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Résume de lathése de doctorat

Etude moléculaire du recrutement du facteur de
transcription/réparation TFIIH sur les sites d’ADN endommagé

Le génome eucaryote est constamment soumis a I’effet de différents agents
endommageant I'ADN. Il existe plusieurs voies de réparation de 'ADN qui protégent les
cellules de la mutagenése induite par ces agents. Une de ces voies est le mécanisme de
réparation par excision de nucléotides (NER). La NER ¢élimine une grande variété de
lésions de 1'ADN, y compris les dimeres de cyclobutane pyrimidine (CPD) et les
photoproduits 6-4 pyrimidinepyrimidone (6-4PP), tout deux produits par les rayons
ultraviolets solaires. La NER peut emprunter deux sous voies pour réparer une lésion.
Tout d'abord, la réparation globale du génome (GGR), qui élimine les dommages de
I'ADN présents dans l'ensemble du génome. Ensuite, la réparation couplée a la
transcription (TCR), qui corrige les 1ésions situées sur des génes activement transcrits
(Hanawalt, 2002). Le modele général de NER comprend la détection de la 1ésion soit par
la protéine XPC en GGR ou par 'ARN polymérase II, CSA et CSB en TCR. Ensuite, les
deux voies utilisent un processus commun qui commence par 1’ouverture de I’ADN par le
facteur de réparation et de transcription TFIIH qui comprend les protéines XPB et XPD
pourvues de domaines ATPase et hélicase (Zurita et Merino, 2003). Ensuite, les facteurs
XPA et RPA sont recrutés au complexe de réparation, et I’ouverture de 'ADN est
amplifiée autour de la Iésion (Evans et al., 1997). Plus tard, les endonucléases XPG et
XPF génerent I’incision du simple brin d'ADN endommagé d’une longueur de 30
nucléotides (O'Donovan et al., 1994; Sijbers et al., 1996; Staresincic et al., 2009). La
NER se termine lorsque I'ADN polymérase comble le trou dans I'ADN provoqué par
I’excision du fragment endommagé (Shivji et al., 1995).

TFIIH est un complexe multiprotéique constitué¢ de dix sous-unités. XPB/p89,
XPD/p80, p62, p52, p44, p34, et TTD-A/p8 forment le coeur de TFIIH, alors que Cdk7,
cyclin H et MAT1 forment le sous complexe CAK (Cycline-dependent kinase Activating
Kinase). Le CAK et le coeur de TFIIH sont liés par I’hélicase XPD (Rossignol et al.,
1999). TFIIH est impliqué dans l'initiation de la transcription des ARNm et des ARNr



(Gerard et al., 1991, Iben et al., 2002) et est également un facteur clé¢ de la NER
(Schaeffer et al., 1993).

Des mutations dans trois des dix sous-unités de TFIIH sont associées a plusieurs
maladies génétiques (Lehmann, 2003). Des mutations dans 1’hélicase XPB conduisent a
la trichothiodystrophy (TTD) ou au xeroderma pigmentosum (XP) associ¢ au syndrome
de Cockayne (CS). Des mutations dans XPD sont associées au XP, a la TTD, au XP/CS,
ainsi qu’au syndrome COFS (Cérébro-Oculo-Facio Skeletal) (Graham et al., 2001). Des
mutations dans la sous-unité TTD-A/p8 sont associées a la TTD (Giglia-Mari et al.,
2004).

Cdk7 (dans TFIIH) est la kinase responsable de la phosphorylation de la sérine 5
présente dans le domaine carboxyl-terminal de 'ARN polymérase II. Plusieurs facteurs
régulent l'activit¢é de Cdk7. Parmi eux, la cycline H, MATI1, TFIIE, le médiateur
(Svejstrup et al., 1996), XPD (Keriel et al., 2002) et des petits ARN nucléaires Ul
(O'Gorman et al., 2005). La phosphorylation de la sérine 5 conduit au recrutement de
facteurs de capping en 5’ de I’ARN messager (Cho et al., 1997). Elle régule également
I’échappée du promoteur en initiant la transition entre les étapes d'initiation et

d'élongation de la transcription

TFIIH; un facteur a la composition dynamique

L'une des questions pertinentes concernant TFIIH est de savoir comment un seul
complexe peut participer a des processus aussi divers que la transcription et la réparation
de I’ADN. Un de mes projets fht d'étudier le role du sous complexe CAK de TFIIH dans
la réparation par excision de nucléotides. Nous avons utilis¢ une technique
d’immunoprécipitation de chromatine (ChIP) suivie de la détection des complexes
protéiques par Western-Blot pour étudier la composition de TFIIH dans des cellules
humaines au cours du temps, aprés une irradiation UV. Nous avons montré que le
complexe CAK se dissociait du ceeur de TFIIH apres le recrutement de ce facteur dans le
complexe de réparation sur I’ADN (Coin et al., 2008). Dans le méme temps, le cceur
TFIIH s’associe avec des facteurs NER spécifiques, y compris XPA. C’est 1’association

avec XPA qui catalyse le détachement du CAK du cceur TFIIH, et qui déclenche



I’incision/excision de l'oligonucléotide endommagé. Lorsque la réparation de 'ADN est
terminée, nous montons que les facteurs de réparation sont libérés du cceur TFIIH, et que
le CAK est de nouveau détecté au sein de TFIIH, sur la chromatine. Ces résultats
montrent que la composition du facteur TFIIH est dynamique afin d’adapter

I’engagement de ce complexe dans des processus cellulaires différents

Role des sous-unités XPB et XPD de TFIIH dans la NER

Deux des sous-unités de TFIIH, XPB et XPD, possédent des motifs ATPase et
hélicase. Les hélicases a ADN sont des protéines qui séparent les fragments double-brin
d'ADN en utilisant I'hydrolyse des nucléotides triphosphate comme source d'énergie. Les
hélicases ont sept motifs conservés et ouvrent I’ADN en de déplacant de 3’ en 5’ ou de 5’
en 3’ en fonction de leur spécificité (Tuteja et Tuteja, 2004). XPB(3’-5") et XPD(5°-3")
sont deux hélicases de sens opposés. Les modeles prédisent donc que la fonction de XPB
et XPD dans la NER serait d’ouvrir ’ADN endommagé en 5’ pour XPB et en 3’ pour
XPD, par rapport a la 1ésion (Bootsma et Hoeijmakers, 1993). Les études génétiques
confirment ces modeles puisque des mutations dans le site de liaison de I'ATP dans ces
protéines inhibent la NER in vitro et in vivo en raison d’un déficit d'ouverture de ' ADN
endommagé (Coin et al.,, 2006). Cependant, ces études portaient sur le motif I
responsable de I’activité ATPasique et ne s’étaient pas étendues a d'autres motifs (II a
VI), responsables de ’activité hélicase a proprement parler. Nous avons donc introduit
des mutations dans les motifs III et VI de XPB qui inhibaient spécifiquement son activité
hélicase, tout en laissant intact son activité ATPase. En étudiant 1’effet de ces mutations
sur les activités de TFIIH, nous avons constaté que l'ouverture de 'ADN autour de la
Iésion ne nécessitait pas l'activité hélicase de XPB et était uniquement dépendante de son
activité ATPase. Contrairement a XPB, I'ouverture de I’ADN autour de la 1ésion
nécessite l'activité hélicase de XPD (Coin et al., 2007). Enfin, nous avons démontré que
la sous-unité p52 de TFIIH régulait positivement l'activit¢ ATPase de XPB via une
interaction directe entre ces deux protéines. Cette interaction est altérée par des mutations
retrouvées chez les patients XP-B, expliquant ainsi pourquoi leur TFIIH n'est pas en

mesure de provoquer l'ouverture de I'ADN autour de la Iésion, et sa réparation.



Sachant que l'activit¢ ATPase d’XPB est nécessaire a la NER, mais pas son
activité hélicase, nous nous sommes penchés sur le role de cette activité dans la NER.
Pour ce faire, nous avons analysé le recrutement de TFIIH au site de I’ADN endommagé
in vivo et avons constaté que le complexe n'était pas recruté sur ses sites en absence de
I’activit¢ ATPase d’XPB. A I’opposé, l'activité ATPase d’XPD n'est pas requise pour le
recrutement de TFIIH sur les Iésions (Oksenych et al. Soumis a EMBOj). Le recrutement
de TFIIH aux sites endommagés de I’ADN ne dépend pas de I’activité helicase d’XPB,
mais nécessite deux nouveaux domaines récemment identifiés; il s’agit d’un motif
conservé de séquence R-E-D et d'un motif dit « Thumb like » du fait de sa forme en
pouce (Fan et al., 2006). Ces motifs sont a la fois importants pour le recrutement de
TFIIH a I'ADN endommagé en NER mais également aux promoteurs en transcription.
Nous avons ensuite montré que les motifs R-E-D et Thumb permettaient a XPB de
développer une activité ATPase optimum en présence d’ADN.

L’ensemble de ces résultats nous a permis de redéfinir le role des hélicases XPB
et XPD dans la NER et de proposer un nouveau modele ou I’activit¢ ATPase d’XPB
permettait la stabilisation de TFIIH sur I’ADN endommagé¢ alors que I’activité hélicase

XPD permet I’ouverture de I’ADN autour de la Iésion

La restauration de la transcription apres inhibition due aux Iésions; un
phénomeéne complexe

Les modifications post-traductionnelles des histones qui composent la chromatine
sont a I’origine de la régulation de nombreux processus cellulaire. Il est connu que la
méthylation du résidu K79 de I'histone H3 (H3K79) est important pour la réponse a
l'irradiation UV et la survie des cellules de levure Saccharomyces cerevisiae (Game et al.,
2005; Evans et al., 2008). Cette méthylation est assurée par I’histone méthyltransferase
DOTTI (Feng et al., 2002), initialement décrit comme inhibiteur du silencing télomérique
(Singer et al., 1998). Toutefois, il n'existe pas d'informations claires sur le mécanisme par
lequel DOT1 et la méthylation de I'histone H3 K79 sont importants pour la survie des
cellules apres UV.

Récemment, j'ai mis l'accent sur le role des orthologues de DOTI1 chez les

mammifeéres (DOTIL chez I’humain et mDOTI1 chez la souris) dans la réponse a



l'irradiation UV. Tout d'abord, nous avons observé le recrutement de cette histone
méthyltransferase localement dans les noyaux de cellules irradiées. Ensuite, nous avons
montré que mDOT]1 était importante pour le retour de la transcription aprés une attaque
génotoxique ainsi que pour la trans-activation de génes UV-induits. L’utilisation de la
technique de ChIP nous a permis de découvrir qu’en l'absence de DOT1 la machinerie de
transcription de base ne se trouve plus présent sur le promoteur des geénes actifs apres
irradiation UV (Oksenych et al., En préparation). Au total, ces données nous conduisent a
penser que le recrutement de DOTI1 et la méthylation de I'histone H3 K79 sont
importantes pour relancer le processus de transcription inhibée par des agents

génotoxiques

Conclusion

En conclusion générale, mon travail a contribué a la compréhension du
mécanisme de réparation par excision de nucléotides, ainsi que des phénotypes de
patients XP-B. Nous avons fourni de nouvelles données qui révelent sous un nouveau
jour le processus de recrutement de TFIIH aux sites d’ADN 1ésé. Nous avons montré,
qu’une fois recrutée, la composition du facteur TFIIH changeais, rompant ainsi avec le
dogme d’un facteur a la composition statique et unique. Enfin, nous avons initié un
travail qui va permet d’élargir nos connaissances concernant le lien entre la chromatine et

la restauration de la transcription inhibée par des agents génotoxiques
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Abbreviations

6-4PP
9-1-1
AAG
AP
APE
ATM
ATR
ATRIP
BER
BRCA
BTF2
CAK
CDC
Cdk
Chk
CHO
COFS
CPD
CS
CSN
CTD
DDB
DDR
DNA-PK
DOT1
DSB
ERCC
FA
FANC
GFP
GGR

Pyrimidine (6-4) pyrimidone photoproducts
Rad9-Radl-Husl

Alkyladenine DNA glycosylase
Apurinic/apyrimidinic

AP-endonuclease; apurinic/apyrimidinic endonuclease
Ataxia-telangiectasia mutated

Ataxia-telangiectasia and Rad3 related

ATR interacting protein

Base excision repair

Breast cancer protein

Basal transcription factor 2

Cdk activating kinase

Cell division cycle

Cyclin-dependent kinase

Checkpoint (protein)

Chinese hamster ovary

Cerebro-oculo-facio-skeletal syndrome
Cyclobutane-pyrimidine dimers

Cockayne’s Syndrome

COP?9 signalosome (Constitutive photomorphogenic 9 signalosome)
C-terminal domain

DNA damage binding (protein)

DNA damage response

DNA-dependent protein kinase

Disruptor of telomere silencing 1

Double-strand breaks

Excision repair cross-complementing rodent repair deficiency
Fanconi anemia

Fanconi anemia complementation group

Green fluorescent protein

Global genome (DNA) repair
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GHKL Gyrase/Hsp90/histidine-kinase/MutL

GTF2H General transcription factor IIH (polypeptides 1-5)
HAT Histone acetyltransferase

HD Helicase domain

HMGN High-mobility group nucleosome-binding domain-containing protein
HR Homologous recombination

HSP Heat shock protein

IDL Insertion/deletion loops

KMT4 Lysine methyltransferase 4

LIG DNA ligase

LP Long-patch (BER)

LPO Lipids peroxidation

MATI1 M¢énage a trois (T{b3)

MDC Mediator of DNA damage checkpoint

MLH MutL homologues

MMR Mismatch repair

MMS Methyl methanesulfonate

Mrell Member of the Rad52 epistasis group (protein 11)
MRN Mrel1/Rad50/NBS1 DNA damage repair complex
MSH MutS homologues

MSI Micro-satellite instability

Mut “Mutator”

NBS Nijmegen breakage syndrome

NER Nucleotide excision repair

NHE]J Non-homologous end joining

NMR Nuclear magnetic resonance

0GG 8-oxoguanine DNA N-glycosilase

ORF Open reading frame

PARP Poly (ADP-ribose) polymerase
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Success in the medicine of the second half of last (19™)
century provided a hope of the better future. Human existence,
which depends on the human nature, can be modified, if this
nature would be modified. Human life went mad, and our
ageing is a kind of disease, which has to be treated as any other.
When ageing will be treated and became physiological, it will
lead us to the real natural end, with its deep logical sence.

