 50 mM and
increasing concentrations of inhibitors. The Stop-solution con-
taining Trichostatin A (TSA), to stop the hHDAC8 activity, and
Trypsin, to release the AMC, was added. The solutionwas incubated
for 20 min at 37 �C to develop the assay. Fluorescence intensity was
measured at an excitation wavelength of 355 nm and an emission
wavelength of 460 nm in a microtiter plate reader (BMG Polarstar).
Detailed synthesis and characterization of the substrate are pro-
vided in the supporting information.

4.3. Isothermal titration calorimetry (ITC)

ITC experiments were carried out and processed as described
previously [99e101] using Microcal Origin for experiment setups,
NITPIC [102,103] and SEDPHAT [104] for data evaluation, and GUSSI
[105] for plotting. Ligand concentrations were between 20 and
40 mM in the sample cell and BRPF1 concentrations between 200
and 400 mM in the injection syringe. Images and calculations are
provided in the supporting information. For the final Kd BRPF1
value the P99 interval was determined.
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4.4. Cellular assays

4.4.1. Viability of human HEK293 cells
HEK293 cells (DSMZ Braunschweig, ACC305) were incubated at

37 �C in a humidified incubator with 5% CO2 in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% FCS and 5 mM
glutamine. Cells were seeded at 1.5 � 103 cells per well in a 96-well
cell culture plate (TPP, Switzerland). The compounds were added
immediately to the medium at 50 mM to determine the percentage
viability. After 24 h, AlamarBlue® reagent (Invitrogen, CA, USA) was
added according to the manufacturer’s instructions and incubated
again for 21 h before samples were analyzed. Detection of viable
cells that convert the resazurin reagent into the highly fluorescent
resorufin was performed by using a FLUOstarOPTIMA microplate
reader (BMG Labtec) with the following filter set: Ex 560 nm/Em
590 nm. All measurements were performed in triplicates over three
independent experiments.

4.4.2. Antiproliferative activity on acute myeloid leukemia cells
THP-1 and HL60

HL60 or THP-1 cells were diluted in 96-well tissue culture plates
at a density of 5000 per well and immediately incubated with in-
hibitors or DMSO vehicle to a total volume of 100 mL. Compounds
were diluted from 200x stock solutions in DMSO and were
compared to DMSO vehicle only. Three replicates per concentration
were used. Growth inhibition was determined using the CellTiter
96AQueous Non-Radioactive Cell Proliferation Assay according to
the manufacturer’s instructions. Data was plotted as absorbance
units against compound concentration for pretest results or against
logarithm of compound concentration using OriginPro 9. 50%
Growth inhibition (GI50) was determined as compound concen-
tration required to reduce the number of metabolically active cells
by 50% compared to DMSO control. The assay was already
described for MCF7 [106].

4.4.3. Western blot assay in THP-1 and HL60
HL60 or THP-1 cells were seeded in a 12-well plate at a density

of 2.5 � 105 cells per well, and immediately incubated with
different concentrations of test compounds for 4 h. After incuba-
tion, cells were collected in Eppendorf tubes and centrifuged with
500 g for 5 min at room temperature. Cells were washed with
phosphate-buffered saline and lysed in 90 mL of sodium dodecyl
sulfate (SDS) sample buffer (cell signaling, 62.5 mM Tris hydro-
chloride (pH 6.8 at 25 �C), 2% w/v SDS, 10% v/v glycerol, 50 mM
dithiothreitol, 0.01% bromophenol blue). After sonicating for 5 min,
to shear DNA and reduce sample viscosity, the samples were heated
to 95 �C for 1 min. Cell extracts were used directly for SDS poly-
acrylamide gel electrophoresis (PAGE) or kept frozen at �20 �C
until usage. For the SDS-PAGE, an amount of 7 mL of cell extracts was
loaded onto a 12.5% SDS gel and run at 160 V followed by the
transfer to a nitrocellulose membrane via western blotting for
antibody-based detection. After transfer, the nonspecific binding
was blocked by incubating the membrane in 25 mL of blocking
buffer [5% nonfat dry milk in Tris buffered saline with 0.1% Tween
20 (TBS-T)] for 1 h at room temperature or at 4 �C overnight. After
washing the membrane three times for 5 min with TBS-T, the pri-
mary antibody [antiacetylated a-tubulin (Sigma-Aldrich T7451-
200UL, 1:1000)] was added in 3% milk in TBS-T for 3 h at room
temperature or overnight at 4 �C. Before exposing the membrane
with the secondary antibody, it was washed again three times for
5 min with TBS-T to remove an unbound primary antibody. The
secondary antibody antimouse-IgG-HRP (Sigma-Aldrich, 1:2000)
was added in 3% milk in TBS-T at room temperature for 1 h. Af-
terward, the membrane was washed again. The detection was
performed via enhanced chemiluminescence (ECL Prime) after

incubation for 5 min in the dark with a FUSION-SL (PEQLAB) and
the FUSION-CAPT software. After detection of acetylated tubulin,
the whole procedure was repeated with the primary antibody
antiacetyl-histone H3 (Millipore 06.599, 1:2000) and the secondary
antibody anti-rabbit IgG-HRP (Sigma-Aldrich, 1:5000) to detect the
acetylation of histone H3 and again with the primary antibody
antiGAPDH (Sigma-Aldrich 69545-200UL, 1:5000) and the sec-
ondary antibody antirabbit IgGHRP (Sigma-Aldrich, 1:10 000) to
control the loading amount.

4.5. Docking and molecular dynamics simulations

4.5.1. Docking into HDAC8
The crystal structure of an HDAC8/inhibitor complex (PDB ID

2V5X) was downloaded from Protein Data Bank [107] and only
chain A was retained. Protein preparation was done using
Schr€odinger’s Protein Preparation Wizard (Schr€odinger Suite
2017e1: Protein Preparation Wizard; Epik, Schr€odinger, LLC, New
York, NY, 2016; Impact, Schr€odinger, LLC, New York, NY, 2016;
Prime, Schr€odinger, LLC, New York, NY, 2017) by adding hydrogen
atoms, assigning protonation states and minimizing the protein.
Solvent molecules were removed except for two conserved water
molecules: HOH2061 and HOH2152. Hydrogen bond networks,
amino acid residues protonation states and tautomers were opti-
mized, and the complex was finally subjected to energy minimi-
zation using the OPLS-2005 force field using the default settings.
Receptor grids were generated using default settings by assigning
the cocrystallized ligand as the center of the grid.

Ligands were first prepared using LigPrep (Schr€odinger Release
2017e1: LigPrep, Schr€odinger, LLC, New York, NY, 2017) were the
hydroxamic acids were kept in the neutral forms and energy
minimized using the OPLS2005 force field. Twenty conformers for
each ligand were subsequently generated using ConfGen
(Schr€odinger Release 2017e1: ConfGen, Schr€odinger, LLC, New
York, NY, 2017).

Molecular docking was performed using Glide (Schr€odinger
Release 2017e1: Glide, Schr€odinger, LLC, New York, NY, 2017) in the
Standard Precision mode. Default settings without any constraints
were used, the number of docking poses for post-docking mini-
mization per ligand was increased to 20 and the maximal number
of output poses per ligand was set to 2.

4.5.2. Docking into HDAC6
The crystal structure HDAC6/trichostatin A complex (PDB ID

5EDU) was downloaded from the Protein Data Bank and only chain
A was kept. Since the crystal structure was resolved without water
molecules in the binding site, we chose to insert the crucial water
molecules by superposing with the crystal structures of the ho-
mologous DrHDAC6 in complex with HPOB (PDB ID 5EF7). Alto-
gether, four water molecules (HOH 921, 990, 999, and 1011)
together with the cocrystallized ligand HPOP were taken from
chain A of the crystal structure of DrHDAC6 (PDB ID 5EF7). Further
protein preparation was performed as described for HDAC8; the
ligand was however kept in the deprotonated hydroxamate form.
Ligands were generated in the hydroxamate form and further
prepared using Ligprep and ConfGen as previously described.

Molecular docking was performed using Glide in the Standard
Precision mode using the same settings as with HDAC8.

4.5.3. Docking into BRPF1
The crystal structure BRPF1/NI-57 complex (PDB ID 5MYG) was

downloaded from the Protein Data Bank, and only chain C together
with the ligand and four water molecules (HOH 906, 907, 910, and
911) were kept. The complex was prepared using Schr€odinger’s
Protein Preparation Wizard as described for HDAC8. Ligands were
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prepared using LigPrep and 20 conformers were generated using
ConfGen as previously described. Docking was finally performed
using Glide in the Standard Precision mode using the same setting
as described for HDAC8. The applied setting was able to reproduce
the binding mode of NI-57 in BRPF1 (RMSD < 1 Å).