At this point of view, our life is not absurdity any more.
It gets sence and goal, for which human must work. Only
science can solve the question of human existence, and it has to
get the widest field to work in this direction. I know that my
ideas are quite hypothetical, but all the positive results are
obtained through hypotheses. Younger forces will check and
develop them.

“Study of human nature”
Ilya Ilyich Mechnikov (Elie Metchnikoff)
(1845, Kharkiv Province, Russian Empire - 1916, Paris, France)
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Introduction

DNA repair

Living organisms are continuously exposed to damaging agents both from the
environment and from endogenous metabolic processes, whose action results in
modification of proteins, lipids, carbohydrates and nucleic acids. DNA modifications
occur after radiation (ionizing radiation, X-rays, UV light), hydrolysis, exposure to
reactive oxygen or nitrogen species, alkylating agents and lipid peroxidation products
(Lindahl, 1993; Tudek, 2007). To protect the genome stability, there are several DNA
repair pathways, organized in different sub-pathways. The cells can directly reverse the
base modification process in the nucleotides, to use DNA demethylation, as well as
excision of bases and nucleotides. Mismatch repair (MMR) pathway is used for excision
of misincorporated bases in the newly replicated DNA strand. Excision of bulky damage
from both DNA strands or from the transcribed strand is performed by nucleotide
excision repair (NER) sub-pathways, global genome repair (GGR) and transcription-
coupled repair (TCR), respectively. In addition, there can be excision of oxidized,
methylated and misincorporated bases from DNA by base excision repair (BER). DNA
strand breaks, both single strand breaks (SSB) and double strand breaks (DSB), have to
be repaired as well. For the DSB repair there are two pathways, depending on the cell
cycle. First, non-homologous end-joining (NHEJ) in the G1 phase, and, second,
homologous recombination (HR), predominantly in the S phase, with the appearance of
the sister chromatid template.

Despite the protection provided by these mechanisms some of the damage escapes
repair. Unrepaired DNA damage may block replication and engage alternative DNA
polymerases in the process of so-called translesion synthesis (TLS) to by-pass the lesion
in an error-free or error-prone fashion. Damaged DNA leads to replication and
transcription errors and in consequence to mutagenesis, aging and various diseases,

including carcinogenesis and neurodegeneration.
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DNA base modifications

DNA base modifications are formed by both exogenous (environmental) and
endogenous factors, and the types of lesions produced are identical for both groups.
Endogenous DNA damage occurs at a high frequency compared with exogenous-induced
modifications (Jackson and Loeb, 2001). It has been estimated that the DNA damage
from endogenous sources gives rise to 20000 lesions per mammalian cell per day. Most
of these lesions are deaminations, spontaneous hydrolysis of the N-glycosidic bond,
alkylations, and damage by reactive oxygen or nitrogen species and lipid peroxidation
products (Lindahl, 1993; Drablos, 2004). Lesions are also caused by errors in the DNA
metabolism, including the formation of SSB and DSB from the collapse of replication

forks and the introduction of modified nucleic acid bases during DNA replication.

Deamination of DNA bases

DNA bases containing an exocyclic amino group, namely adenine (A), guanine
(G), cytosine (C), and S5S-methylcytosine (5-meC) are susceptible to spontaneous
hydrolytic deamination to hypoxanthine (Hyx), xanthine (X), uracil (U), and thymine (T),
respectively. Deamination occurs more frequently in single-stranded than in double-
stranded DNA, where the amino groups are protected by participating in hydrogen bonds
(Lindahl, 1993). Spontaneous deamination is rather slow, but it can be significantly
accelerated in vivo by nitrogen dioxide (NO;) and dinitrogen trioxide (N,O3) formed

during inflammation, as well as by UV- or y-irradiation (Kalvi et al. 2007).

Loss of DNA bases by N-glycosidic bond hydrolysis

The N-glycosidic bond between base and deoxyribose in DNA can be hydrolyzed
spontaneously or by DNA N-glycosylases during removal of damaged or incorrect bases
from DNA by BER. This process leads to formation of an apurinic/apyrimidinic (AP)
site. Additionally, reactive oxygen species (ROS) and alkylating agents promote the
release of bases, often by introducing lesions that destabilize the N-glycosidic bond
(Lindahl, 1993; Guillet and Boitex, 2003). AP-sites are among the most frequent
endogenous lesions found in DNA and about 10000 lesions are formed per human cell

per day. Purines are lost at a rate 500 times higher than pyrimidines, and the depurination
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rates of A and G are comparable (Loeb and Preston, 1986). AP-sites are highly damaging
lesions, can block replication and are both cytotoxic and mutagenic (Loeb and Preston,
1986; Guillet and Boiteux, 2003). Unrepaired AP-sites may rearrange to generate single
strand breaks (Lindahl, 1993).

Alkylation of DNA bases

Alkylating agents can react with 12 different positions of DNA bases, including
all exocyclic oxygens and most of ring nitrogens, and can modify oxygen atoms in the
phosphate groups of the sugar-phosphate backbone. Depending on the mode of action,
alkylating agents are divided into two types: Sny1-type agents (N-methyl-N-nitrosourea,
MNU) alkylate both oxigens and nitrogens in nucleic acids, and Sy2-type agents (methyl
methanesulfonate, MMS) alkylate mainly nitrogens. Ring nitrogen atoms engaged in
hydrogen bonding are almost non-reactive in double-stranded DNA, but can be more
readily alkylated in single-stranded DNA or RNA (N3 of cytosine and N1 of adenine)
(Drablos et al., 2004). The major product of DNA base methylation is N7-methylguanine,
a rather non-mutagenic and non replication-blocking lesion. Hovewer, destabilization of
the N-glycosidic bond due to N7-substitution of guanine results in the formation of AP
sites or imidazole ring opening to yield very mutagenic lesion 7me-FapyG (Tudek et al.,
1992). The second most common DNA base methylation is N3-methyladenine (3-meA),
which is a potent replication-blocking lesion and is perhaps the most toxic adduct
produced by alkylating agents, resulting in TP53 induction, S-phase arrest, chromosomal
aberrations and apoptosis (Engelward et al., 1998). In contrast to the limited miscoding
potential of N-purines, O°-methylguanine (O°-meG) and, to a lesser extent, O*-
methylthymine (O*-meT) are major contributors to mutagenicity induced by alkylating
agents. Endogenous factors may alkylate DNA bases, and among them the best known is
S-Adenosylmethionine (SAM) (Rydberg and Lindahl, 1982). SAM is a methyl donor in
many biochemical reactions. It participates in enzymatic methylation of DNA cytosines

at C5 position, which regulates gene expression in eukaryotes.
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Oxidation-induced DNA damage

Reactive oxygen species (ROS), together with reactive nitrogen species (RNS) are
known to induce both deleterious and beneficial effects. They can be induced by
exogenous or environmental factors such as UV light, X-rays or y-rays (which produce
hydroxyl radical 'OH by radiolysis of water), xenobiotics, cigarette smoke.
Endogenously, they are formed as by-products of the respiratory electron transport chain,
cytochrome P450 and xanthine oxidase metabolism, by microsomes and peroxisomes,
and are produced by neutrophils, eosinophils and macrophages during inflammation and
in various metal-catalyzed reactions (Valko et al., 2006). Aerobically growing cells
depend on energy formed by reduction of atmospheric oxygen to water by the respiratory
electron transport chain (Babcock and Wikstrom, 1992). The main product of
mitochondrial respiration is superoxid anione radical (O2*’), which shows limited
reactivity, but upon escape from the respiratory electron transport chain induces side
effects by further conversion to H,O, by superoxide dismutase (SOD), and then to
hydroxyl radical *OH. The reactivity of this radical is so high that it can diffuse no
further than one or two molecular diameters before reacting with a cellular component.
So, it must be generated close to the DNA molecule to be able to oxidize it (Michiels et
al., 1994).

Oxidation is the major contributor to baseline DNA damage. The production of
oxidized bases is about 10000 lesions per cell per day. Nearly 100 different free radical
DNA modifications have been identified. They are classified as base- or deoxyribose
lesions, strand breaks and cross-links (Halliwell and Aruoma, 1991; Dizdaroglu, 1992).
Free radicals attack thymine at two principal sites, the 5,6-double bond and 5-methyl
group. The following oxidized thymines have been detected in DNA: thymine glycole
(Tg), 5,6-dihydrothymine (diHT), 5-hydroxy-5,6-dihydrothymine (5-OH-diHT) and 6-
hydroxy-5,6-dihydrothymine (6-OH-diHT), 5-hydroxy-5-methylhydantoin (hmh), and
others. Cytosine is oxidized at the 5,6-double bond, which results in changing the planar
aromatic ring structure into a non-planar non-aromatic structure, similarly as in the case
of thymine. The main oxidative cytosine modifications found in DNA are 5,6-dihydroxy-
5,6-dihydrocytosine (cytosine glycol, Cg), its deamination and dehydration products 5,6-
dihydroxy-5,6-dihydrouracil (uracil glycol, Ug) and 5-hydroxycytosine (5-OH-C),

18



respectively. 5-hydroxyuracil (5-OH-U) is formed from Ug by dehydratation or from 5-
OH-C by deamination, and others (Kreutzer and Essigman, 1998; Purmal et al., 1998).

Hydroxyl radicals react with Carbon 8 of guanine, yielding C8-OH adduct radical.
The C8-OH is oxidized to 7,8-dihydro-8-oxodeoxyguanine (8-0xoQ) or is reduced to 2,6-
diamino-4-hydroxy-5-formamidopirymidine (FapyG). 8-0xoG and FapyG are the major
oxidative damages of guanine, and 8-0xoG is regarded as the most abundant oxidative
DNA damage. It is often used as the marker of cellular oxidative stress. Roughly 80 8-
oxoG are generated per human cell per day (Lindahl, 1993; Halliwell, 1999).

Peroxinitrite and hydroxyl radicals can cause damage to DNA both by direct
attack on the bases or sugar moieties or indirect, through cell membrane lipids
peroxidation (LPO). LPO products interact with DNA resulting in generation of adducts
to bases, abasic sites, single or double strand breaks and chromosomal aberrations.
Polyunsaturated fatty acids (PUFA) are constituents of phospholipid membranes, with the
most abundant linoleic and arachidonic acids. Attack of ROS and RNS on
polyunsaturated fatty acids causes formation of radicals and breaking of double bonds,
which leads to lipid molecules fragmentation with generation of aldehydes and epoxides.
Lipid peroxidation compounds react with exocyclic DNA adducts, and indirectly are

contributing to oxidative DNA damage (Burcham, 1998).

UV-induced DNA modifications
UV radiation induces two of the most abundant mutagenic and cytotoxic DNA

lesions such as cyclobutane-pyrimidine dimers (CPD, Figure 1) and 6-4 photoproducts

1 1 1 (6-4PP) with their Dewar isomers

o 0 O o, f . . . .
fj\/j/%_}_“hfl - ‘l\ "Ny (Figure 2, reviewed in Sinha and Hader,
O™\ N O i w0 2002)

' After UV irradiation, the CPD is
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lesions; the 6-4PP may have more serios

Figure 1. Formation of the CPD lesion. mutagenlc effect. Dewar isomers are

At the top: thymine-thymine dimer. At the bottom: thymine- formed by the photoisomerization of 6-

cytosine dimmer. (Sinha and Hader, 2001) APP by Wavelengths longer than 290 nm
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(Matsunaga et al., 1993). UV sources containing a higher proportion of radiation
bordering between UV-B (280nm — 320nm) and UV-A (320nm — 380nm), such as solar
UV irradiation, should produce a higher proportion of Dewar isomers since the
photoisomerization is most efficient around 320nm, which corresponds to the UV
absorption maximum of 6-4PP (UV-C corresponds to 100nm — 280nm and is widly used

at the laboratory experiments). o

o CH,
Il | o
Consequently, it was suggested that all 6- HN o by om0
o’ N HN - CHy a N
4PP should be converted into Dewar 4o~ -° | 24 nm g, HO~ -0 i
—/ , oo™ D
isomers upon exposure to sunlight (Taylor i 0P =/ © O
OH OH
et al., 1990). The CPD and 6-4PP make up
6-4TT
around 75% and 25%, respectively, of the
UV-induced DNA damage products. Both l
classes of lesions distort the DNA helix. -
~J
CPD and 6-4PP induce a bend or kink of ' \ DHN o
7-9° and 44°, respectively (Kim et al., HO Lof ,:,3 N
o
1995; Wang and Taylor, 1991). The ability ° op: J
of UV radiation to damage a given base is >
Dewar TT

determined by the flexibility of the DNA;
Figure 2. Formation of UV-induced 6-4

the nature of the bases plays a major role photoproducts and Dewar isomers.
since the distribution of the dimeric Adapted from (Sinha and Hader, 2001)
photoproducts strongly depends on the

pyrimidine bases involved. Sequences that facilitate bending and unwinding are favorable
sites for damage formation. CPD forms at higher yields in single-stranded DNA and at
the flexible end of poly(dA)-(dT) tracts, but not in their rigid center. CPD formation is
less frequent when there is bending of the DNA towards the minor groove. One of the
transcription factors having a direct effect on DNA damage formation and repair is the
TATA-box binding protein (TBP). It induces the selective formation of 6-4PP in the
TATA-box, where the DNA is bent, but CPD are formed at the edge of TATA-box and
outside, where the DNA is not bent (Aboussekhra and Thoma, 1999). CPD have been
reported to be formed preferentially at the major p5S3 mutational hotspot in UV-B induced

mouse skin tumors. The biological effects of CPD have been extensively studied in
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microbes and mammals. CPD have been reported to inhibit the progress of DNA
polymerases. Mammalian RNA polymerase II has been reported to stall at both CPD and
6-4PP. If unrepaired, a single CPD is sufficient to completely eliminate expression of a
transcriptional unit (reviewed in Sinha and Hader, 2002). There is evidence that the
stalled RNA polymerase II remains bond to the site of obstruction. Persisting lesion may
thus not only reduce the overall concentration of free RNA polymerase but also eliminate
transcription of the gene in which they are located. Every CPD acts as a block to
transcription and replication, and only a small fraction of dimmers results in a mutation.
Therefore, these DNA lesions may interfere with DNA transcription and replication and

can lead to misreading of the genetic code causing mutations.