4.5.4. Molecular dynamics simulation
Initial coordinates of the BRPF1/ligand complexes were taken

from the obtained docking poses described above. MD simulations
were performed using Amber16 package (AMBER 2016, UCSF, San
Francisco, California, USA, 2016). Force field parameters for the li-
gands were assigned using the Antechamber package and AM1-
BCC atomic charges [108,109]. The complex structure was com-
bined using the TLeap module, where the ff14SB force field
[110,111] and the General Amber Force Field (GAFF2) [112] were
used for the parameterization of protein residues and ligand,
respectively. The complex structures were solvated in an octahedral
periodic box of SPC/E water molecules [113] at a margin of 10 Å and
the system was neutralized using Naþ counter ions.

The systemwas first subjected to two steps ofminimization: The
first step involved the minimization of only the solvent atoms in
3000 iterations (first 1000 steepest descent and then 2000 conju-
gate gradient), while restraining the protein, ligand and conserved
water molecules to their initial coordinates with a force constant of
10 kcal*mol�1*Å�2. In the second step, the whole system was
minimized with no restraints using 4000 iterations (first 2000
steepest descent and then 2000 conjugate gradient). The system
was subsequently heated to the production temperature (300 K)
through 100 ps of MD simulation, while keeping the complex
atoms (protein, ligand and conserved water molecules) restrained
with a force constant of 10 kcal*mol�1*Å�2. Constant volume pe-
riodic boundary was set to equilibrate the temperature of the sys-
tem by Langevin thermostat using a collision frequency of 2 ps�1.
The systemwas subsequently subjected to a pressure equilibration
routine for 100 ps at 300 K, where a constant pressure of 1 bar was
applied.

Finally, a production run of 100 ns with a time step of 2 fs was
simulated at a constant temperature of 300 K using Langevin
thermostat with a collision frequency of 2 ps�1. Constant pressure
periodic boundary was used to maintain the pressure of the system
at 1 bar using isotropic position scaling with a relaxation time of 2
ps. A non-bonded cut-off distance of 10.0 Å for long-range elec-
trostatic interactions was used by applying the Particle Mesh Ewald
(PME) [114] method during the temperature equilibration and MD
routines. The SHAKE algorithm [115] was applied to constrain all
bonds involving hydrogen. All simulations were run using
PMEMD.cuda implementation in Amber16 on CUDA-enabled NVI-
DIA graphics processing units (GPUs).

RMSD analysis of the trajectories was performed using the
CPPTRAJ module of Amber16. Plots were generated using the R
package, and the videos using PYMOL.

4.5.5. PAINS filter
All the herein described compounds were filtered for pan-assay

interference compounds (PAINS) [116]. For this purpose, PAINS1,
PAINS2 and PAINS3 filters, as implemented in Schr€odinger’s Canvas
program, were employed. None of the compounds was flagged as
PAINS.
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Abbreviations

HDAC Histone Deacetylase
BRD Bromodomain
PTMs Post-Translational Modification
DNA Deoxyribonucleic Acid
HAT Histone Acetyltransferase
BRPF Bromodomain and PHD Finger-Containing Protein
FDA U.S. Food and Drug Administration
HSP 90 Heat Shock Protein 90
BET Bromodomain and Extra-Terminal Motif
PDB Protein Data Bank
RMSD Root-Mean-Square Deviation
MD Molecular Dynamics
AML Acute Myeloid Leukemia
GAPDH Glyceraldehyde 3-Phosphate Dehydrogenase
Ac Acetylated
DMSO Dimethyl Sulfoxide
TFA Trifluoroacetic Acid
PyBOP Benzotriazol-1-Yl-Oxytripyrrolidinophosphonium

Hexafluorophosphate
HATU Hexafluorophosphate Azabenzotriazole Tetramethyl

Uronium
HPLC High-Performance Liquid Chromatography
UV Ultraviolet
ESI-MS Electrospray Ionization Mass Spectrometry
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HRMS-ESI High Resolution Mass Spectroscopy- Electrospray
Ionization

EtOAc Ethyl Acetate
DMF Dimethylformamide
MeOH Methanol
THF Tetrahydrofuran
CHCl3 Chloroform
H2O Water
CH2Cl2 Dichloromethane
DIPEA N,N-Diisopropylethylamine
HCl Hydrochloric Acid
TEA Triethylamine
h Hour
TLC Thin Layer Chromatography
mmol Millimole
Min Minute
TSA Trichostatin A
AMC Aminomethylcoumarin
ITC Isothermal Titration Calorimetry
DMEM Dulbecco’s Modified Eagle’s Medium
SDS Sodium Dodecyl Sulfate
PAGE Polyacrylamide Gel Electrophoresis
TBS-T Tris Buffered Saline With 0.1% Tween 20
ECL Enhanced Chemiluminescence
GAFF2 General Amber Force Field
Ps Picosecond
Gpus Graphics Processing Units
HEK Human Embryonic Kidney
n.d. Not Determined
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Résumé de thèse en Français 

Etudes biochimiques, biophysiques et structurales des protéines associées aux maladies 

humaines : tcDAC2 et le complexe ADAT 

Introduction 

Au cours de ma thèse, j'ai travaillé sur des enzymes associées aux maladies humaines : 

tcDAC2 et ADAT. TcDAC2 est une protéine essentielle du parasite Trypanosoma cruzi qui 

cause la maladie de Chagas. TcDAC2 est une enzyme épigénétique, appartenant à la famille 

des histones désacétylases. Ainsi, le ciblage de l'épigénome de T. cruzi, en inhibant tcDAC2, 

représente un traitement potentiel de la maladie de Chagas. Dans ce projet, j'ai résolu la 

structure de tcDAC2 pour guider le développement d'inhibiteurs spécifiques de tcDAC2. Dans 

mon deuxième projet, j'ai étudié le mécanisme par lequel une mutation dans le complexe 

ADAT, formé de deux sous-unités, ADAT2 et ADAT3, déclenche un trouble 

neurodéveloppemental caractérisé par une déficience intellectuelle, de la microcéphalie, du 

strabisme et de l’épilepsie. ADAT est une enzyme qui transforme l'adénosine en position 34 

des ARNt en inosine. ADAT est donc une enzyme appartenant au domaine 

épitranscriptomique. 

Les mondes de l'épigénétique et de l'épitranscriptomique 

L'épigénétique et l'épitranscriptomique sont deux domaines caractérisés par la réversibilité des 

modifications chimiques dans deux substrats différents : (i) l'ADN et les protéines histones et 

(ii) les ARN, respectivement. Ces deux domaines participent à la régulation de l'expression 

des gènes et des différentes voies de signalisation dans le noyau dans le cas de l'épigénétique 

et dans les compartiments du noyau et du cytoplasme dans le cas de l'épitranscriptomique. Si 

le domaine de l'épigénétique est désormais bien établi, le domaine de l'épitranscriptomique 

reçoit de plus en plus d'attention. Les effecteurs de ces deux domaines contrôlent la 

différenciation et le développement cellulaire, et leur dérégulation provoque de nombreuses 

maladies dont le cancer, des troubles neurologiques, cardiovasculaires, immunitaires et 

métaboliques. Ces domaines attirent donc beaucoup d'attention pour développer de nouvelles 

approches thérapeutiques. Au cours de mon doctorat, j'ai développé des projets de recherche 

scientifique dans ces deux domaines, obtenant des informations importantes dans chacun 

d'entre eux.  
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Mécanismes épigénétiques, maladies associées et médicaments épigénétiques 

Afin de s'intégrer dans le noyau eucaryote, le génome des eucaryotes est compacté en une 

structure spécifique appelée chromatine. L'unité de base de la chromatine est le nucléosome 

qui est composé de deux paires d'histones H2A/H2B et de deux paires d'histones H3/H4 qui 

forment un octamère d'histones, enveloppant environ 147 paires de pb d'ADN (Luger et al. 

1997). Les nucléosomes peuvent interagir les uns avec les autres pour former des structures 

plus compactes qui vont de la fibre de 30 nm aux boucles de chromatine, jusqu'au compactage 

le plus élevé dans les chromosomes mitotiques (Baldi, Korber et Becker 2020). 

La structure de la chromatine forme une barrière et un élément régulateur pour l’accès à 

l'information génétique des autres effecteurs nucléaires. La régulation de la structure de la 

chromatine par les mécanismes épigénétiques fournit en outre un moyen aux cellules de 

réguler les mécanismes nucléaires, avec une implication directe sur l'homéostasie cellulaire, le 

développement, mais aussi sur la maladie (Allis et Jenuwein 2016). Notamment, les 

mécanismes épigénétiques jouent un rôle majeur dans la régulation de l'expression des gènes 

par le biais de changements dans la structure de la chromatine (Day et Sweatt 2011 ; 

Goldberg, Allis et Bernstein 2007). 

Les cellules utilisent cinq mécanismes épigénétiques majeurs pour moduler la structure de la 

chromatine. Ceux-ci incluent : (i) les variants d'histones et leurs chaperons associés, (ii) les 

complexes de remodelage de la chromatine dépendant de l'ATP, (iii) la régulation médiée par 

les ARN longs non-codants (iv) la méthylation de l'ADN et (v) les modifications des histones 

(Kouzarides 2007). Au cours de ma thèse, je me suis focalisée sur la modification par 

acétylation, et plus particulièrement sur la désacétylation. La marque d’acétylation est une 

marque de régulation majeure en épigénétique, mais aussi dans de nombreux autres processus 

cellulaires. 

Acétylation et histone désacétylases (HDACs et Sirtuines) 

La queue amino-terminale des histones est principalement ciblée par des modifications telles 

que la méthylation, la phosphorylation, l'acétylation et autres. L'acétylation des histones est 

généralement associée à une activation transcriptionnelle. Les niveaux d'acétylation des 

lysines des histones et des protéines non-histones sont régulés par l'interaction entre les 

lysines acétyltransférases (KATs) et les histones désacétylases (HDACs). Les KATs déposent 

les marques d'acétylation sur le groupe ε-amino des résidus lysine et sont connues sous le nom 
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de dépositaire (writer) de l’acétylation. Les HDACs enlèvent la marque acétyle et sont 

connues sous le nom d’effaceur (eraser) de l’acétylation. 

18 HDACs ont été identifiés dans les cellules de mammifères. Ils sont répartis en quatre 

classes (I-IV) : Classe I (HDAC 1, 2, 3, 8), classe IIa (HDAC 4, 5, 7, 9), classe IIb (HDAC 6 

et 10), classe III (Sirtuine 1-7) et classe IV (HDAC 11). Les HDACs peuvent être divisés en 

deux familles basées sur leur domaine désacétylase et leur dépendance aux cofacteurs : la 

famille des histones désacétylases et la famille des sirtuines. Les classes I, II et IV forment la 

famille des histones désacétylases qui dépendent de l’ion Zn2+ pour leur activité catalytique. 

La classe III forme la famille Sirtuine qui dépend du NAD+ pour son activité catalytique 

(Gregoretti, Lee et Goodson 2004). 

Les HDACs de classe I sont exprimés de manière ubiquitaire et principalement localisés dans 

le noyau. HDAC1 et HDAC2 font partie des complexes répresseurs SIN3, MiDAC, NuRD et 

CoREST (Laherty et al. 1997 ; Xue et al. 1998 ; Ballas et al. 2001 ; Bantscheff et al. 2011). 

HDAC3 fait partie des complexes co-répresseurs NCOR1 et SMRT1 (Matthew G. Guenther 

et al. 2000 ; M. G. Guenther, Barak et Lazar 2001). En revanche, HDAC8 ne fait pas partie 

d'un complexe (Gregoretti, Lee et Goodson 2004). Les HDACs de classe II se trouvent 

principalement dans le cytoplasme et leur domaine désacétylase est situé à leur extrémité C-

terminale. Les HDACs de classe IIa ont à leur extrémité N-terminale un site de liaison pour le 

facteur de transcription de liaison à l'ADN MEF2. Ils possèdent également des sites de 

phosphorylation pour la liaison des protéines 14-3-3 (X.-J. Yang et Grégoire 2005 ; Parra et 

Verdin 2010). Les HDACs de classe IIa font également partie du complexe de co-répresseurs 

NCOR1 et SMRT1 (Fischle et al. 2002). En raison d'une substitution dans les HDACs de 

classe IIa de la tyrosine catalytique en histidine, ces HDACs présentent une activité 

catalytique très faible et sont plutôt supposées avoir un rôle d'échafaudage (Fischle et al. 

2002). Les HDACs de classe IIb ont conservé une tyrosine catalytique et présentent une 

extension à leur extrémité C-terminale connue sous le nom de domaine de queue. Notamment, 

HDAC6 présente deux domaines désacétylases et un domaine à doigt de zinc pour la 

reconnaissance de l'ubiquitine à son extrémité C-terminale qui est important pour le transport 

des protéines mal repliées vers l'aggresome (Kawaguchi et al. 2003). HDAC10 présente un 

domaine désacétylase et un domaine répété riche en leucine à son extrémité C-terminale. 

HDAC10 est une acétylpolyamine désacétylase (Hai et al. 2017). Les HDACs de classe IV 

sont composées de HDAC11 qui a une activité désacylase des groupes acyle gras à longue 

chaîne (Gao et al. 2002; J. Cao et al. 2019). 
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Les HDACs de classe III sont des sirtuines localisées dans différents compartiments, tels que 

le nucléole (SIRT7), le noyau (SIRT1 et SIRT6), le cytoplasme (SIRT2) et dans les 

mitochondries (SIRT3, SIRT4 et SIRT5) (Houtkooper, Pirinen et Auwerx 2012). SIRT4, 

SIRT5 et SIRT6 ont une activité de désacylation plutôt qu'une activité de désacétylation. 

SIRT4 élimine les fractions acyle des méthylglutaryl-, hydroxyméthylglutaryl- et 3-

méthylglutaconyl-lysine (K. A. Anderson et al. 2017). SIRT5 est une desuccinylase, une 

démalonylase et une déglutarylase (C. Peng et al. 2011 ; J. Park et al. 2013 ; M. Tan et al. 

2014). SIRT6 élimine les groupes acyle gras à longue chaîne des résidus lysine (Jiang et al. 

2013). 

Mécanisme catalytique des HDACs dépendantes du zinc 

Le mécanisme catalytique proposé pour les HDACs dépendantes du zinc  est basé sur des 

études structurales et biochimiques de HDAC8. Au sein du site actif de HDAC8, un ion 

catalytique Zn2+ est coordonné par une histidine (H180), deux aspartates (D178 et D267) et 

deux molécules d'eau (Vannini et al. 2004 ; Somoza et al. 2004). Lors de la liaison au 

substrat, le groupement acétyl du substrat de lysine acétylée remplace une molécule d'eau, se 

coordonne au Zn2+ et accepte une liaison hydrogène de la tyrosine catalytique (Y306) 

(Vannini et al. 2007). Il est possible que Y306 change d'une conformation orientée vers 

l’extérieur du site actif à une conformation orientée vers l’intérieur du site actif pour s'adapter 

à la liaison au substrat (Decroos et al. 2015). L'histidine 143 (H143) agit comme une base 

générale, pour aider le Zn2+ à activer la molécule d'eau ; tandis que His142 reste protoné tout 

au long du cycle catalytique (Gantt et al. 2016). H142 et His143 lient l'hydrogène de la 

molécule d'eau liée au zinc pour positionner correctement cette molécule d'eau pour une 

attaque nucléophile. Ensuite, le groupe carbonyle de la lysine acétylée subit une attaque 

nucléophile par la molécule d'eau liée au zinc, conduisant à la formation d'un intermédiaire 

tétraédrique (Porter et Christianson 2017). Lors du transfert de protons de H143 (agissant 

comme un acide général) au groupe amino partant, l'intermédiaire tétraédrique disparaît en 

produisant une lysine et un acétate (Gantt et al. 2016). 

Inhibiteurs des HDACs 

La dérégulation de l'acétylation des lysines est associée aux troubles neurologiques, au cancer, 

et aux maladies cardiovasculaires (P. Li, Ge et Li 2020 ; Falkenberg et Johnstone 2014). 

Plusieurs inhibiteurs des histones désacétylaces (HDACi) ont été approuvés par la FDA pour 

le traitement du cancer (Cappellacci et al. 2020). Le Vorinostat (Saha) et la Romidepsine sont 
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utilisés pour le traitement du lymphome cutané à cellules T (Duvic et al. 2018 ; Marks et 

Breslow 2007). Le Belinostat et le Chidamide (ce dernier approuvé en Chine uniquement) 

sont utilisés pour le traitement du lymphome périphérique à cellules T (Poole 2014 ; Chan, 

Tse et Kwong 2017). Le Panobinostat, un inhibiteur non sélectif (pan-inhibiteur) utilisé pour 

le traitement du myélome multiple (Prince, Bishton et Johnstone 2009). De plus, deux HDACi 

sont approuvées par la FDA pour le traitement des troubles neurologiques : l'acide valproïque 

et le butyrate de sodium. Le Vorinostat, le Belinostat et le Panobinostat sont des acides 

hydroxamiques qui chélatent le Zn2+ dans les HDAC (Richon 2006; Cappellacci et al. 2020). 

La Romidepsine est un depsipeptide cyclique qui, sous forme réduite, possède un groupe thiol 

qui coordonne le Zn2+ (Nakajima et al. 1998). 