Base excision DNA repair (BER)

The base excision DNA repair pathway is responsible for removal of more that
10000 DNA lesions daily in each human cell. In addition, lesions targeted by the BER
pathway are relatively small, causing little DNA helix distortion. Many of these lesions
have been shown not to inhibit elongation by some DNA and RNA polymerases both in
vivo and in vitro (Doetsch, 2002). BER is the major repair pathway involved in the
removal of DNA damage involving structurally non-distorting and non-bulky lesions,
oxidized or ring-saturated bases, alkylated and deaminated bases, as well as
apurinic/apyrimidinic sites and mismatches (Lindahl et al., 1997). Proteins engaged in
BER are conserved from bacteria to eukaryotes. BER is initiated by a damage-specific
DNA N-glycosylase that recognizes and removes the modified or mismatched base by
hydrolysis of the N-glycosidic bond between a 2’-deoxyribose and the base, or by non-
enzymatic hydrolytic depurination leading to base loss, as well as by single strand break

with ends other than 3’-OH and 5°-P (Figure 3).

DNA damage recognition by DNA N-glycosylases

Twelve genes with their splicing variants encoding various glycosylases have
been found in mammalian cells. These proteins have different substrate specificities and
modes of action. Glycosylases effectively ensure repair of the majority of endogenous

and exogenous DNA base lesions. They often contain a conserved motif of helix-hairpin-
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helix (HhH) in the active site, which enables them to bind DNA and an ion of metal. Four
structural superfamilies of DNA glycosylases have been identified. UDG superfamily-1
is based on structural similarity to uracil DNA glycosylase UDG. Enzymes in this family
are active against uracil in ssDNA and dsDNA, and recognize uracil explicity in an
extrahelical conformation through a combination of protein and bound-water interactions.
Some of these enzymes are mismatch-specific and explicity recognizes the widowed
guanine on the complementary strand rather than the extrahelical scissile pyrimidine.
AAG superfamily-2 is based on structural similarity to human alkyladenine DNA
glycosylase AAG. Members of the UDG and AAG superfamilies are compact single-
domain enzymes with relatively small DNA-interaction surface. MutM/Fpg superfamily-
3 is based on structural similarity to bacterial 8-oxoguanine DNA glycosylase Fpg. All
known members have the unique feature of using their N-terminal proline residue as the
key catalytic nucleophile. HhH-GPG superfamily-4 is named for the characteristic active
site borne by family members comprising a helix-hairpin-helix followed by a Glycine-
Proline-rich loop and catalytic aspartate residue (Pearl, 2000; Fromme et al., 2004).
Glycosylases are generally divided into two types. First group: E. coli Tag, AIkA,
UDG, Mug, MutY, and human ANPG, hUNGI1, hUNG2, hSMUGI, hTDG, hUDG,
MUTYH, and hMBD4 monofunctional DNA N-glycosylases that remove a deaminated,
alkylated, or mismatched baseleaving an AP-site. Second group consists of E. coli Fpg,
Nth, Nei, as well as human hOGG1, hOGG2, hNTH1, hNEIL1, hNEIL2 and hNEIL3
bifunctional DNA N-glycosylases/AP-lyases, that remove oxidized or ring-saturated
bases and additionally to the glycosylase activity have a 3’-AP-lyase activity which
incises the phosphodiester bond at the 3’ side of the deoxyribose through B-elimination
leaving a single strand break. E. coli Fpg and Nei or mammalian NEIL1 and NEIL2
bifunctional glycosylases additionally carry out d-elimination reaction with removal of

the deoxyribose residue end generation of 3’-phosphate termini.

Role of end processors in DNA repair
The AP sites or DNA ends generated after lesion excision or excision-incision by
mono- or bifunctional glycosylases, respectively, are not suitable for the next repair steps.

These repair intermediates are very mutagenic (Simonelli et al., 2005). DNA ends
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containing modified 3’ and 5’ ends may arise because of direct chemical modification
during SSB formation through the action of ROS (Demple and DeMott, 2002). Ionizing
radiation is a major contributor to the formation of damaged 3’ ends. Anti-tumor drugs,
such as bleomycin and neocarzinostatin, can also generate SSB (Dedon and Goldberg,
1992). Blocked 3’ ends in human cells may arise because of abortive DNA topoisomerase
I (TOP1) activity (Leppard and Champoux, 2005).

Several enzymes are known to restore 3’-OH and 5°-P ends of broken DNA to
allow gap filling and DNA ligation. DNA free ends processing is quite diverse enzymatic
step due to variety of termini that can arise. AP-endonuclease (APE) is the main enzyme
responsible for processing of the BER-intermediates. APE generates 3’-OH termini either
by cleaving the phosphodiester bond at 5 side of the intact AP site by its 5’-AP-lyase
activity, or by removal of 3’-P by its 3’-phosphoesterase and 3’-phosphatase activities.
Mammalian APE]1 (termed also APEX, HAP1, Ref-1) and APE2 have strong AP-lyase
activity and 3’-phosphoesterase activities, but quite weak 3’-phosphatase activity. Xth,
APE1 and APE2 possess 3’5’ exonuclease activity. They can remove more that one
nucleotide and be used as proofreading activities in BER (Hadi et al., 2002). 3’-phosphate
can be also removed by mammalian polynucleotide kinase, PNK, which forms APE-
independent BER pathway in the combination with NEIL1/NEIL2 glycosylases
(Wiederhold et al., 2004). Human PNK is the major DNA 5’-kinase and 3’-phosphatase.
It is able to phosphorylate the 5’ end of SSB and removes blocking phosphate lesions
from the 3’ end (Dianov and Parsons, 2007). Human MN23/NDP kinase was identified as
tumor suppressor, and is associated with tumor metastasis. Its reduced expression is
related to an increased metastatic potential in most cancer cell types. NM23/NDK kinase
was shown to activate transcription and to have a nuclease activity (Postel et al., 2000).

There are two alternative sub-pathways of BER: short-patch (SP) replaces one

nucleotide, and long-patch (LP), which is replacing several nucleotides (often 6 to 13).
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Figure 3. Model for BER and SSBR subpathways. P, phosphate; OH, hydroxyl group; 3' PUA, 3’ unsaturated
aldehyde; 5’ dRp, 5’ deoxyribose phosphate; AMP, adenylate group; TOP1, Topoisomerase | linked 3’ end. Escherichia

coli enzymes are on the left (blue), human enzymes are on the right (red). Adapted from Krwawicz et al. (2007).

Short-patch Base excision repair (SP-BER)

Oxidized and ring-saturated bases are recognized and removed from DNA by the
bifunctional DNA N-glycosylases/AP-lyases. APE removes 3’-modifications, including
3’-phosphates (3’-P), leaving 3’-OH and 5°-P ends suitable for filling by mammalian
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DNA polymerase B and for end-sealing by LIG3a (Figure 3). Alkylated and deaminated
bases as well as some types of mismatches are recognized and removed from DNA by the
monofunctional DNA N-glycosylases. In this process the N-glycosydic bond connecting
the aberrant base to the sugar-phosphate backbone is cleaved and an AP site is created
(Krokan et al., 1997). The AP site is recognized and processed by the APE that
hydrolyzes the phosphodiester DNA backbone at the 5° side of the AP site, leaving 3’-
OH and 5’-desoxyribosephosphate ends flanking the gap. The choice of the pathway
depends on the ability of the enzymes to remove the 5’-sugar phosphate. In mammalian
cells, both pathways are initiated by DNA polymerase B, which inserts one nucleotide
into the repair gap. In SP-BER DNA polymerase [ also removes 5’-
desoxyribosephosphate (5’-dRP) by its 5’-dRPase activity, and DNA LIG3a-XRCCl1
complex seals the ends. DNA polymerase A may partially backup polymerase B, since it
also has a 5’-dRPase activity. XRCCI1 is a platform protein. It is interacting with DNA
polymerase B, LIG3a, PNK, APE1, and PARP-1. The lesions removed by bifunctional
DNA glycosylases are processed mainly by SP-BER, since the 3’-OH and 5’-P ends may
be readily filled in by DNA polymerase p.

Long-patch Base excision repair (LP-BER)

In human cells modification of the 5’-dRP moiety by oxidation or reduction
prevents its excision by DNA polymerase B, and the lesion is further processed by LP-
BER (Figure 3). DNA polymerase B leaves the damaged place, and replication sliding
clamp PCNA is recruited together with DNA polymerase 6 or €. The polymerase adds
few nucleotides to the 3’-OH end and generates a flap containing the 5’-dRP, which is
removed by FEN-1. The ends are sealed by DNA ligase I (LIGI). PCNA interacts not
only with the polymerase, but also with FEN-1 and LIG1. Replication protein A, RPA,
interacts with MUTYH and UNG2 glycosylases. It is required by DNA polymerases o
and ¢ for DNA synthesis, and may stimulate LP-BER. DNA polymerase o requires also
replication factor C (RF-C), which loans the PCNA on the DNA double helix. DNA
polymerase ¢ is highly processive in the absence of PCNA (Sung and Demple, 2006).

In mammalian cells 8-0x0G is repaired through a 2-6 nucleotide patch, since the

hOGG1 3’-AP-lyase activity is ten times lower than its N-glycosydase activity, and repair
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proceeds through LP-BER (Sattler et al., 2003). APE1 was shown to increase human
hOGG]1 turnover on damaged DNA and stimulate its excision activity (Hill et al., 2001).
BER is further complicated by other proteins. PARP-1 binds to DNA single strand breaks
immediately after its formation, and dissociates after self-poly-ADP-ribosylation. PARP-
1 has been proposed to prevent cleavage of the strand break ends by nucleases; It also
stimulates LP-BER strand displacement synthesis by DNA polymerase  (Parsons et al.,
2005). Werner syndrome protein, WRN, stimulates DNA synthesis and provides
proofreading of 3’-mismatches through its 3°—>5" exonuclease activity (Harrigan et al.,
2006). Cockayne syndrome group B (CSB) protein functions in the catalysis of 8-0xoG
excision by BER and in the maintenance of efficient hOGGI1 expression (Tuo et al.,

2002).

Mismatch DNA repair (MMR)

Maintaining low mutation rates is essential for the cell stability. Natural isolates
of Escherichia coli have been found to have elevated mutation rates and strains showing
this phenotype are termed “mutators”. Although the mutator phenotype may have some
beneficial effects allowing better adaptation to environment conditions, it also generates
many deleterious and lethal mutations (Funchain et al., 2000).

The first described E. coli mutator gene is mutT1, which specifically increases
100 to 100,000 folds the occurrence of AT-CG transversions. MutT
pyrophosphohydrolase is specifically acting on 8-0xodGTP and preventing incorporation
of this mutagenic substrate into DNA. Later, others E. coli mutators were described
(MutM/Fpg, MutY, MutH, MutS, MutL, and MutU/UvrD as well as respectively weak
mutators ung, sodA, dam, oxyR, and polA). Mutations may also appear as result of
mutated tRNAs (mutA and mutC), and proofreading & subunit of DNA polymerase 111
holoenzyme (mutD/dnaQ).

Counterparts of bacterial DNA repair proteins have been found in eukaryotic
organisms, including humans. It was shown that DNA repair deficiency results in
accumulation of DNA damage, which may lead to aging and development of human
diseases, including cancer and neurological disorders (reviewed in Arczewska and

Kusmierek, 2007).
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Loss of MMR brings a mutator phenotype, which causes predisposition to cancer.
MMR status also affects meiotic and mitotic recombination, DNA damage signaling,
apoptosis and cell-type specific processes such as class-switch recombination, somatic
hyper-mutation, and triplet-repeats expansion (reviewed in Jiricny, 2006).