Le traitement des maladies négligées et le ciblage de smHDAC8 

La schistosomiase est une maladie infectieuse causée par des vers plats parasites du genre 

Schistosoma. Environ 240 millions de personnes sont infectées dans le monde et la 

schistosomiase cause 300 000 décès par an. Le seul médicament disponible pour le traitement 

de la schistosomiase, le Praziquantel, est utilisé pour le traitement de masse, ce qui soulève le 

risque de la possibilité d’apparition de résistance (Doenhoff et al. 2002). Par conséquent, il est 

urgent de développer de nouveaux médicaments contre la schistosomiase. Le génome de 

Schistosoma mansoni possède trois HDAC de classe I, qui sont des orthologues des HDAC 

mammifères HDAC1, HDAC3 et HDAC8 (Oger et al. 2008). Les ARNm de ces trois HDAC 

sont exprimés à tous les stades du cycle de vie de S. mansoni, mais S. mansoni HDAC8 

(smHDAC8) possède le transcrit le plus abondant parmi les HDAC de classe I à tous les 

stades de la vie du parasite. En revanche, dans les tissus humains, HDAC8 est le plus faible 

transcrit exprimé à partir des HDAC de classe I (E. Hu et al. 2000). Cela suggère que 

smHDAC8 doit avoir des fonctions vitales pour S.mansoni. smHDAC8 constitue donc une 

cible potentielle pour le développement de médicaments pour traiter la schistosomiase. 

Étant donné que le développement de nouveaux médicaments est un processus long et 

coûteux, une stratégie appelée Piggyback a été appliquée par mon équipe d'accueil en 

collaboration avec de nombreux autres groupes européens et brésiliens au sein de deux grands 

projets européens FP7 (SETTReND, Schistosoma Epigenetics – Targets, Regulation, New 

Drugs et A-ParaDDisE, Anti-Parasitic Drug Discovery in Epigenetics). Cette stratégie 

implique la modification des inhibiteurs de HDAC (épidrogues) approuvés par la FDA et 

utilisés dans les traitements contre le cancer (Falkenberg et Johnstone 2014) pour être utilisés 
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dans le traitement des maladies infectieuses. Ces épidrogues servent d'échafaudages pour le 

développement d'inhibiteurs spécifiques ciblant les HDACs parasitaires. 

La stratégie Piggyback combine des méthodes de criblage à haut débit et de la conception de 

médicaments basées sur la structure 3D des protéines. Cette seconde approche est utilisée 

pour résoudre le problème de sélectivité inhérent au fait que les enzymes HDAC8 humaines et 

de schistosomes ont de fortes similitudes dans leur site actif et qui pourraient provoquer des 

effets secondaires en essayant d'inhiber smHDAC8. Par conséquent, une conception de 

médicament basée sur la structure a pour objectif de rendre un médicament aussi spécifique 

que possible pour l'enzyme du Schistosome. La structure du smHDAC8 a cependant montré 

qu'il existe quelques différences par rapport aux HDAC humaines (Marek et al. 2013). Par 

exemple, smHDAC8 a une poche de site actif plus large que son orthologue HDAC8 humain, 

ce qui est dû à la conformation différente du résidu F152 dans smHDAC8. De plus, M274 

dans HDAC8 humain est remplacé par H292 dans smHDAC8. Ces caractéristiques 

spécifiques de smHDAC8 ont été utilisées pour le développement d'inhibiteurs spécifiques de 

smHDAC8 (Marek et al. 2015). 

Un criblage virtuel in silico utilisant une bibliothèque d'un demi-million de composés 

chélateurs du zinc et la structure de smHDAC8 a été mené, aboutissant à l'identification de 

deux composés volumineux, J1038 et J1075 (Kannan et al. 2014). Des tests in vitro de 

l'activité d'inhibition ont montré que ces composés ont une sélectivité pour les enzymes 

HDAC8 (smHDAC8 et hHDAC8) par rapport aux autres HDAC (HDAC1, HDAC2, HDAC3 

and HDAC6) en comparaison avec le médicament anti-HDAC commercial Voristonat, qui 

inhibe sans sélectivité toutes les HDACs de classe I (HDAC1, HDAC2, HDAC3 et HDAC8) 

et de classe IIb HDAC6 (Marek et al. 2013). J1038 a été sélectionné pour des optimisations 

car il s'agit d'un composé plus volumineux conformément au site actif plus large de 

smHDAC8. Sur la base du hit J1038, plusieurs composés ont été développés. Des tests in 

vitro de leur capacité d'inhibition contre smHDAC8 et HDAC8 humain ont montré que ces 

composés ont une valeur IC50 dans la gamme nanomolaire basse, et certains de ces composés 

sont également sélectifs pour smHDAC8 par rapport à son homologue humain (Heimburg et 

al. 2016). 

Néanmoins, cette étude a révélé la difficulté à concevoir des médicaments ne montrant une 

sélectivité que pour les HDAC des parasites lorsque ceux-ci sont similaires à leurs 

homologues humains, soulevant la question de savoir comment améliorer la sélectivité. 
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Cependant, cette preuve de concept selon laquelle la machinerie épigénétique des agents 

pathogènes peut être ciblée par la stratégie Piggyback a ouvert de nouvelles voies pour cibler 

d'autres maladies infectieuses où les agents pathogènes ont des HDAC qui présentent une 

divergence significative par rapport aux HDAC humains. Au cours de ma thèse, j'ai abordé 

ces deux questions en (i) participant à la caractérisation moléculaire précise de l'inhibition 

sélective de HDAC8 (Article 1) et (ii) en étudiant l'inhibition sélective des HDAC parasites 

divergents, notamment DAC2 de Trypanosoma cruzi (tcDAC2) (article 2). 

Le monde de l'ARN et l'épitranscriptome 

Pendant des décennies, notre vision du monde des acides ribonucléiques (ARN) s'est 

principalement limitée à l'ARN messager (ARNm), qui est une « photocopie » de nos gènes, à 

l'ARN ribosomique (ARNr), le composant en acide nucléique structurant les ribosomes, et à 

l'ARN de transfert (ARNt), la molécule adaptatrice entre les mondes de l'ARN et des 

protéines. Depuis quelques décennies, cependant, cette vision initiale du monde de l'ARN est 

devenue beaucoup plus complexe, avec la découverte de beaucoup plus d'espèces d'ARN, 

telles que les petits ARN nucléaires (snRNA), les petits ARN nucléolaires (snoRNA), les 

longs ARN non codants. (lncRNA), les micro ARN (miRNA), les ARN enhancer (eRNA), les 

ARN vault (VTRNA) et les ARN circulaires (circRNA) (Statello et al. 2021b). Ces 

différentes espèces d'ARN participent fonctionnellement, avec les ARNm, les ARNr, les 

ARNt et les autres effecteurs cellulaires, au développement et à l'homéostasie des cellules et 

des organismes (Cech et Steitz 2014). 

Outre la grande variété d'espèces d’ARN, il a été montré que la plupart de ces espèces 

peuvent subir un grand nombre de modifications (X. Li, Xiong et Yi 2017). Plus d'une 

centaine de modifications d'ARN ont été identifiées à ce jour dans tous les types de molécules 

d'ARN, y compris des modifications du ribose et des nucléobases (Boccaletto et al. 2018). La 

découverte que certaines de ces modifications d'ARN sont déposées, lues et supprimées en 

réponse à des stimuli cellulaires internes ou externes, montre que les modifications d'ARN 

peuvent être réversibles et dynamiques, comme observé dans le domaine épigénétique. Ceci a 

donné naissance au domaine émergent de l'épitranscriptomique qui reflète le domaine établi 

de l'épigénétique (McMahon, Forester et Buffenstein 2021 ; Livneh et al. 2020 ; Wiener et 

Schwartz 2021 ; Barbieri et Kouzarides 2020). 

Notamment, les modifications de l'ARN peuvent réguler l'expression des gènes, modulant 

ainsi un grand nombre de processus cellulaires, l'homéostasie cellulaire et le développement 
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(Roundtree, Evans, et al. 2017 ; Frye et al. 2018 ; Barbieri et Kouzarides 2020 ; Chujo et 

Tomizawa 2021). Il n'est donc pas surprenant que la dérégulation des modifications de l'ARN 

soit impliquée dans diverses maladies. Notamment, des mutations dans la moitié des enzymes 

de modification de l'ARN sont associées à des maladies humaines (Tsutomu Suzuki 2021 ; 

Jonkhout et al. 2017). Il s'agit notamment de cancers et de maladies cardiovasculaires, 

immunitaires, métaboliques, liées aux mitochondries et neurologiques. Curieusement, les 

maladies les plus fréquentes associées à la dérégulation de la modification de l'ARN sont 

représentées par les troubles neurologiques, ce qui concorde avec le fait que de nombreuses 

modifications de l'ARN sont enrichies dans le cerveau (Jonkhout et al. 2017 ; Chi et Delgado-

Olguín 2013). 

Parmi les espèces d'ARN, les ARNt sont les macromolécules d'ARN les plus modifiées, 

contenant environ 120 modifications. Chaque molécule d'ARNt contient en moyenne 13 

modifications situées dans ses différents bras où elles jouent des rôles très différents dans le 

repliement, la stabilisation et le décodage des ARNt (Paul F. Agris et al. 2018 ; Tsutomu 

Suzuki 2021 ; Schimmel 2018 ; Kirchner et Ignatova 2014). Là encore, des mutations et une 

expression altérée de 72 % des enzymes de modification des ARNt sont associées à des 

maladies humaines, 50 % de ces maladies étant des troubles neurologiques, notamment des 

Troubles Neurodéveloppementaux (NDD) (Chujo et Tomizawa 2021). 

Il y a donc un intérêt croissant pour comprendre dans les détails moléculaires les voies de 

modification de l'ARN, les rôles biologiques de ces modifications, et comment le dérèglement 

de ces voies (i) conduit à un déséquilibre des modifications, (ii) influence le métabolisme de 

l'ARN et l'expression des gènes, et (iii) comment ces perturbations conduisent à la maladie. 

Plus précisément, la grande implication des ARNt dans le développement du cerveau, évaluée 

par les dérèglements de ses modifications à l'origine des NDD, suscite un fort regain d'intérêt 

pour ces molécules effectrices essentielles. 

Modifications des ARNt, leurs rôles et leur implication dans les maladies neurologiques 

Les ARNt sont les macromolécules d'ARN les plus modifiées (Tsutomu Suzuki 2021). Les 

modifications peuvent concerner le sucre ou la base des nucléosides et sont réparties à divers 

endroits le long de l'ARNt. Il s'agit notamment de la tige acceptrice, de la tige-boucle D, de la 

tige-boucle anticodon (ASL), de la boucle variable (VL) et de la tige-boucle T.  

Les modifications ont différents rôles, notamment le repliement, la stabilisation structurale et 

la flexibilité des ARNt. De plus, certaines modifications sont déterminantes pour une 
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aminoacylation correcte, tandis que d'autres peuvent empêcher le clivage enzymatique de 

l'ARNt (Tsutomu Suzuki 2021). De plus, les modifications de l'ARNt au sein de l'ASL sont 

importantes pour le décodage correct des codons et le maintien du cadre de lecture. Il est 

important de noter que des mutations dans les enzymes modifiant l'ARNt ont été associées à 

plusieurs maladies, les plus fréquentes étant les troubles neurologiques, révélant l'importance 

de ces modifications et ravivant l’intérêt pour les ARNt en tant que molécules effectrices 

(Chujo et Tomizawa 2021). Parmi les modifications de l’ARN, une modification ubiquitaire 

et essentielle et l’édition d’adénosine en inosine (A-en-I) (Srinivasan, Torres, et Ribas de 

Pouplana 2021). 

Édition A-en-I de l'adénosine en position wobble de l’ARNt-Arg (ACG) chez les 

procaryotes par l'homodimère TadA 

Chez les bactéries, un homodimère de la protéine TadA catalyse la réaction de désamination 

hydrolytique qui convertit A34 en I34 dans un seul isotype d'ARNt, l’ARNt-Arg(ACG) 

(Wolf, Gerber et Keller 2002). TadA appartient à la grande famille des cytidine désaminases 

(CDA) (A. P. Gerber et Keller 2001). TadA a un repliement global formé d'un feuillet β 

central flanquée d'hélices. Les hélices α1, α5 sont opposées à l'interface du dimère tandis que 

les hélices α2 à α4 sont situées à l'interface dimère (J. Kim et al. 2006 ; Kuratani et al. 2005 ; 

Losey, Ruthenburg et Verdine 2006). Les hélices α2-α4 et leurs boucles forment le site actif 

de TadA, chaque monomère contribuant cependant aux deux sites actifs du complexe. Le site 

actif de TadA contient un ion zinc qui est coordonné par His53, Cys83, Cys86 et une 

molécule d'eau qui participe à la catalyse (Losey, Ruthenburg et Verdine 2006). De plus, le 

résidu conservé Glu55 participe au transfert de protons pendant la catalyse, la mutation de ce 

glutamate conservé en alanine produisant une enzyme catalytiquement inactive (Elias et 

Huang 2005). Il a été proposé que le mécanisme catalytique de l'édition A-en-I soit similaire à 

celui des cytidine désaminases (Betts et al. 1994; S. J. Chung, Fromme et Verdine 2005). 

Glu55 agit comme une navette de protons, qui à la fois extrait un proton de la molécule d'eau 

liée au zinc pour produire un ion hydroxyde, et protone le N1 de l'adénosine 34. Ainsi, Glu55 

réduit la double liaison entre les atomes N1 et C6 de l'adénosine, ce qui rend le C6 plus 

sensible à l'attaque de l’ion hydroxyde, pour former l'intermédiaire tétraédrique. Ensuite, le 

clivage de la liaison C6-NH2
6 est médié par le transfert de proton de OH6 à NH2

6, ce proton est 

ensuite extrait par Glu55. L'intermédiaire tétraédrique disparaît après abstraction de ce proton 

par Glu55 et le transfert de ce proton à l'amine sortante, pour produire l'inosine et l'ammoniac 
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(Wilson, Rudolph et Quiocho 1991 ; Kinoshita et al. 2003 ; Hall et al. 2011 ; T.-P. Ko et al. 

2003 ; Sh et al. 2004). 

La structure de TadA en complexe avec l'ASL de son substrat, l'ARNt-Arg-ACG, a montré 

qu'à l'entrée du site actif de TadA, plusieurs poches sont formées par les deux monomères de 

TadA et qui interagissent avec l'ASL, notamment la boucle de l'anticodon. Ces poches 

accueillent les bases 33 à 37. Il n'y a pas de poches pour la paire de base 32-38, mais cette 

paire interagit également avec TadA (Losey, Ruthenburg et Verdine 2006). Des résidus de 

l'hélice alpha C-terminale de TadA ont été proposés comme interagissant avec l'ARNt, et il a 

été démontré que des mutations de ces résidus affectent l'activité de TadA (Elias et Huang 

2005). En effet, la structure de TadA/ASL montre que les résidus formant l'hélice C-terminale 

de TadA interagissent avec l'ASL. Par exemple, F144 et F145 forment des interactions 

d'empilement avec C35 et G36 respectivement, R149 interagit avec le phosphate de U33 et 

forme deux liaisons hydrogènes avec la base G36 (Losey, Ruthenburg et Verdine 2006). De 

façon intéressante, en l'absence de substrat, cette hélice alpha n'est que partiellement observée 

ou n'est pas du tout présente dans la densité électronique, montrant qu'elle peut s'adapter pour 

reconnaître le substrat ASL (Elias et Huang 2005). 

Édition A-en-I de la position wobble des ARNt chez les eucaryotes par l'hétérodimère 

ADAT 

L'édition A-en-I chez les eucaryotes est médiée par l'Adénosine Désaminase Agissant sur les 

ARNt (ADAT). Il existe trois types de protéine ADAT : ADAT1, ADAT2 et ADAT3. Toutes 

possèdent un domaine désaminase similaire à celui des cytidine désaminases (Schaub et 

Keller 2002). ADAT1 médie l'édition A-en-I en position 37 dans l'ARNt-Ala et en position 57 

dans les ARNt archéens (H. Grosjean et al. 1996; A. Gerber et al. 1998). ADAT2 et ADAT3 

(ADAT2/3) forment un complexe dans le noyau pour effectuer l'édition A-en-I à la position 

34 sur les ARNt (Torres et al. 2015). Contrairement au substrat unique du procaryote TadA, le 

complexe eucaryote ADAT2/3 possède jusqu'à huit isotypes d'ARNt comme substrats selon 

l’espèce considéré. Ces substrats contiennent tous une adénosine en position 34 : ARNt-Ala-

AGC, -Pro-AGG, -Thr-AGT, -Val-AAC, -Ser-AGA, -Arg-ACG, -Ile-AAT et Leu-AAG. 

Les acides aminés Ala, Pro, Thr et Val sont codés par quatre codons différents, c'est-à-dire 

qu'ils sont quadruplements dégénérés. Ile est codé par trois codons différents, triplement 

dégénéré. Arg, Ser et Leu sont sextuples dégénérés (M. Nirenberg et al. 1965; Paul F. Agris, 

Vendeix et Graham 2007). Contrairement à la protéine bactérienne TadA qui est capable de 
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désaminer A34 à partir d'une ASL seule, le complexe ADAT2/3 nécessite un ARNt complet 

pour désaminer A34 (Auxilien et al. 1996 ; Roura Frigolé et al. 2019). Les substrats 

ADAT2/3 ne nécessitent pas pour l'édition A-to-I d’avoir un leader 5', une terminaison 3', le 

3'-CCA, ou une autre modification dans une autre base de l'ARNt (Torres et al. 2015; Roura 

Frigolé et al. 2019). 