Over the past decade, a significant proportion of cancers of the colon,
endometrium and other organs were found to exhibit a phenotype known as microsatellite
instability. Microsatellites are repeated-sequence motifs, such as [A], or [CA],, which
are present in our genome in large numbers. During DNA synthesis, the primer and
template strands in a microsatellite can occasionally dissociate and re-anneal incorrectly
(Kunkel, 1993). This gives rise to heteroduplex DNA molecules, in which the number of
microsatellite-repeat units in the template and in the newly synthesized strand differs.
These heterogeneities, in which the partnerless nucleotide is partially extrahelical, are
known as insertion/deletion loops (IDL). Together with base-base mismatches, which are
cased by errors of DNA polymerases that escape their proof-reading functions, IDL are
addressed by the MMR system, which degrades the error-containing section of the newly
synthesized strand and therefore provides the DNA polymerase with another chance to
generate an error-free copy of the template sequence. In the absence of MMR, IDL and
base-base mismatches remain uncorrected which results in a mutator phenotype that is
accompanied by microsatellite instability and cancer.

Much of our understanding of mammalian MMR has come from the study of
Escherichia coli and Saccharomyces cerevisiae. However, the importance of MMR
malfunction for human disease can only be appreciated in mammalian systems. These
studies revealed that MMR proteins are implicated in other DNA-metabolic pathways,
ranging from DNA-damage signaling to recombinogenic and mutagenic processes that
are limited to multicellular organisms.

The MMR machinery has to satisfy two criteria: it must efficiently recognize
base-base mismatches insertion/deletion loops, and it must direct the repair machinery to
the newly synthesized DNA strand, which carries the erroneous genetic information.
How these tasks are fulfilled was first elucidated in E. coli with reconstitution of MMR
system in vitro (Lahue et al., 1989). That system included purified MutH, MutL and
MutS proteins, DNA helicase II, single-strand DNA binding protein, DNA polymerase I11
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holoenzyme, exonuclease I, DNA ligase, along with ATP (adenosine triphosphate) and
the four deoxynucleoside triphosphates.

In E. coli, the recognition of biosynthetic errors is mediated by a MutS
homodimer, which then recruits the homodimer MutL. The ATP-dependent formation of
this ternary complex activates the endonuclease activity of MutH, which is bound to a
hemi-methylated GATC site. These sites are normally methylated on adenines. However,
because the modifying enzyme deoxyadenine methylase lags behind the replication fork
by about two minutes, and the newly synthesized strand is transiently unmethylated.
MutS-MutL-activated MutH uses this time window to incise the unmethylated strand.
The UvrD helicase unwinds the ends of the nicked error-containing strand from the
template. This enables one of several exonucleases to digest the unwound DNA, either in
the 5°—>3’ direction when the nearest hemi-methylated GATC site lies 5’ from the
mismatch, or in the 3’5’ direction if it lies 3’ from the mismatch. The exonucleolytic
degradation stops once the mismatch was removed. After, DNA polymerase 11 fills the
gap and the repair is completed when DNA ligase seales the remaining nick.

Although the MutS and MutL proteins are highly conserved, MutH is found only
in Gram-negative bacteria and no functional homologue has been identified in other
organisms. This led to the suggestion that the processing of mismatches, arising during
replication, could be directed by strand breaks such as the 5 and 3’ termini of Okazaki
fragments in the lagging strand, or the 3’ terminus of the leading strand. The MMR
during recombination could be directed to the invading strand by its 3’ terminus. This
hypothesis was supported experimentally. E. coli strain without MutH process
mismatches in vivo and in vitro (Lahue et al. 1989), the substrate contains the strand
breaks in the vicinity to the mispair. Similar observations were made in the human MMR

in vitro systems (Holmes et al., 1990; Fang et al., 1993).

Mismatch recognition in mammalian cells

In human cells (see Figure 4 for MMR), five MutS homologues (MSH) have been
identified. MSH2, MSH3 and MSH6 participate in MMR in the form of heterodimers
(Kunkel and Erie, 2005). The most abundant mismatch-binding factor is composed of
MSH?2 and MSH6. This factor, which is often referred to as MutSa, initiates the repair of
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base-base mismatches and insertion/deletion loops,

of one or two extrahelical

nucleotides, whereas MutSp, a heterodimer of MSH2 and MSH3, initiates the repair of

larger IDL.

The partial redundancy between MutSo and MutSP helps to explain the different

tumor phenotypes of Msh2-, Msh3- and Msh6-null mice. As Msh2”" animals lack all

mismatch recognition functions, they have the most severe phenotype. The lack of MSH6
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Figure 4. The reconstituted human MMR
system.

(a) Clamps that diffuse upstream encounter RFC
that is bound at the 5 terminus of the strand
break, and will displace it and load EXO1. The
activated exonuclease starts the degradation of
the strand in a 5->3' direction. The single-
stranded gap is stabilized by RPA. When
themismatch is removed, EXO1 activity is no
longer stimulated by MutSa, and is actively
inhibited by MutLa. Pol & loads at the 3' terminus
of the original discontinuity, which carries a
bound PCNA molecule. This complex fills the
gap and DNA ligase | seals the remaining nick to
complete the repair process.

(b) Clamps that migrate downstream encounter a
PCNA molecule that is bound at the 3’ terminus
of the strand break. The recruitment and the
activation of EXO1 results in the degradation of
the region between the original discontinuity and
the mismatch, possibly through several iterative
EXO1-loading events. RFC that is bound at the
5' terminus of the discontinuity prevents
degradation in the 5->3' direction (away from
the mismatch). Once the mismatch is removed
and the EXO1 activity is inhibited by bound RPA
and MutLa, the gap is filled by Pol 8. DNA ligase
| seals the remaining nick to complete the repair
process.

(Adapted from Jiricny, 2006)

leads to less severe phenotype, compare with Msh2”" animals because MutSp can deal

with most IDL. Msh3”" mice are not tumor-prone, presumably because MutSa can initiate

repair of most replication errors.
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MutL homologues

The MutL proteins are ATPases of the GHKL (gyrase/Hsp90/histidine-
kinase/MutL) family, with the ATPase situated in the N-terminal domain and the
dimerization domain at the C terminus. Human cells express four MutL homologous:
MLH1, MLH3, PMSI (post-meiotic segregation protein 1) and PMS2, which functions as
three distinct heterodimers. The complex composed of MLH1 and PMS2-MutLa has the
most important role in the MMR, as cells that lack either protein exhibit mutator
phenotypes and micro-satellite instability (MSI) that is comparable to cells with mutated
MSH2 (Marra and Jiricny, 2005).

MIh1” and Pms2” mice do not have identical phenotypes. It was postulated that
there must be a backup for PMS2 in DNA metabolism. MutL, composed of MLH1 and
PMSI, could conceivably fulfill this function. Although this heterodimer could not be
shown to participate to MMR in vitro, Pmsl-knockdown mice exhibit MSI in
mononucleotide runs (Raschle et al., 1999), so MutLB might be involved in MMR to
some extent. Similarly, MutLy, which is composed of MLH1 and MLH3, might also have
a backup role in mammalian MMR. MIh3-knockout mice exhibit weak instability in
mononucleotide microsatellites and are tumor prone. Recombinant MutLy participates in
the repair of base-base mismatches and single nucleotide IDL. The role of these factors
differs from that of the yeast MutLy, which was implicated in the repair of a subset of
IDL (Flores-Rozas and Kolodner, 1998).

How do MutL homologues function in MMR? In E. coli, the ATP-activated
mismatch-bound MutS sliding clamp was shown to first interact with a homodimer of
MutL. This interaction is believed to modulate the ATP-hydrolysis-dependent turnover of
the complex and/or its interaction with the MMR factors bound at the excision-initiation
site, such as MutH and UvrD (reviewed in Kunkel and Erie, 2005). How this interaction
is mediated — this is a subject of discussion. The first model indicates that the MutS-MutL
complex forms at the mismatch and then translocates in either direction and helps to
initiate the excision process on encountering MutH and UvrD. The second model
indicates that MutS interacts with MutL at the site of repair initiation. The third one

indicates that the MutS-MutL. complex remains bound at the mismatch and interacts with
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the MutH and UvrD proteins by looping out the intervening DNA. Evidence in support of
these models is indirect. The MutS-MutL complex was shown to migrate during E. coli
MMR in vivo, which argues against the third scenario (Smith et al., 2001).

Similar to the bacterial MutS and MutL proteins, human MutSo and MutLa can
form relatively stable ATP-dependent ternary complexes on oligonucleotide substrates
that have free ends. This evidence, coupled with the in vitro finding that mismatch-
provoked degradation of the nicked strand can be initiated on substrates that contain
physical barriers between the mismatch and the excision-initiation site, has led to the
proposal that MutSa-MutLa complex remains bound at the mismatch and initiates the
repair reaction by looping out the intervening DNA. However, surface-plasmon-
resonance studies that have been carried out with the human and yeast MutSa-MutLa
complexes provided evidence that this proteins travel along the DNA contour similarly to
the MutSa sliding clamp.

None of the experimental systems deployed so far show where the ternary
complex assembles. The propensity of the proteins to associate also with DNA ends
complicates the interpretation of the results. The formation of the ternary complexes was
mismatch independent and was very susceptible to changes in experimental conditions.
The fact that the ternary complex possesses four ATP-binding sites on the MutL and

MutS homologous further complicates data interpretation.

Exonucleases in MMR

Mismatch-dependent degradation of heteroduplex substrates can initiate at a
strand break or gap that is either 5°’—>3’ from the mispair. It was anticipated that the
MMR process would involve exonucleases of both 3°—=>5 and 5°—>3’ polarity. In
agreement with this expectation, yeast genetic studies implicated the 3’5’ proofreading
activities of DNA polymerase 6 and/or DNA polymerase ¢ in MMR. Recent findings
indicated that the 3’—>5" exonuclease activity of MRE11 might also be required in vivo.
As far as 5’3’ exonucleases are concerned, the only enzyme with this directionality
that has been implicated in MMR in vivo and in vitro is exonuclease-1 (EXO1, Tran et
al., 2004). Unlike mice that lack MSH2 or MLH1, Exo1” mice are prone to lymphomas

but not to gastrointestinal tumors. They are sterile, like MIh1” animals, but the meiotic
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defect seems to take place later. The extracts of embryonic stem cells are deficient in the
repair of base-base mismatches and one-nucleotide IDL, but not of larger IDL. The
mutator phenotype of the cells is weaker than that seen in MSH2- and MSH1-deficient
cells and MSI is limited to mononucleotide repeats. Taken together, the above evidence
indicates that EXO1 is involved in some, but not all, MMR-dependent events in vivo. It
was therefore surprising to learn that a reconstituted MMR system requires only EXO1
for both 5>—>3" and 3’5" mismatch correction (Genschel et al., 2002).

The MRR system has received a considerable amount of attention during the past
decade, primarily thanks to its link with hereditary non-polyposis colon cancer (HNPCC),
one of the most common inherited cancer-predisposition syndromes. The initial
investigations into MMR focused on its role in mutation avoidance. Although the MMR
system could be reconstituted from eight recombinant proteins, there are undoubtedly
other redundant or non-essential factors that participate in the process in vivo, and these
remain to be identified.

It is now clear that the MMR system is multifaceted and that it participates in
several different pathways of DNA metabolism, namely those that involve
recombination. Given the importance of these processes in the maintenance of genomic
stability, it would be of substantial interest to learn how MMR proteins affect the
outcome of meiotic and mitotic recombination events. Most of our insights come from
yeast studies, and it is desirable to understand these processes in mammalian cells.

The study of MutLL homologous deserves particular attention, as the biological
roles of these proteins remain enigmatic and as the malfunction of different heterodimeric
combinations of MLH proteins gives rise to very diverse phenotypes, which range from
genomic instability to sterility.

The involvement of MMR proteins in DNA-damage signaling also requires
further study, as this process could have an important role in spontaneous cell
transformation and cancer. Moreover, the MMR status affects, in some cases by several
orders of magnitude, the response of cells to certain classes of therapeutics. One of the
greatest challenges in modern molecular cancer research is to understand how one and
the same system guards genomic stability on the one hand, while contributing to cell

death on the other (reviewed in Jiricny, 2006).
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Double-strand breaks repair

DNA double-strand breaks (DSB) are critical DNA modifications. They are
obstacles for essential biological processes such as replication, transcription and
chromosome segregation. A variety of different sources could lead to the formation of
DSB (O’Driscoll and Jeggo, 2006; Franco et al., 2006). The different nature of these
modifications influences both which processing factors are needed before DNA rejoining
and which mechanism is used for the repair (O’Driscoll and Jeggo, 2006). The failure to
repair DSB can lead to cell death or chromosome changes, including deletions,
translocations, and chromosome fusions. Subsequent genome instability is a mark of
cancer cells (Shrivastav et al., 2008; Su, 2006).

Mammalian cells are using two different DSB repair pathways, homologous
recombination (HR) and non-homologous end-joining (NHEJ), as presented in Figure 5.
They interact with a DNA damage response signaling pathway, initiated by the lesions.
The relative contribution of HR and NHEJ pathways is still unclear; it depends on the cell
cycle phase and the DNA damage acquirement. HR acts predominantly during the late S-
phase and G2, while NHEJ acts during the others cell cycle phases (Shrivastav et al.,
2008; Rothstein et al., 2000).
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Figure 5. Double-strand breaks repair pathways.

(a) ATM signaling is the main signal-transduction process that responds to a DSB. ATR signaling is activated later
after irradiation, when radiation-induced lesions block replication. Both pathways lead to cell-cycle checkpoint
activation, which allows more time for repair or permanently prevents the proliferation of damaged cells. An important
step in ATM- and ATR-dependent signaling is phosphorylation of H2A histone family member X (H2AX, or H2AFX)
and recruitment of the mediator proteins. (b) DDR syndromes with affected DSB response pathway. AT, ataxia
telangiectasia; ATLD, ataxia-telangiectasia-like disorder; FA, Fanconi anemia; FANCD2, Fanconi anemia
complementation group D2; NBS, Nijmegen breakage syndrome; PNK, polynucleotide kinase.