Bien que ADAT2 et ADAT3 aient un domaine désaminase, seul ADAT2 est la sous-unité 

catalytiquement active. ADAT3 a été proposé comme étant inactif puisque le glutamate 

conservé participant à la catalyse comme navette de protons est muté en valine dans cette 

protéine (A. P. Gerber et Keller 1999). Néanmoins, ADAT2 nécessite la présence d'ADAT3 

pour effectuer la réaction de désamination. La façon dont ADAT3 contribue à l'édition A-to-I 

est inconnue. La comparaison de séquences de TadA et d'ADAT2/3 de souris montre que 

ADAT2 de souris a une similarité de séquence de 49,7 % avec E. coli TadA. De manière 

surprenante, lorsque l'on compare TadA et ADAT3, on observe que seule la partie C-

terminale d'ADAT3 (résidus 177-349) a 45% de similarité de séquence avec E. coli TadA. Le 

domaine N-terminal d'ADAT3 est un domaine supplémentaire, caractéristique d'ADAT3, qui 

n'est présent ni dans E. coli TadA, ni dans ADAT2 eucaryote. 

Mutations en ADAT et association à la maladie 

Plusieurs mutations du gène ADAT3 ont été identifiées chez des patients atteints d'un trouble 

neurodéveloppemental. Ce trouble est caractérisé par une déficience intellectuelle (DI), du 

strabisme, de la microcéphalie, l’épilepsie, l’hypotonie, un retard de la parole et un retard de 

croissance. Il a été démontré que 41 patients sont porteurs de la mutation faux-sens 

homozygote c.382G > A dans le gène ADAT3, qui conduit au remplacement de la valine 128 

en méthionine dans la protéine ADAT3 (Sharkia et al. 2019 ; Alazami et al. 2013 ; El- Hattab 

et al. 2016). Il a été démontré que deux autres patients étaient porteurs d'une mutation faux-

sens hétérozygote composée d'ADAT3, où chaque allèle code pour un variant différent 

d'ADAT3, c'est-à-dire Val196Ala et Val196Leu (Thomas et al. 2019). De plus, un patient a 

présenté une duplication homozygote de 8 pb dans le gène ADAT3 conduisant à une 

troncature N-terminale dans ADAT3 (Salehi Chaleshtori et al. 2018). 

Questions associées 

Si le mécanisme et les propriétés de reconnaissance de l'ARNt de TadA procaryote ont été 

étudiés en profondeur, il reste beaucoup à comprendre sur ADAT. Notamment, plusieurs 

questions restent sans réponse. Premièrement, quel est le rôle d’ADAT3 dans ADAT ? 
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Deuxièmement, quel est le rôle du domaine N-terminal spécifique d’ADAT3 ? 

Troisièmement, contrairement aux procaryotes où un homodimère de TadA est suffisant pour 

l'édition A-en-I, pourquoi les eucaryotes ont-ils besoin d'un complexe hétérodimérique pour 

accomplir le même objectif ? Quatrièmement, comment ADAT2/3 parvient-il à reconnaître 

les ARNt contenant A34 ? Cinquièmement, comment le mutant V128M d’ADAT2/3, qui est 

cause de maladie, affecte-t-il les niveaux d'inosine des ARNt ? Sixièmement, l'affinité du 

mutant maladie ADAT2/3 pour les ARNt est-elle réduite par rapport à celle du complexe de 

type sauvage (WT) ? Enfin, septièmement, l'activité du mutant d'ADAT2/3 causant la maladie 

est-elle diminuée par rapport à celle du complexe WT ? 

Objectifs de la thèse 

Je m'intéresse tout particulièrement à la compréhension des maladies humaines et à la manière 

dont elles peuvent être soignées. Les deux principaux projets que j'ai menés au cours de ma 

thèse ont abordé ces questions, en examinant la mécanistique des protéines et des complexes 

protéiques impliqués dans des processus essentiels et qui pourraient être ciblés afin d’aider à 

développer les interventions thérapeutiques, le diagnostic et les soins aux patients. 

Notamment, mes projets ont abordé des projets dans les domaines en pleine expansion de 

l'épigénétique et de l'épitranscriptomique, où l'on sait que de nombreux effecteurs sont 

impliqués dans l'apparition et/ou la progression des maladies. 

Les objectifs de ma thèse sont donc en adéquation avec mes intérêts scientifiques et répondent 

aux questions suivantes :  

Concernant tcDAC2 : 

- Résoudre la structure de tcDAC2 pour déterminer ses caractéristiques qui la différencient 

des HDACs humaines. 

- Résoudre la structure de tcDAC2 en complexe avec des inhibiteurs pour comprendre 

comment développer de nouveaux médicaments anti-parasitaires. 

 

Concernant le complexe ADAT2/ADAT3 : 

- Résoudre la structure des complexes de souris ADAT2/ADAT3-WT et mutants pour étudier 

le mécanisme par lequel la mutation la plus courante V128M dans ADAT3 déclenche le 

phénotype de la maladie. 
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- Étudier le rôle d’ADAT3, notamment du domaine ADAT3 N-terminal. 

- Caractériser l'activité et l’affinité de liaison des complexes ADAT2/3 WT et du mutant 

maladie aux tRNAs. 

Résultats 

Article 1 

La caractérisation de l'inhibition sélective de l'histone désacétylase 8 (HDAC8) révèle 

des déterminants structurels et fonctionnels spécifiques de son site actif (publié) 

Il a été démontré que HDAC8 est surexprimée dans différentes tumeurs, y compris le 

neuroblastome, et le traitement d'un modèle cellulaire de neuroblastome avec des inhibiteurs 

sélectifs de HDAC8 a entraîné une différenciation cellulaire et un arrêt de la croissance. 

Néanmoins, le mode de liaison de ces inhibiteurs spécifiques de HDAC8 n'est pas connu. En 

outre, étant donné que les inhibiteurs spécifiques de HDAC8 humains PCI-34051 et NCC-149 

(ci-après dénommés PCI et NCC) inhibent également l’enzyme HDAC8 du schistosome in 

vitro et in vivo, ceux-ci ont été aussi utilisés pour étudier les déterminants structuraux de 

l'inhibition sélective des enzymes HDAC8 en utilisant smHDAC8 comme modèle. De plus, 

plusieurs composés ciblant sélectivement smHDAC8 par rapport aux HDACs humaines ont 

été développés précédemment dans les équipes de nos collaborateurs pour lutter contre la 

schistosomiase. Ainsi, pour connaître le mode de liaison de ces différents inhibiteurs sélectifs 

d'HDAC8, mon équipe les a co-cristallisés en complexe avec l'enzyme smHDAC8. 

La structure de smHDAC8 en complexe avec ces inhibiteurs sélectifs de HDAC8 a montré 

que la partie hydroxamique des inhibiteurs coordonne le zinc catalytique et établit des liaisons 

hydrogène avec Tyr341, H141 et H142. De plus, la forme en L de ces inhibiteurs permet à 

leur coiffe d'interagir avec Tyr341 et les résidus de la boucle L6 (P291 et H292). Nous avons 

ainsi pu mettre en évidence une poche spécifique dans les enzymes HDAC8 où se fixent les 

inhibiteurs spécifiques de cette enzyme. Cette poche, dénommée «  poche de sélectivité », est 

formée par des résidus de différentes boucles. La base de la poche est formée par Tyr 341 

(boucle L7) qui participe à la catalyse, tandis que les parois de la poche sont formées par des 

résidus des boucles L1 et L6. La coiffe des inhibiteurs spécifiques d'HDAC8 interagit avec la 

tyrosine catalytique. D'autres HDACs ne présentent pas cette poche. Par exemple, dans les 

HDAC1, 2, 3, 6 et 10, cette poche est couverte par des résidus des boucles L1 et L6 

empêchant l’accessibilité à cette poche, ce que nous avons dénommé « verrou L1-L6 ». Dans 
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les HDAC de classe IIa, la poche n'existe pas puisque la tyrosine catalytique est remplacée par 

une histidine. 

D'autres expériences de mutagenèse ont montré que le remplacement des boucles L6 de 

hHDAC8 par celles de la boucle L6 de HDAC1 humaine ne modifiait pas la conformation 

globale de cette boucle, comme observé dans HDAC8, mais entraînait une diminution de 

l'activité de HDAC8 et une augmentation des valeurs IC50 de PCI et de NCC pour HDAC8. 

Ces résultats ont démontré l'importance de la poche de sélectivité de HDAC8 pour la liaison 

des inhibiteurs sélectifs de HDAC8. D'une part, nous avons pu déterminer pourquoi les 

inhibiteurs développés par nos collaborateurs sont puissants et sont des inhibiteurs sélectifs de 

smHDAC8 par rapport aux HDAC humaines. D’autre part, nous avons montré comment ces 

inhibiteurs peuvent être utilisés comme pistes de médicaments pour combattre la 

schistosomiase. Enfin, la découverte de la poche de sélectivité de HDAC8 permettra de guider 

le développement d'inhibiteurs de HDAC8 humains plus puissants et plus sélectifs pour le 

traitement du cancer. 

J'ai rejoint ce projet en tant qu'étudiante en master et j'ai réalisé l'analyse structurale de la 

HDAC8 humaine dont la boucle L6 a été remplacée par celle de la HDAC1 humaine. J'ai 

notamment résolu la structure de ce mutant de HDAC humaine en complexe avec l'inhibiteur 

pan-HDAC Quisinostat(QSN). 

Article 2 

La structure atypique et la modularité du site actif de l'histone désacétylase essentielle 

DAC2 de Trypanosoma cruzi comme cible d'inhibition (soumis) 

La maladie de Chagas est causée par infection par le parasite Trypanosoma cruzi. Environ 7 

millions de personnes sont infectées dans le monde par ce parasite qui cause des dizaines de 

milliers de décès chaque année. Le traitement de la phase aiguë n'est efficace que dans 70% 

des cas. De plus, la phase aiguë n'est pas facilement détectée, ce qui conduit à une infection 

chronique qui ne peut être traitée par aucun médicament jusqu'à présent. La phase chronique 

se caractérise par des symptômes compliqués affectant le cœur, le cerveau et le système 

digestif, aucun traitement n'est disponible à ce stade et peut également provoquer une mort 

subite. 

Il a été démontré que l'histone désacétylase 2 de Trypanosome cruzi (tcDAC2) est essentielle 

à la viabilité de T. cruzi. Par conséquent, tcDAC2 représente une cible pour le développement 
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de médicaments contre la maladie de Chagas. La stratégie piggyback, qui combine le criblage 

à haut débit et le développement de médicaments basés sur la structure, s'est déjà avérée 

efficace pour développer plusieurs inhibiteurs pouvant servir de piste de médicaments dans la 

lutte contre la schistosomiase. Par conséquent, pour développer des inhibiteurs ciblant 

tcDAC2, la stratégie piggyback a également été appliquée à cette enzyme. J'ai rejoint ce projet 

en tant qu'étudiante de master et l'ai poursuivi pendant mon doctorat. J'ai notamment été 

impliquée dans toutes les étapes d'ingénierie de tcDAC2 et j’ai développé sa stabilisation par 

des inhibiteurs, ce qui m’a ensuite permis de déterminer la structure et d’en faire la 

caractérisation poussée de cette enzyme. 

Plus précisément, j'ai rationalisé les composés inhibiteurs à utiliser en complexe avec tcDAC2 

pour les expériences de cristallisation en effectuant des essais de stabilisation thermique de 

cette enzyme. Ces expériences ont montré que le Quisinostat (QSN), TB56 et TB75 

augmentaient la stabilité thermique de tcDAC2. Ces inhibiteurs ont donc été utilisés pour les 

essais de cristallisation. J'ai pu cristalliser et résoudre la structure de tcDAC2 en complexe 

avec deux inhibiteurs, QSN et TB56 qui ont révélé les caractéristiques spécifiques de tcDAC2 

par rapport aux HDACs humaines. Notamment, la plupart des boucles formant le site 

catalytique de tcDAC2 sont comme celles de la HDAC8 humaine, mais la boucle 6 est 

comme celle de la HDAC1-3 humaine. Ces caractéristiques entraînent une interaction 

partielle entre les boucles L1 et L6 de tcDAC2, ce qui est différent des HDAC humaines. 

De plus, mes travaux ont révélé que tcDAC2 possède une poche spécifique dans son site actif. 

Cette poche est formée entre les boucles L5 et L6 du site actif et son existence est due au 

remplacement de résidus plus volumineux Phe/Tyr et Lysine dans les HDACs humaines par 

des résidus plus petits Ile266 et Ala261, respectivement, dans tcDAC2. De plus, tcDAC2 

possède une poche située au pied de son site actif. Cette poche chez tcDAC2 est plus petite 

par rapport à celle des HDAC1-3 humaines, la taille de cette poche chez la HDAC8 humaine 

dépendant de la conformation de W141. Ce dernier résidu est remplacé par un résidu Leu 

dans HDAC1-3 et par R196 dans tcDAC2, ce qui montre que cette poche chez tcDAC2 

possède des propriétés physico-chimiques différentes. Par conséquent, de nombreuses 

caractéristiques spécifiques de tcDAC2 peuvent être exploitées pour le développement 

d'inhibiteurs sélectifs ciblant tcDAC2, en combinant un développement de médicaments basé 

sur la structure et des stratégies à haut débit. Cette dernière stratégie a été appliquée en 

utilisant le programme European Lead Factory (ELF) qui nous a permis de tester tcDAC2 

avec un demi-million de composés provenant de 7 grandes sociétés pharmaceutiques. Les 
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résultats de ce criblage sont en cours d’utilisation pour la conception de médicaments sélectifs 

contre tcDAC2. 

Article 3 

La structure du complexe ADAT2/ADAT3 de la souris révèle les bases moléculaires de 

la désamination de l'adénosine en inosine de l'ARNt des mammifères (Publié) 

L'édition de l'adénosine en inosine (A-to-I) en position 34 dans les ARNt est importante pour 

étendre la capacité de décodage des ARNt, puisque l'inosine 34 peut reconnaître l'uridine, la 

cytosine et l'adénosine en troisième position du codon, contrairement à l'adénosine 34 qui ne 

peut s'apparier qu'à l'uridine en troisième position du codon. Chez les procaryotes, l'édition A-

en-I est réalisée par le complexe homodimèrique de TadA sur son substrat unique, l'ARNt-

Arg(AGC). Chez les eucaryotes, l'édition A-en-I est réalisée par le complexe hétérodimérique 

ADAT2/ADAT3 sur jusqu'à huit isotypes d'ARNt, ADAT2 étant la sous-unité active et 

ADAT3 étant considérée comme la sous-unité inactive au rôle inconnu. De plus, la 

comparaison de la séquence de TadA procaryote avec ADAT2 eucaryote a montré 50 % de 

similarité et avec le domaine C-terminal d'ADAT3 45 % de similarité. Il est intéressant de 

noter que le domaine N-terminal de l'ADAT3 est une extension qui n'est pas présente dans le 

TadA procaryote. De plus, la mutation de la valine 128 en méthionine localisée dans le 

domaine N-terminal de la sous-unité ADAT3 provoque un trouble neurodéveloppemental 

caractérisé par une déficience intellectuelle, une microcéphalie, un strabisme, une épilepsie. 

Plusieurs questions sont soulevées par ces connaissances. Par exemple, pourquoi les 

eucaryotes ont-ils besoin d'un complexe hétérodimérique pour l'édition A-en-I des ARNt ? 

Quel est le rôle du domaine N-terminal de la sous-unité ADAT3 eucaryote ? Pourquoi 

ADAT3 est-elle la sous-unité inactive ? Le mutant V128M de l'ADAT est-il toujours capable 

de lier les ARNt ? Pour répondre à ces questions, la structure du complexe ADAT des 

mammifères était nécessaire. Ce projet a représenté une grande partie de mon travail de thèse. 

J'ai pu purifier, cristalliser et résoudre la structure du premier complexe ADAT de 

mammifère, qui révèle des informations importantes. Premièrement, le domaine N-terminal 

de l'ADAT3 est essentiel pour la reconnaissance des ARNt, ce que j'ai notamment démontré 

par des tests de liaison. Deuxièmement, la sous-unité ADAT3 est inactivée par le coiffage de 

son site de liaison au zinc par les résidus C-terminaux d'ADAT3, ce qui bloquerait le site 

d'entrée de l'adénosine 34, ce que j'ai également confirmé par des tests enzymatiques. De plus, 

la structure d’ADAT confirme que dans le site de liaison au zinc d’ADAT3, V225 remplace 
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un glutamate qui participe à la catalyse observée dans le site actif d'ADAT2. Troisièmement, 

le mutant V128M d'ADAT peut lier les ARNt, mais son activité catalytique est compromise 

par rapport à l'enzyme sauvage. 