Adapted from O’Driscoll and Jeggo, 2006.

The cells with defected HR are highly sensitive to DNA crosslinking agents. It fits

with an idea that HR is more devoted to lesions at replication forks, and NHEJ pathway

deals with the whole genome.
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Homologous recombination

Homologous recombination (Figure 5) consists of three stages, which are
common for prokaryotes and eukaryotes. First, presynapsis, where double-strand breaks
or gap is formed, and the resulting DNA end is being prepared for recombination.
Second, synapsis, where physical connection between the recombinogenic substrate and
an intact homologous duplex DNA template is generated leading to the formation of
heteroduplex (hybrid) molecules. Third, postsynapsis, where DNA synthesis from the
invading 3’ end takes place followed by the resolution of junction intermediates
(reviewed in Nowosielska, 2007).

Homologous recombination (HR) rejoins the DNA double strand breaks in an
error-free manner. The HR takes place during the late S and G2 phases, and a sister
chromatid is used as repair template, allowing a high-fidelity process (Dronkert et al.,
2000; Kadyk and Hartwell, 1992). HR involves the recognition of the double-strand
breaks and generation of a single-strand region, which is followed by creation of a
Holliday junction and subsequent branch migration and resolution (O’Driscoll and Jeggo,
2006). The protein from Rad51 family mediates this process. In addition, RPA, Rad54,
BRCA1 and BRCAZ2 participate to this process. Rad51 is loaded onto the single-stranded
DNA and promotes strand invasion. BRCA2 can have a role in facilitating the binding of
Rad51 to the DNA (Pellegrini et al., 2002), and BRCA1 can have a regulatory function.
Most of the proteins involved in the HR are essential for the cell viability, perhaps
because of their role during the cell cycle and replication (Cha and Kleckner, 2002;
Casper et al., 2002). HR deficient cells are highly sensitive to DNA crosslinking reagents
and possess only mild radio-sensitivity (Thompson and Schild, 2001).

Non-homologous end joining

Another pathway of DSB repair, the non-homologous end-joining (NHEJ), does
not require a template and is a source of mutations (error-prone DNA repair). NHEJ
works throughout the cell cycle and is the main DSB repair pathway in the G1 phase
(Shrivastav et al., 2008). It also plays a role during V(D)J recombination, which assures
genetic variability of immunoglobins and T and B lymphocytes (Franco et al., 2006,
Chaudhuri et al., 2007; Chaudhuri and Alt, 2004). NHEJ-deficient mice (if viable)
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present severe combined immunodeficiency, SCID (Biedermann et al., 1991; Blunt et al.,
1996).

NHE]J starts by the recruitment of the Ku heterodimer complex (Ku70/Ku80) to
the free DNA ends (Walker et al., 2001). This association leads to the involvement of
other factors important for NHEJ, such as DNA-PK (DNA-dependent protein-kinase),
XRCC4, XLF and DNA Ligase IV (Ding et al., 2003; Reddy et al., 2004; Mari et al.,
2006). The binding of DNA-PK is favoured by the conformational changes occurred after
the Ku heterodimer association with the DNA breaks. DNA-PK is autophosphorylated
leading to physical approach between both DNA ends (Chan et al., 2002). DNA-PK
phosphorylates the XRCC4, and this leads to the Ligase [IV-XRCC4 complex formation,
which assures the DNA ligation step (Moreno-Herrero et al., 2005; Hoptner et al., 2002;
de Jager et al., 2001).

The DNA ends from DSB generated by mutagenic agents are damaged and cannot
be joined directly (about 10% of all DSB). In this situation, the DSB are processed by
nucleases and polymerases before NHEJ. This process involves new factors, including
Artemis (5°—>3 exonuclease), FEN-1 and the complex MRN, MRE11/Rad50/NBS1
(Chappell et al., 2002; Koch et al., 2004). The error-prone features of the NHEJ arise
from this DNA “trimming” process, which leads to DNA errors, deletions or insertions.
BRCAL1 protein is also implicated in HR and decreases the errors amount in NHEJ (Bau
et al., 2006). The recruitment of BRCA1 inhibits the nucleolitic activity of the DSB
associated complex, limiting the DNA-trimming process (Zhuang et al., 2006).

DNA double-strand breaks damage response (DDR)

DNA damage response (DDR) is more than just a DNA repair (HR and NHEJ). It
includes also the signal transducing mechanisms, alerting the cell for the presence of the
lesions (Jackson, 2002). The activation by DSB is mediated and depends on the
phosphatidylinositol-3-kinase related kinases (PIKK) members: ATM (ataxia
telangiectasia mutated) and ATR (ataxia telangiectasia and Rad3-related). DNA repair
and signal transducing pathways interplay and recent studies indicate that HR and NHEJ
are regulated in an ATM and ATR dependent manner (Riballo et al., 2004; Bolderson et
al., 2004; Wang et al., 2004).
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Damage sensing pathways enclose proteins required for damage sensing, signal
transducers and effectors. The effectors carry an adequate cellular response to DNA
damage, which includes cell cycle arrest and apoptosis. DNA damage leads to changes in

gene-expression, protein synthesis, degradation and trafficking (Amundson et al., 2001).

ATM activation

The main response to DSB is mediated by ATM. This protein corresponds to the
product of a gene, mutated in the genetic disorder ataxia-telangiectasia (Savitsky et al.,
1995). ATM responds to DSB starting a cascade of phosphorylations (Kim et al., 1999),
enhancing and repressing the activity of target proteins. ATM activation involves fast
autophosphorylation (Kozlov et al., 2003). It was suggested, that in the absence of DNA
damages ATM forms homodimers or higher order multimers. These comlexes are kinase
inactive (Bakkenist et al., 2003). After the DSB formation and phosphorylation, each
ATM separates from the dimers or multimers. During a few minutes, DSB can “switch
on” almost all the ATM molecules.

The list of ATM substrates includes already more that a dozen factors. For
instance, ATM phosphorylates p53 protein to activate and stabilize it (Kozlov et al.,
2003; Banin et al., 1998). The p53 protein activates p21, an inhibitor of Cdk2, which is
involved in the cell cycle regulation (Shiloh, 2003). Another substrate of ATM is
BRCAI, which is phosphorylated at the different residues (Cortez et al., 1999; Gatei et
al., 2000). Depending on the phosphorylation status, BRCAT1 is involved in the regulation
of the intra-S-phase checkpoint, G2-M checkpoint or activate the expression of some
damage responsive genes (Jasin, 2002; Yarden et al., 2002).

Some of the responses involving ATM engage more than one controlled pathway.
Divergent pathways can converge to a single process, increasing an efficiency of the
response. For instance, the intra-S checkpoint involves, at least, five ATM-mediated
pathways: in addition to BRCA1, the phosphorylation of NBS1 (component of the MRN
complex), SMC1 or FANCD2 have a role in the checkpoint (Lim et al., 2000; D’ Amours
and Jackson, 2002; Taniguchi et al., 2002).

At the same time, one substrate could be involved in different responsive

pathways; Chkl and Chk2 both phosphorylate CDC25A which leads to it degradation
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(McGowan, 2002; Bartek et al., 2001). CDC25A is involved in the maintenance of Cdkl
and Cdk2 activity, two proteins involved in the G1-S transition, and G2 to mitosis
mobilization, respectively. The degradation of CDC25A leads directly to the G1-S, intra-
S and G2-M checkpoints, without further activation of gene expression or protein
synthesis.

A few things are known about these pathways. They were characterized at the
systems defective activation of specific checkpoints leading to the abrogation of specific

phosphorylation substrates.

ATR

ATM-mediated pathways are responsible for the cellular answer after DNA
damages. ATM acts during one or two hours after DNA damage (Shiloh, 2003), but
longer responses have been reported in vivo. This observation leads to the identification
of other factors, involved later in DNA damage response (DDR). They continue
phosphorylations started by ATM. One of these late factors in DDR is ATR. It can
phosphorylate some of the ATM substrates (Abraham, 2001; Tibbetts et al., 1999; Zou et
al., 2002).

ATR is not restricted to the late DDR response. It is also involved in the answer to
stalled replication forks or UV irradiation (Abraham, 2001; Hammond et al., 2002;
Shiloh, 2001), phosphorylating different substrates such as p53 and BRCA1 (Tibbetts et
al., 1999, Tibbetts et al., 2000). An important ATR characteristic is requirements of a
cofactor, ATRIP (ATR interacting protein). Immediately after the damage, ATRIP is one
of the first substrates of ATR phosphorylation (Cortez et al., 2001), and the interaction
between these proteins is important for ATR stability. In budding yeast, the ATR
orthologue Meclp, needs the ATRIP equivalent for its recruitment to the damaged sites
and for its subsequent activation (Rouse and Jackson, 2000; Kondo et al., 2001). This
pathway is well conserved through evolution (Edwards et al., 1999).

The effectors respond differently to ATM or ATR, and this has an important role
in the general downstream response. For instance, whereas ATM prefers Chk2, the ATR

protein chooses Chkl as a target (Zhao and Piwnica-Worms, 2001; Lopez-Girona et al.,
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2001). The activation of Chk2 by ATM leads to a stabilization of p53. Indeed, ATR does
not have a significant influence on p53 stabilization and G1-S checkpoint activation.
Another important ATR substrate is Rad17 (Zou et al., 2002), a protein related to
the replication factor C (RF-C) subunits. Rad17 replaces the large subunit of RFC, p140,
in an alternative form of the clamp-loading complex that interacts with the PCNA-like
heterotrimeric Rad9-Radl-Husl (9-1-1) complex. This complex is linked with the
checkpoint activation and acts as a sliding clapm being probably a damage sensor
(Bermudez et al., 2003). The mediated phosphorylation of Rad17 and Chk1 is dependent
on the Husl (Zou et al., 2002; Weiss et al., 2002). The recruitment of the 9-1-1 complex
to the chromatin does not involve ATR or ATR-dependent Radl7 phosphorylation. It

helps ATR to recognize its substrates at the chromatin level.

Nucleotide excision repair (NER)

Nucleotide excision repair (NER) is one of the major DNA repair mechanisms.
This is a versatile multi-step DNA repair pathway that serves to remove a broad range of
bulky, helix-distorting lesions (reviewed in Hoeijmakers, 2001; Lindahl and Wood, 1999;
Maddukuri et al., 2007). It is ubiquitous from the simplest organisms such as
mycoplasma to well developed ones like mammals. The majority of environmental
carcinogens, including UV irradiation, antitumor drugs (cis-platin) and food-borne
genotoxins, form bulky DNA adducts which may block replication and transcription.
Among other helix-distorting lesions, NER is responsible for the repair of UV light-
induced photoproducts (cyclobutane pyrimidine dimers), lipid peroxidation-induced
DNA adducts, cigarette smoke-induced benzo[a]pyrene DNA adducts, chemical
carcinogen-induced 4-nitroquinoline and other DNA adducts (Kraemer et al., 2007a).
NER is also involved in the repair of oxidative DNA lesions (Brooks, 2007; Johnson et
al., 2004) and in Escherichia coli, single strand breaks by UvrABC system (Truglio et al.,
20006).

NER process in mammals is carried out by a multi-protein comlex reffered to as
nucleotide excision repairosome, consisting of over 30 proteins which function in a
stepwise manner. The main steps of NER are DNA damage recognition, assembly of the

protein complex that carries out excision of damaged DNA, and synthesis and ligation of
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a stratch of DNA strand for gap filling (Park and Choi, 2006). The key event in
eukaryotic NER is an excision of approximately 30-nucleotide DNA fragment containing
the damaged site (Wood, 1997; Leibeling et al., 2006). In mammalian cells, NER consists
of two distinct sub-pathways, namely global-genome repair (GGR) and transcription-
coupled repair (TCR). The difference between these two processes is DNA damage
recognition. In TCR, RNA polymerase II stalled at the damaged site constitutes the signal
for the recruitment of DNA repair proteins, while in GGR, the DNA damage-induced
helical distortion is recognized by a specific protein complex. TCR specifically repairs
transcription-blocking lesions in actively transcribed DNA regions. In contrast, GGR

eliminates DNA lesions from the entire genome (Hanawalt, 2002).

Global genome repair (GGR)

In global genome repair (GGR), the major DNA damage recognition factor is the
XPC-hHR23 complex. The transcription factor IIH (TFIIH), XPA and replication protein
A (RPA) sequentially bind to the site of the damage to form a pre-incision complex.
There are two TFIIH subunits, XPB and XPD, which possess ATPase and helicase
activities. These proteins unwind the DNA double helix at the damaged site. The dual
incision is performed by endonuclease activities of XPG and heterodimer XPF-ERCCI.
They hydrolyze phosphodiester bonds 2-8 nucleotides downstream and 15-24 nucleotides
upstream of the damaged site. The resulting gap is filled in by DNA polymerases
delta/epsilon which require proliferating cell nuclear antigen (PCNA), RPA and
replication factor C (RFC). Finally, the DNA fragments are ligated by DNA ligase I
(LIG1) (Friedberg, 2001; Sancar and Reardon, 2004; Mocquet et al., 2008).