De l’ensemble de mes travaux, il apparaît que le domaine N-terminal de ADAT3 va 

reconnaître spécifiquement la structure 3D des ARNt sans distinguer cependant s’ils peuvent 

être substrats ou non. La rotation de ce domaine par rapport au domaine catalytique de ADAT 

va permettre de positionner correctement la boucle de l’anticodon des ARNt dans le site actif 

de ADAT2. Les ANRt possédant une adénosine en position 34 seront alors modifiés, 

transformant I34 en I34. Ce mécanisme m’a permis d’émettre l'hypothèse que le niveau réduit 

d'inosine dans les ARNt chez les patients atteints par la maladie suite à la mutation V128M 

pourrait provenir d'une présentation incorrecte du substrat ARNt par le domaine N-terminal 

d'ADAT3 dans le site actif de l'ADAT2, entraînant une activité catalytique réduite. 

Conclusions et perspectives 

Pendant ma thèse de doctorat, j'ai travaillé sur des enzymes associées à des maladies 

humaines : tcDAC2 et le complexe ADAT. tcDAC2 est une protéine essentielle du parasite T. 

cruzi qui cause la maladie de Chagas. tcDAC2 représente donc une cible potentielle pour le 

traitement de la maladie de Chagas. Dans mon deuxième projet, j'ai étudié le mécanisme par 

lequel une mutation dans le complexe ADAT déclenche un trouble neurodéveloppemental 

caractérisé par une déficience intellectuelle, de la microcéphalie, du strabisme et l’épilepsie.  

Plusieurs pistes d'inhibiteurs puissants et spécifiques ciblant smHDAC8, pour traiter la 

schistosomiase, ont été développées précédemment dans l'équipe en utilisant la stratégie 

Piggyback, qui combine le criblage à haut débit et la conception de médicaments basée sur la 

structure. Le travail de lutte contre la schistosomiase a également permis de découvrir une 

poche spécifique dans les enzymes HDAC8 où se fixent les inhibiteurs spécifiques de 

HDAC8. La base de cette poche est formée par une tyrosine catalytique et les parois par les 

boucles L1 et L6. Une telle poche n'est pas présente dans les autres HDACs, car elle est 

bloquée par des interactions entre les résidus de ces deux boucles. La poche spécifique 

d'HDAC8 guidera le développement d'inhibiteurs d'HDAC8 humains plus puissants et 

spécifiques pour le traitement de cancers, par exemple le neuroblastome où HDAC8 est 

surexprimée.  

Une stratégie similaire à celle utilisée pour cibler smHDAC8 a été appliquée pour cibler 

tcDAC2, puisque la déplétion de tcDAC2 affecte la viabilité de T. cruzi. Au cours de ma 



279 

 

thèse, j'ai pu résoudre la structure de tcDAC2 en complexe avec deux inhibiteurs non 

spécifiques. Ces structures ont révélé des caractéristiques spécifiques de tcDAC2. Par 

exemple, tcDAC2 possède des caractéristiques similaires à son orthologue hHDAC8 mais 

aussi à d'autres HDACs humaines (hHDAC1-3). De plus, tcDAC2 possède une poche 

spécifique dans son site actif, ce qui n'est pas observé dans les HDACs humaines. En outre, 

tcDAC2 présente une composition différente de résidus dans sa poche au pied de son site 

actif. Par conséquent, toutes ces caractéristiques spécifiques de tcDAC2 seront utilisées pour 

guider le développement d'inhibiteurs puissants et sélectifs de tcDAC2 en combinant le 

criblage à haut débit et la conception de médicaments basée sur la structure.  

En ce qui concerne mon deuxième projet, le complexe ADAT est formé de deux sous-unités, 

ADAT2 et ADAT3. J'ai pu déterminer l'importance du domaine N-terminal de l'ADAT3, 

caractéristique des eucaryotes, dans la sélection et la liaison des molécules d'ARNt. J'ai pu 

déterminer la première structure du complexe ADAT des mammifères, qui révèle que le 

recouvrement du site de liaison au zinc d’ADAT3 est couvert par les résidus C-terminaux 

d'ADAT3, ce qui contribue à l'inactivité de l'ADAT3 en bloquant l'entrée de l'ARNt-

adénosine 34. Des tests enzymatiques in vitro ont également confirmé l'inactivité d'ADAT3. 

En outre, le complexe ADAT mutant de la maladie qui contient la mutation V128M dans le 

domaine N-terminal d'ADAT3 est toujours capable de lier les ARNt. Par conséquent, j'émets 

l'hypothèse que la diminution des niveaux d'inosine observée dans les ARNt des patients 

porteurs de la mutation V128M d'ADAT pourrait provenir de la présentation incorrecte de 

l'ARNt substrat par ADAT3 dans le site actif d'ADAT2, provoquant ainsi une activité 

inefficace de l'ADAT sur les ARNt.  

Mes travaux sur le complexe ADAT permettent de mieux comprendre le mécanisme de ce 

complexe et le mécanisme à l'origine du trouble neurodéveloppemental causé par l'ADAT 

mutante. Cependant, d'autres études sont nécessaires pour comprendre les implications du 

complexe ADAT sur le trouble neurodéveloppemental. Par exemple, les structures d'ADAT 

en complexe avec differents ARNt dans le contexte de l'ADAT sauvage et de l'ADAT mutant 

de la maladie révéleront les déterminants structurals qui déclenchent le processus de la 

maladie. Il sera également important d'étudier l'ADAT avec des ARNt portant une longue 

boucle variable, puisqu'il semble que le mutant V128M ait une affinité plus faible pour ces 

types d’ARNt. 
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Résumé 

Au cours de ma thèse, j'ai étudié deux protéines associées aux maladies humaines : tcDAC2 et le complexe ADAT. 

TcDAC2 est une histone désacétylase du parasite Typanosoma cruzi qui cause la maladie de Chagas. TcDAC2 est 
essentiel pour la viabilité de T. cruzi et représente donc une cible potentielle de médicament. J'ai résolu la structure 
tcDAC2 qui montre des différences majeures avec celles des HDAC humains. Notamment, je montre que tcDAC2 
possède une poche de site actif spécifique et unique qui peut être ciblée par des inhibiteurs. Ces connaissances seront 
utilisées pour développer des pistes médicamenteuses puissantes et sélectives pour traiter la maladie de Chagas. 

Le complexe eucaryote ADAT est une enzyme d'édition d'adénosine en inosine des ARNt en position 34. ADAT est 
composé de deux sous-unités : ADAT2, qui est la sous-unité catalytique, et ADAT3 de rôle inconnu. Notamment, ADAT3 
possède un domaine N-terminal supplémentaire par rapport à son homologue procaryote, la mutation V128M dans 
ce domaine provoquant un trouble neurodéveloppemental. Au cours de ma thèse de doctorat, j'ai résolu la structure 
du complexe ADAT mammifère, ce qui donne un aperçu de son mode d'action. J'ai déterminé le rôle clé du domaine 
ADAT3-Nterminal dans la liaison de l'ARNt. Mes résultats montrent que le mutant ADAT3 V128M positionne de 
manière incorrecte le substrat d'ARNt dans le site catalytique ADAT2, provoquant ainsi une diminution des niveaux 
d'inosine dans les ARNt des patients affectés. 

Mots clés : Histone désacétylases, adénosine désaminase des ARNt, Maladies neurodéveloppementales et 
parasitaires, Mécanismes moléculaires, Pistes de médicaments 

 

Summary 

During my PhD thesis, I studied two proteins associated to human diseases: tcDAC2 and the ADAT complex. 

TcDAC2 is a histone deacetylase from the parasite Typanosoma cruzi which causes the Chagas disease. TcDAC2 is 
essential for T. cruzi viability and represents therefore a potential drug target. I solved the tcDAC2 structure which 
shows major differences with those of human HDACs. Notably, I show that tcDAC2 has a specific and unique active 
site pocket that can be targeted by inhibitors. This knowledge will be used to develop potent and selective drug leads 
to treat Chagas disease. 

The eukaryotic ADAT complex is an adenosine-to-inosine editing enzyme of tRNAs at position 34. ADAT is composed 
of two subunits: ADAT2, which is the catalytic subunit, and ADAT3 of unknown role. Notably, ADAT3 has an additional 
N-terminal domain compared to its prokaryotic homologue, the mutation V128M in this domain causing a 
neurodevelopmental disorder. During my PhD thesis, I solved the structure of the mammalian ADAT complex, which 
gives insights of its mode of action. I determined the key role of ADAT3-Nterminal domain in tRNA binding. My results 
show that the ADAT3 V128M mutant positions incorrectly the tRNA substrate in ADAT2 catalytic site, thereby causing 
a decrease of inosine levels in tRNAs of affected patients. 

Key words: Histone deacetylases, tRNA adenosine deaminase, Neurodevelopmental and parasitic diseases, 
Molecular mechanisms, Drug leads 
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