Transcription-coupled repair

For the first time transcription-coupled repair (TCR) was described in mammalian
cells as removal of the lesions from the transcribed strands of active genes, which is more
efficient than from the rest of genome (Bohr et al., 1985; Mellon and Hanawalt, 1989).
The TCR specifically repairs transcription-blocking lesions from the actively transcribed
DNA regions. RNA polymerase II, stalled at the damaged site, is a signal for the

recruitment of TCR proteins. The lesion is removed only in the presence of CSB in an
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ATP-dependent manner (Sarker et al., 2005; Laine and Egly, 2006a). Recent models of
the TCR propose that the CSB protein interacts with lesion-stalled RNA polymerase 11
and recruits other TCR factors to the damaged site (Sarasin and Stary, 2007; Hanawalt
and Spivak, 2008). XPG also interacts with CSB (Sarker et al., 2005). Subsequently,
TFIIH, RPA and XPA arrive at the site of the damage. It appears that TFIIH and XPA
stabilize each other’s interaction with RNA polymerase II. A recent study suggests that
an ATP-dependent activity of TFIIH is required to release the stalled RNA polymerase I1
(Laine and Egly, 2006a, 2006b). After, XPF-ERCC1 heterodimer is recruited to the
damaged site and the CSB-dependent incision takes place (performed by XPG and XPF-
ERCCI1). Functional CSB is also required for the assembly of CSA-DDB1 E3 ubiquitin-
ligase CSN complex (Fousteri et al., 2006).

DNA damage recognition in GGR

Several proteins are involved in the DNA damage recognition step of GGR,
including the XPC-HR23B-centrin 2 heterotrimeric complex, which plays the major role
(Figures 6 and 7). The human XPC is a 125 kDa protein. Its function is restricted to GGR
(van Hoffen et al., 1995). It is known to form a stable complex with a 58 kDa HR23B
protein (human homologue of yeast Rad23) at the damaged site. In this complex, XPC
alone is responsible for the binding to the site of the damage, while HR23 stimulates XPC
function and is required for the displacement of the complex in the next steps of GGR.
HR23B can be substituted by HR23A, suggesting a functional redundancy of these two
proteins (Sugasawa et al., 1998; You et al., 2003). The main role of the XPC-HR23B
complex is a direct recognition and binding to the damaged DNA which causes a change
of the DNA conformation and enables the recruitment of the entire repairosome to the
damaged site (Batty and Wood, 2000; Yokoi et al., 2000; Min and Pavletich, 2007).
Earlier studies implied that the XPC-HR23B complex was also involved in the open
complex formation and stabilization (Aboussekhra et al., 1995; Mu et al., 1997).

Recently, Camenisch et al. (2009) described a two-stage process, when XPC
recognizes damaged DNA. The authors exploited fluorescence-based imaging techniques

to visualize the mobility of XPC protein at work at the chromatin context of living cells.
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The rapid DNA quality check driven by a dynamic sensor of non-hydrogen bonded bases

precedes the final engagement of the entire XPC with lesion site (see Figure 6).

Figure 6. Two-stage detection of DNA lesion
by XPC protein.

Model depicting switch from a dynamic damage

" sensor intermediate (top) to the ultimate
recognition complex (bottom). BHD1,2, and 3 —
l beta hairpin domains 1,2, and 3 of XPC protein.

Yellow diamond corresponds to a DNA lesion.
H“'-\\
‘\
|||I|H|llm,<;;(!l\

~__—

Adapted from (Camenisch et al., 2009).

Besides the XPC-HR23B complex, other proteins, including XPA and XPE, may
also be involved in the damage recognition.

DNA damage binding (DDB) factor is also a sensor of GGR. DDB consists of
DDBI, 127 kDa subunit, as well as 48 kDa DDB2 (or XPE). The XPE is required only
for in vivo but not in vitro repair process and is characteristic for human and absent in
hamster cells that fail to repair CPD in GGR (Tang et al., 2000; Sancar and Reardon,
2004; Reardon and Sancar, 2005).

DNA damage recognition in TCR

In TCR (Figure 7), the XPC—HR23B complex is not required for the damage
recognition step. The transcription arrest caused by stalled RNA polymerase II itself is a
strong signal for TCR and recruits the repair machinery to the damaged site (Laine and
Egly, 2006a; Sarker et al., 2005). After transcription blockage, the CSB-RNA
polymerase II interaction is established or a pre-existing complex of the two proteins is
further stabilized (van den Boom et al., 2004). The CSB is a 168 kDa DNA-dependent
ATPase belonging to the SNF2 protein family. One of its roles is remodeling of the
DNA-RNA polymerase II interface by interacting with chromatin factors such as XPA-
binding protein 2 (XAB2) and histone acetyltransferase (HAT) p300. However, previous
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reports indicating its participation in the release of RNA polymerase II was not confirmed
(Fousteri et al., 2006). For intrinsic paused sites, and perhaps small base damage such as
8-oxoguanine, the influence of CSB may allow RNA polymerase II to bypass the site of
pausing. If the blocking lesion is bulky, such as the UV-induced lesions or cisplatin
crosslink, and RNA polymerase Il bypass is impossible, the polymerase becomes more
permanently arrested. At this juncture, the presence of CSB induces the recruitment of
other TCR factors to the damaged site (Kamiuchi et al., 2002).

In vivo studies of Fousteri et al. (2006) showed that following UV irradiation CSB
recruits the CSA—DDB1 E3 ubiquitin ligase-CSN complex to the damaged site. CSA is a
48 kDa protein with seven WD-40 repeats which are known to function as a protein-
protein interaction interface (Henning et al., 1995). Together with DDB1, COP9
signalosome (CSN) and other subunits, CSA form an E3 ubiquitin ligase complex
(Groisman et al., 2003). In CS cells, ubiquitilation of RNA polymerase II after UV
irradiation is not observed, which implies that in normal cells this modification may
depend on CSA and CSB (Bregman et al., 1996). This post-translation modification
might be a mechanism of RNA polymerase II function regulation, possibly leading to
protein degradation. However, it has not been shown whether this E3-ligase activity can
cause polyubiquitination of RNA polymerase II and what is the molecular function of the
ubiquitylated stalled RNA polymerase II is (Groisman et al., 2003). Moreover, CSA can
also bind to the p44 subunit of TFIIH, suggesting a possible role in the assembly of the
TCR repair machinery (Henning et al., 1995).
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Figure 7. Sequence of events in mammalian TCR and
GGR (more detailed GGR is at the discussion part).
Lesions are initially recognized, either by a translocating
RNA polymerase (RNAP) (for transcriptioncoupled repair
(TCR); left) or through the binding of the lesion sensor DNA
damage-binding-2 (DDB2; the product of xeroderma
pigmentosum complementation group E (XPE)) — which
forms a heterodimer with DDB1 to constitute the DDB
complex — and XPC in complex with RAD23B and centrin-
2 (CEN2) (for global genomic repair (GGR); right). The
subpathways converge to the following steps for NER:
TFIIH is recruited (with XPG, which stabilizes TFIIH); and
the helicase and ATPase activities of its subunits XPD and
XPB, respectively, are stimulated for further opening of the
damaged DNA. RPA and XPA might be present before
and/or after the appearance of TFIIH. The XPF-ERCC1
endonuclease complex is recruited and incises the
damaged DNA strand at the 5' side of the bubble, whereas
XPG incises on the 3' side. Once lesion verification has
occurred, the 5'-side incision is made, and then repair
replication begins before the 3'-side incision is produced by
XPG. RFC loads the PCNA to accommodate DNA
polymerases 9, € or K. Excision of damaged oligonucleotide
in mammals may occur by the translocating DNA
polymerase. Ligation step is done by ligase-l and flap
endonuclease-1 or by the ligase-1ll-XRCC1 complex. CS,
Cockayne syndrome; HMGN1, high-mobility group
nucleosome-binding domain-containing protein-1; XAB2,
XPA-binding protein-2. Adapted from Hanawalt (2008).

The further steps of the NER pathway are similar in both GGR and TCR (Figures
7 and 12). The XPC-HR23B complex in GGR, and CSB factor in TCR, recruits other
NER factors such as TFIIH, XPA, RPA, XPG, and XPF-ERCCI in a sequential manner
to the damaged site (Laine and Egly, 2006a; Mocquet et al., 2008; Publication 2). In

GGR, the damage recognition XPC—HR23B complex interacts with the p62 subunit of

TFIIH to bring it to the site of the damage (Yokoi et al., 2000). In addition, XPC interacts
with XPB subunit of TFIIH modulating its ATPase activity (Bernardes de Jesus, 2008;

Coin et al, 2006).
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The XPB and XPD subunits of TFIIH are helicases with DNA-dependent ATPase
activity. The XPB, 89 kDa subunit, has 3’5 DNA unwinding activity, and the XPD,
80 kDa subunit, functions in the opposite direction, 5’—>3" (Schaeffer et al., 1994). XPB
appears to have a weaker helicase activity than XPD (Schaeffer et al., 1993) and is not
involved directly in the unwinding and repair of damaged DNA (Publication 1 and
Publication 3). The XPD helicase unwinds approximately 30-nt fragment of the DNA
double helix around a lesion with the requirement of the XPB ATPase activity (Evans et
al., 1997; Publication 1).

The damage-recognition XPC-HR23B complex can also interact with XPA (You,
2003). It is a 36 kDa protein which is required for both GGR and TCR (Hanawalt, 1994)
and is known to interact with RPA, ERCCI1 and TFIIH, as well as with the damaged
DNA. An in vitro study shows that XPA protein preferentially binds to the damaged
DNA through its central loop-rich domain (Ikegami et al., 1998). The zinc finger central
region of XPA is also responsible for the binding of the RPA70 subunit of RPA protein,
while the N-terminal domain mediates a strong interaction with RPA32 (Lee and
Hurwitz, 1990; Stigger et al., 1998). The ERCCI-binding region of XPA forms a
transient intra-molecular interaction with its DNA-binding region (Buchko et al., 2001).

RPA, also known as replication factor A (RFA), or human single-strand DNA
binding protein (HSSB), consists of three subunits, RPA14, RPA32, and RPA70. RPA
has an ssDNA-binding activity, which is responsible for the stabilization of the ssDNA
produced by the TFIIH (de Laat et al., 1998). RPA70 has an affinity to the undamaged
DNA strand opposite the lesion. Therefore, RPA may protect the intact DNA from the
nuclease attack (Lee et al., 2003).

Due to its affinity to the ssDNA and the strong interaction with XPA, RPA plays
an important role in the open complex formation and stabilization, but also participates to
the next steps of NER. It interacts with XPG and XPF-ERCC1 complex, coordinating the
function of these nucleases during incision step.

Binding of the XPA factor to the repair complex (including damaged DNA,
TFIIH, XPC, and RPA) leads to the CAK TFIIH sub-complex dissociation. The CAK
leaving, in turn, stimulates the DNA opening around the lesion and prepares incision step

(Publication 2).
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Dual incision in NER

Following DNA unwinding, sequential recruitment of the nucleases XPG and
XPF-ERCCI complex leads to a dual incision in close proximity to a damaged site. XPG
hydrolyses a phosphodiester bond 2—8 nucleotides 3’ to the damaged site (Habraken et
al., 1993) while XPF-ERCCI1 cuts 15-24 nucleotides 5’ to the lesion (Mu et al., 1995).

XPG and XPF-ERCCI are structure-specific nucleases that hydrolyse duplex
substrates preferentially near the junction between the ssDNA and dsDNA (Sijbers et al.,
1996). The XPF-ERCCI1 and XPG binding to XPA (through ERCC1) and RPA (through
XPF) (Bessho et al., 1997) not only facilitates the correct positioning of these proteins at
the damaged sites but also stimulates the junction-cutting endonuclease activity of XPG
and XPF-ERCCI1 (Matsunaga et al., 1996). In TCR, XPG seems to be recruited at the
earlier step and binds together with CSB to a stalled RNA polymerase II (Sarker et al.,
2005).

XPG is a 133 kDa protein, a member of the FEN1 family of structure-specific
endonucleases which incise a varity of DNA substrates, including bubbles, flap, splayed
arms and stem-loops (Scherly et al., 1993). XPG possesses two highly conserved
nuclease motifs separated by a spacer region, which serves as a protein-protein
interaction interface and determinates the substrate specificity (Dunand-Sauthier et al.,
2005). Binding of XPG to the pre-incision complex induces a conformational change that
is required for the recruitment of the XPF-ERCC1 complex, the last factor joining the
incision complex.

XPF is a 115 kDa protein that forms a tight complex with the 38 kDa ERCC1
protein (Park et al., 1995). The strong interaction between the two proteins is mediated
through the C-terminal helix-hairpin-helix domains of both proteins. XPF has a nuclease
activity while a central region of ERCCI1 is similar to the XPF nuclease domain but does
not contain residues crucial for the enzymatic activity (Choi et al., 2005). The XPF-
ERCCI1 heterodimer incises a variety of DNA substrates such as bubbles, stem-loops and
flaps. The XPF and XPG nucleases require Mg”"™ or Mn>" but not ATP for the specific
cleavage activity (Evans et al., 1997).
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DNA resynthesis during the NER

After incision of the damaged DNA, the resulting gap of about 30 nucleotides is
filled in by DNA polymerase 0 or €, and subsequently the DNA fragments are ligated by
DNA ligase I (Wood et al., 2000).

After the dual incision, an RPA remains bound to the single strand DNA
intermediates and is involved in the recruitment of PCNA and RPA to the repair synthesis
site (Yuzhakov et al., 1999; Riedl et al., 2003). The resynthesis step by these polymerases
occurs in a PCNA-dependent manner and with a recruitment of RFC. The last factor
preferentially binds to the 3’-hydroxyl end of DNA primer and assembles PCNA onto the
DNA template in an ATP-dependent manner. In addition, XPG has also been shown to
interact with PCNA and facilitate its loading to the repair synthesis site. PCNA is 37 kDa
protein belonging to the DNA sliding clamp protein family (Wyman and Botchan, 1995),
which forms a ring-shaped homo-trimeric sliding clamp that encircles DNA. The RFC-
PCNA complex serves as a docking platform that links polymerase to the DNA template
and initiates chain elongation. PCNA also stabilizes the interaction of polymerases with
the DNA template. The interaction of polymerase with PCNA and RFC allows an
accurate and efficient DNA synthesis (Waga and Stillman, 1998). DNA polymerases o
and ¢ exhibit low processivity in the absence of PCNA (Burgers, 1991). Recently, a low
fidelity Y family DNA polymerase kappa (k) was found to participate in the resynthesis
step of NER (Ogi and Lehmann, 2006).

Polymerases & and ¢ belonging to the B family polymerases show an intrinsic
proof-reading exonuclease activity (3’—>5’). Mammalian DNA polymerase 6 is a
complex of four subunits: 125, 68, 50 and 12 kDa. DNA polymerase € consists of a large
catalytic subunit of 261 kDa and three associated subunits of 59, 17 and 12 kDa. Both
replicative polymerases 6 and € are highly processive, can polymerase long DNA
stretches without dissociating from the template, and are stimulated by RPA and PCNA
(reviewed in Maddukuri et al., 2007).

RFC is a heteromeric protein complex composed of one large subunit, RFC145,
and four smaller subunits (RFC40, RFC38, RFC37 and RFC36; Uhlmann et al., 1996).
The genes encoding these subunits share homology among themselves, although each of

them is necessary for the proper function of RFC.
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After a synthesis of new DNA strand by DNA polymerase, the remaining nick is
sealed by ligase 1 (Ligl) to complete the repair. The enzyme binds to PCNA, encircles
and partially unwinds nicked DNA and catalyzes the esterification of the 3’-hydroxyl and
5’-phosphoryl termini of the nick in DNA. The reaction also requires ATP and a
diavalent cation. Human Ligl is a 102 kDa monomer, composed of a highly conserved C-
terminal domain with the active site and an N-terminal domain which contains the
nuclear localization signal and directs the enzyme to the sites of DNA replication (Ranalli

et al., 2002).
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TFIIH and its role in the nucleotide excision repair
Transcription factor Il H (BTF2 — basal transcription factor 2, Gerard et al., 1991)

is a dynamic complex of ten polypeptides with different functions (see Figures 10-12).
There are core subunits XPB, XPD, p62, p52, p44, p34, and TTD-A/p8, and CAK sub-
complex consisting of Cdk7, cyclin H and MAT1. TFIIH was initially purified from the
rat liver (Conaway and Conaway, 1989), HeLa cells (Gerard et al., 1991) and yeast
(Feaver et al., 1991) by conventional column chromatography, and later by a single step
immunoaffinity purification method (Kershnar et al., 1998). It has three enzymatic
activities required for transcription: DNA-dependent ATPase (XPB and XPD), ATP-
dependent helicase (XPD and XPB), and CTD kinase (Cdk7). In addition to the
enzymatic activities essential for transcription, some components of TFIIH are involved
in nucleotide excision repair (XPB and XPD) DNA damage response. CAK sub-complex
of TFIIH is responsible for the phosphorylation of C-terminal domain (CTD) of RNA
polymerase II (Rpbl subunit). CAK and core TFIIH are linked by the XPD helicase,
which is essential for DNA repair activity and has rather a structural role in transcription

(Rossignol et al., 1997; Coin et al., 1999).

XPB

XPB (ERCC3; Ssl2; Rad25) is the largest subunit of the eukaryotic transcription
factor TFIIH. It is essential for both initiation of transcription by RNA polymerase II and
nucleotide excision repair. XPB belongs to SF2 superfamily of monomeric helicases. It is
thought to have evolved in eukaryotes, however, a gene highly homologous to human
XPB can be found in a number of bacteria, for instance, Mycobacterium tuberculosis and
Kineococcus radiotolerans (Biswas et al., 2009). Similarly to eukaryotic XPB, bacterial
homologous are DNA-dependant ATPases with 3°—>5" DNA helicase activity.

The ERCC3 gene (excision repair cross-complementing group 3) was initially
characterized by Weeda et al. (Weeda et al., 1990a; Weeda et al., 1990b). It was
observed, that product of this gene is involved in the early steps of nucleotide excision
repair. The gene was cloned after transfection of human chromosomal DNA to the UV-

sensitive, incision-defective Chinese hamster ovary (CHO) mutant 27-1. This mutant
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belongs to the complementation group 3 of repair-deficient rodent mutants. CHO 27-1
cells have an A1075G transition (K359E) located at the very beginning of the Ia helicase
domain which causes deficiency in open complex formation and in dual incision during
NER (Hall et al., 2006). After selection of UV-resistant CHO transformants, human
sequences associated with the induced UV resistance were analyzed, and the gene size
between 35 kb and 45 kb was proposed. The ERCC3 cDNA induced specific and almost
complete correction of the UV sensitivity and unscheduled DNA synthesis of
complementation group 3 mutants (Weeda et al., 1990b).

Later, the ERCC3 factor was characterized as 782 amino acids protein with
putative nucleotide, chromatin, and helix-turn-helix DNA binding domains and seven
consecutive motifs conserved between two superfamilies of DNA and RNA helicases
(Wood et al., 1990), strongly suggesting that this is DNA repair helicase. ERCC3-
deficient rodent mutants phenotypically resemble the human repair syndrome xeroderma
pigmentosum (XP). ERCC3 specifically corrects the excision defect in one of the eight
xeroderma pigmentosum groups, XP-B. Patients of the group known at that time
presented an exceptional conjugation of two rare genetic disorders, XP and Cockayne
syndrome (CS). As XP is leading to cancer, ERCC3 was considered as a tumor-
preventing gene.

The XPB protein is known to be important for both DNA repair and transcription
(Winkler et al., 2000). In particular, it was proposed that the XPB enzymatic activity
plays an important role in the promoter escape during transcription initiation by RNA
polymerase II (Bradsher et al., 2000). Mutations targeted to the ATPase and helicase
activities of Schizosaccharomyces pombe XPB have demonstrated that helicase activity is
not required for promoter opening, but ATPase activity is essential (Lin et al., 2005). It
fits with the crosslinking studies, which suggest that XPB may not be close enough to the
melted DNA to act as conventional helicase (Kim et al., 2000). In vitro studies of XPB
function used mutants that act indirectly by targeting the ATPase activity (motifs I and
II), needed to drive helicases (Ma et al., 1994). The helicase motifs (III-VI) directly were
targeted later, and results confirmed the XPB ATPase involvement to the NER and

transcription function (Lin et al., 2005; Publication 1; Publication 3).
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Sulfolobus solfataricus and related archaea have two homologues of the XPB
protein, XPB1 (Ss00959) and XPB2 (Sso0473) (Richards JD. et al., 2007). They reported
that these enzymes bind single-strand DNA and have DNA-dependent ATPase activity,
but neither has helicase activity against a range of damaged and undamaged DNA
substrates in vitro.

Recently, Fan et al. (2006) have solved the structure of XPB homolog from the
termophilic organism Archaeoglobus fulgidus (AfXPB). Structures of the amino (N)-
terminal and carboxy (C)-terminal parts of AfXPB revealed two RecA-like helicase
domains (HD1 and HD2), as well as associated motifs and extensions. The structure of
the full-length protein characterized AfXPB architecture and domain flexibility, including
the flexible hinge connection joining HD1 and HD2. The structures unveil a putative
DNA damage recognition domain (DRD) with conservative residues E253 and R283.
However, the following study (Publication 3) showed no nucleotide excision repair or
transcription defect, when mutated E253A and R283A. In addition, the structure unveiled
a positively charged Thumb-like domain, and an R-E-D residue loop implicated in XPB-
specific activities (Publication 3).

The XPB activity inside of TFIIH is highly regulated by others TFIIH subunits,
such as directly by p52 (Publication 1), or indirectly by p8/TTD-A through p52 (Coin et
al., 2006). The p52—-XPB interaction is weakening in the XP-B patients with F99S
mutation, and the defected regulation of TFIIH function could explain the XP/CS
phenotype at the molecular level (Publication 1). In addition, the NER damage
recognition factor XPC-HR23B stimulates XPB ATPase activity and DNA opening
around the lesion (Coin et al., 2006).

Mutations in XPB gene lead to the rare genetic disorders in human. There are six
families known with the XP-B defects (Oh et al., 2006). However, these patients have
different clinical phenotypes. Three patients from two families have the xeroderma
pigmentosum combined with Cockayne syndrome (XP/CS), with skin features of XP
including increased frequencies of skin cancer and neurological abnormalities of CS
(Rapin et al., 2000). Two siblings in the third family had trichothiodystrophy (TTD) with
sulfur deficient, brittle hair, and neurological abnormalities without increased frequency

of skin cancer (Riou et al., 1999). Later, Oh et al. (2006) described two sisters (XP33BR

51



and XP1SA) with relatively mild XP without CS (Vivian et al., 1993) and two severe
XP/CS complex families (XP131MA (Bartenjev et al., 2000), XP183MA) with defects in
XPB. The cells from the milder XP sisters had the same mutation (296T>C, F99S) that
was previously reported in two mild XP/CS complex brothers (XP1BA and XP2BA). The
severely affected XP/CS complex families all have the same splice acceptor site mutation
(2218-6C>A, Q739insX42) in one allele, leading to a frame-shift and alteration of last 41
amino acids. Oh et al. (2006) described five different alleles in the XP-B patients:
c.1273C>T, R425X; ¢.471+1G>A, K157insTSDSX; ¢.807-808delTT, F270X;
c.1421-1422insA, D474EfsX475; and c.1633C>T, Q545X. The heterogeneity of
XPB is associated with partially active missense mutations in milder patients. At the
same time, severe XP/CS complex patients have nonsense mutations in both alleles with

low levels of altered XPB proteins.

XPD

The XPD (xeroderma pigmentosum group D) helicase family comprises a number
of superfamily 2 DNA helicases with members found in eukaryotes, prokaryotes, and
archaea (reviewed in White, 2009). The founding member, the XPD helicase (ERCC2,
Rad3), is conserved in archaea and eukaryotes, whereas the closest homologue in bacteria
is the DinG (damage-inducible G) helicase. Three XPD paralogues, FancJ (Fanconi’s
anemia complementation group J), RTEL (regulator of telomere length) and Chll, have
evolved in eukaryotes and function in a variety of DNA recombination and repair
pathways. All family members are believed to be 5—>3> DNA helicases with a structure
that includes an essential iron-sulfur-cluster-binding domain. Recent structural,
mutational and biophysical studies have provided a molecular framework for the
mechanism of the XPD helicase and help to explain the phenotypes of a considerable
number of mutations in the XPD gene that can cause different genetic disorders.

XPD is an essential structural component of TFIIH and acts as a bridging subunit
between the core TFIIH and the CAK complex. The XPD helicase is found as part of ten-
subunits TFIIH, as well as another complex, XPD—-CAK (Reardon et al., 1996). The
helicase activity of XPD is important for NER, and is not required for the transcription

initiation (Tirode et al., 1999).
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There are at least three paralogues of XPD in eukaryotes. All of them share the
four conserved cystein residues and therefore likely to be iron-sulfur proteins. The best
characterize is helicase FancJ which is important for the DNA cross-link repair pathway
that is mutated in Fanconi’s anemia patients (reviewed in Wu et al.,, 2009). Fanc]
interacts with the breast cancer susceptibility protein BRCA1 and may have a role in
double-strand break repair. Probably, A349P mutation of FancJ in humans causes
Fanconi’s anemia by disrupting the iron-sulfur cluster-binding domain and thus
inactivating the Fanc] helicase (Rudolf et al., 2006). RTEL paralogue of XPD is
important for the telomere and genome stability (Ding et al., 2004). Chll, found in yeast
and metazoan, also contains four conserved cysteine residues and is therefore probably an
iron-sulfur-dependant helicase. Chll is reported to be important for the chromosome
segregation (a step in cell reproduction or division, where chromosomes pair off with
their similar homologous chromosome) (Skibbens, 2004).

Crystal structures of archaeal XPD have been solved by three different research
groups (Fan et al., 2008; Liu et al., 2008; Wolski et al., 2008). All the structures revealed
a four-domain organization, with the iron-sulfur-cluster-binding domain and an Arch
domain arising from the first of two canonical helicase motor domains. Together, the
Arch and iron-sulfur domains form a channel through which single-strand DNA is
dragged by the action of the motor domains in a cyclical ATP-dependant reaction. This is
consistent with a role for the iron-sulfur domain in breaking the DNA duplex. However,
it is not yet clear, which specific part of the protein is utilized to separate the DNA
strands, and it remains a formal possibility that the DNA helix is broken at the other side
of the protein on the motor domain 2 (Wolski et al., 2008).

The discovery of an iron-sulfur cluster domain in XPD was unexpected, and the
role of the cluster is the subject of discussion. Iron-sulfur clusters are comparatively rare
in DNA-repair proteins. The only other example is the cluster found in the family 4 of the
uracil-DNA glycosilases (Hinks et al., 2002). The cluster has been postulated to have a
structural role and potentially a role in DNA damage detection. Since XPD could be one
of the factors responsible for the DNA damage detection or verification during NER, it
was proposed that the iron-sulfur cluster might play an active role in this process

(photoproducts detection). However, for the XPD paralogues with similar iron-sulfur
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clusters detection of similar DNA damages is not expected. The clusters could also confer
a redox-sensing function of the protein. In this case, the XPD enzymatic activity is
controlled by the oxidation state of the iron-sulfur clusters (inactivating the protein under
oxidative stress by decomposing the clusters). However, it would be strange to deactivate
a DNA repair enzyme at the time, when it is the most required. Finally, the role of the
cluster could be in the stabilization of XPD domains structure, to provide the DNA
duplex separation during helicase function (reviewed in White, 2009). Iron-sulfur clusters
have been discovered in several other proteins, including DNA primase (an enzyme
involved in DNA replication), RNA polymerase, as well as bacterial AddAB
(helicase/exonuclease) and eukaryotic Dna2 (multifunctional protein with endonuclease
activity) enzymes (Klinge et al., 2007; Hirata et al., 2008; Yeeles et al., 2009).

The XPD protein is regulated by TFIIH subunit p44 (Coin et al., 1998). XPD
helicase activity is stimulated by p44 association with its carboxyl-terminal part.
Mutations in the XPD (most of them are at the C-terminal region) prevent p44 binding,
and provoke XP or TTD disorders.

Several rare genetic diseases are caused by changes in the XPD sequence. Cleaver
discussed three of them (Cleaver, 1994), xeroderma pigmentosum (XP), Cockayne
syndrome (CS) and trichothiodystrophy (TTD). Later, XPD/ERCC2 was reported to be
involved in the UV-sensitive Cerebro-oculo-facio-skeletal syndrome (COFS) (Graham et

al., 2001).

p62

The Tfb1/p62 is a structural component of TFIIH core. In yeast, mutations in the
tfbl gene result in intermediate UV light sensitivity and defects in both global genome
repair (GGR) and transcription coupled repair (TCR) (Sweder et al., 1996). Later, Castro
et al. (2002) described Drosophila melanogaster model with mutated p62 homologue
Dmp62. The heterozygous flies had higher UV sensitivity if compare to wild type flies.
In addition, severe cuticular damage was produced by irradiation of the Dmp62 mutant.

The p62 gene product is highly conserved in the evolution as are the others
components of TFIIH (Castro et al., 2002). There is a clear correlation of conservative

motifs position in plants and animals. p62 has multiple contacts with another TFIIH
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subunits and different transcription factors (Tong et al., 1995; Tremeau-Bravard et al.,
2001). The yeast p62 homolog (Tfbl) requires 112 C-terminal amino acids to contact
Ssl1 (p44) (Matsui et al., 1995).

In human, the p62 plays a central role in the architecture and function of TFIIH
(Fischer et al., 1992; Tirode et al., 1999). In transcription, TFIIH is recruited at a late
stage of the preinitiation complex formation by the general transcription factor TFIIE
(reviewed in Svejstrup et al., 1996). The interaction between TFIIE and TFIIH, which has
been characterized in yeast and mammalian cells, involves the direct binding of the p62
subunit of TFIIH to the alpha subunit of TFIIE (Bushnell et al., 1996). This interaction
markedly stimulates TFIIH-dependent phosphorylation of the C-terminal domain of RNA
polymerase II. Moreover, the p62 subunit of TFIIH contacts transcription activators, viral
transactivators and the tumor suppressor p53 (reviewed in Zurita and Merino, 2003).
These interactions modulate transactivation in several cases. Point mutations in the acidic
transcriptional activation domain of VP16 that reduce its transactivation activity also
weaken its binding to TFIIH. In the case of E2F-1, a loss of TFIIH binding via p62
results in 60-65% reduction in transactivation. Nuclear receptors, like other
transcriptional regulators (p53 and E2F-1), are phosphorylated by Cdk7 subunit of
TFIIH, and this reaction requires association with p62 (estrogen receptor ER-alpha) (Xiao
et al., 1994; Vandel and Kouzarides, 1999; Chen et al., 2000). In addition, p62 directly
interacts with thyroid hormone receptor, enhancing T3-mediated transcription (Liu et al.,
2005). In DNA repair, Tfb1 interacts with damage recognition complex XPC-HR23B, as
well as a structure-specific endonuclease that cleaves DNA at the 3’ end of lesion, XPG
(Yokoi et al., 2000; Iyer et al., 1996).

Gervais et al. (2004) reported a structure of TFIIH p62 subunit (solved by nuclear
magnetic resonance, NMR). They described a pleckstrin homology and phosphotyrosine
binding N-terminal (PHD/PTB) domain (amino acids 1-108), required for the NER
activity of TFIIH because of interaction with XPG. However, this domain is not
important for the architecture of TFIIH and transcription initiation. Further NMR
structural analysis of p62 showed p62-p53 interaction mechanism, which provides p53
transcription activation ability. This interaction occurs through N-terminal region of p53,

residues 47-55, and PH domain of p62. In addition, phosphorylation of p53 Serine 46 and
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Threonine 55 leads to a significant enhancement of p53-p62 association (Di Lello et al.,
2006). The same PH-domain of p62 interacts with TFIIE-alpha C-terminal residues 336-
439 (Di Lello et al., 2008), and VP16 C-terminal sub-domain residues 456-490 (Langlois
et al., 2008).

There are no described mutations in human p62 that leads to disorders. However,
the correlation between p62 single nucleotide polymorphisms (SNP) and the lung cancer

risk have been reported (Wu et al., 2009).

p52

Human p52 protein (homologue of yeast Tfb2) was characterized as one of the
TFIIH subunits (the ninth out of ten known for the moment, Marinoni et al., 1997). It was
co-purified and co-immunoprecipitated with others TFIIH subunits. In a cDNA library
correspondent gene was described as an open-reading frame (ORF) of 1386 base pairs
that encodes a protein of 462 amino acids (52 186 Da). In yeast, p52 homologue is Ttb2
protein, 513 amino acids and about 59 kDa.

Addition of antibodies towards p52 to the in vitro transcription or NER systems
inhibited these TFIIH dependent reactions (Marinoni et al., 1997).

To further understanding of the TFIIH function, Jawhari et al. (2002) examined
the role of p52 subunit. Using completely reconstituted in vitro transcription or DNA
repair (NER) systems, it was shown that deletion of the C-terminal region of p52 results
in a dramatic reduction of TFIIH activities (Feaver et al., 1997; Jawhari et al., 2002). This
mutation prevents promoter opening. In addition, it was shown that intact p52 is needed
to anchor the XPB subunit within TFIIH complex. p52/T{b2 protein physically interacts
with XPB and stimulates its activity during transcription and DNA repair (Feaver et al.,
2000; Jawhari et al., 2002). The complex p34/p44/p62 (Ttb4/Ssl1/Ttbl) does not interact
with XPB in the absence of p52 (Tfb2). XPB binding involves two independent regions
of p52: the first is located within residues 1-135 and contains a few residues strictly
conserved among p52 orthologs. The second binding region is formed by residues 303-
381, as p52(381-362) interacts with XPB, and p52(381-462) does not (Jawhari et al.,

2002). This second binding region is highly conserved from human to yeast.
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The fact that p52(381-462) does not interact with XPB correlates with the
observation that the C terminus of p52 is rapidly digested in a mild proteolysis assay. It
seems that this domain is crucial for the architecture and/or the stability of TFIIH, as a
deletion of residues 358-462 weakens the binding of XPB within the core TFIIH. This
instability can explain the NER defect and transcriptional impairment as well as the
phenotype observed in yeast cells containing a similar deletion. It has been proposed that
the C terminal domain of p52 might possess a three-dimensional structure that locks up
XPB inside TFIIH. The consequence of the p52 deletion would be a weaker and/or
inappropriate positioning of the XPB within TFIIH, and transcription or DNA repair
complex. This leads to the DNA opening defect (Jawhari et al., 2002).

Yeast Ttb2 (transcription factor b 2nd subunit) have been reported by Feaver et al.
(1997). This subunit was a product of mRNA with open-reading frame (ORF) 1539 and
includes 513 amino acids (58,6 kDa). Tfb2 deficient yeast did not survived, as p52
protein is essential for the transcription. However, yeast strain with deletion of 60 amino
acid residues from the C-terminal part was viable with no apparent phenotype (Feaver et
al., 1997). When exposed to UV irradiation, this strain was about ten folds more sensitive
than the wild type one. This kind of sensitivity is similar to one observed with mutations
in Tfb1 (p62) and Ssl2 (XPB). So, the Tfb2 (p52) is required for NER in yeast.

No human genetic disorder has been associated with the gene encoding p52. A
change of the last 40 amino acids in the XP-B/CS patient results in a similar defect in
promoter opening and RNA synthesis (Coin et al., 1999). Positioning of this mutated
XPB onto promoter DNA is impaired. XPB contains three modules, an N-terminal
domain (DNA binding domain), a catalytic core domain with conserved helicase motifs,
and a C-terminal domain (Poterszman et al., 1997). Jawhari et al. (2002) have shown that
p52 interacts with putative DNA binding region of XPB Deletion of C-terminal part of
p52 abolishes NER and transcription in vitro.

Later, Aguilar-Fuentes et al. (2008) described Drosophila melanogaster carrying
mutated p52 protein (Dmp52). These animals had neurological defects, brittle bristles
phenotype, UV-irradiation hypersensitivity, and cuticle defects, as well as reduced

amount of TFIIH, which made them similar to trichothiodystrophy (TTD) patients at the
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molecular level. Overexpression of p8/TTD-A proteins in that animals corrected lethal
Dmp52-deficient phenotypes, suggesting the importance of p8—p52 interaction in vivo.

Studying Ttb5 (p8/TTD-A yeast homologue), Zhou et al. (2007) observed a p8—
p52 interaction inside of TFIIH and proved the role of that association for the efficient
NER. They proposed a model when p8 stabilizes core-TFIIH in yeast to support its
function.

Ttb5/p8 protects a hydrophobic surface of p52 (C-terminal domain) from solvent,
and may explain why lack of p8/TTD-A leads to TFIIH instability and
trichothiodystrophy (Kainov et al., 2008).

p44

The p44 subunit of human TFIIH (or Ssll in yeast) have been initially cloned and
characterized by Humbert et al. (1994). The protein has a zinc finger domain, which is
important for the protein-DNA interaction (Jacobs, 1992). Inside of TFIIH p44 interacts
with others subunits (p34, described and summarized in Feaver et al., 2000), p62 (Feaver
et al., 1993) and XPD (Bardwell et al., 1994). The binding of XPD to the zinc-finger
containing p44 led to the suggestion that, after binding to the DNA, p44 could modify the
XPD ATPase/helicase activity and processivity (Bardwell et al., 1994). Later, Coin et al.
(1998) demonstrated XPD stimulation by p44 in vitro using human proteins. Mutations in
C-terminal region of XPD weaken that protein-protein interaction leading to the
xeroderma pigmentosum and trichothiodystrophy.

The ubiquitin ligase activity of p44/Ssll has been uncovered due to the presence
of a RING finger domain at the C-terminal part, residues 403 to 454 (Takagi et al., 2005).
The NMR structure of p44 RING finger domain (residues 321 to 395) shows two zinc-
binding sites coordinated by eight cysteine residues (Kellenberger et al., 2005). These
conserved cysteine residues are also found in the RING finger domain of Ssll and are
critical for its E3 ubiquitin ligase activity, since mutations in the first two cysteine
residues (C403A and C406A) abolished Ssll enzymatic activity in an in vitro
polyubiquitination assay performed in the presence of E1 and E2 (Ubc4) enzymes and

further reduced the yeast survival rate following UV irradiation or methyl
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methanesulfonate (MMS) treatment. The Ssl1 ubiquitin ligase activity can be enhanced
by the inclusion of another RING finger-containing protein p34 (Takagi et al., 2005).

The C-terminal region of p44 was shown to be important for the TFIIH integrity
(Fribourg et al., 2000) and transcription activity dependent on the intact N-terminal part,
which interacts with XPD (Seroz et al., 2000). Mutations in the region between amino
acid residues 66 and 200 of p44 weaken the p44—XPD interaction and lead to the defect
of the first step of transcription reaction, the phosphodiester bound formation and
promoter clearance. The p44-XPD interaction stimulates transcription, increasing an
activity of CAK TFIIH sub-complex (Seroz et al., 2000).

The p44 genes were described in the relation to spinal muscular atrophies (SMA),
autosomal recessive disorders characterized by degradation of spinal cord anterior horn
cells and proximal muscle wasting (Carter et al., 1997). Werdnig-Hoffmann disease is
SMA type I, the most severe if compare with two others SMA types (II and III). The gene
encoding p44 was mapped to the SMA region of chromosome 5 (Buckler et al., 1991).
Two highly homologous copies of p44 are described. They differ by two non-
conservative amino acids changes, lle—>Met and Leu—>Val. Both forms of p44 appeared
to be ubiquitously expressed and are present in fetal and adult tissues. The copies of p44
genes were named after their location at the chromosomes, T-p44 (telomeric gene) and C-
p44 (centromeric gene). T-p44 is missing in the 15% of SMA patients with no correlation
to the severity of the disorder (Carter et al., 1997). At the same time, Burglen et al. (1997)
made a similar conclusion, that T-p44 deletion is related to the large-scale deletions in the
SMA Type I disorder. However, deletion of T-p44 gene did not affect neither TFIIH

complex stability, no activity (transcription and DNA repair).

p34

After the TFIIH (BTF2) was isolated (Gerard et al., 1991), the p34 polypeptide
has been identified. Later, it was characterized by trypsin digestion followed by reversed
phase chromatography. Amino acid sequences obtained from the digestion of p34 were
used to create oligonucleotides and to screen HeLa cDNA library. The p34 cDNA
possesses 909 base pairs encoding 303 amino acids with molecular weight 33,920 Da

(Humbert et al., 1994). The p34 was described as a hydrophobic protein with high
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leucines and isoleucines (about 20%). It possesses zinc-finger domain, which is usually
important for the interaction with DNA. No TFIIH-related enzymatic activity has been
described for this protein. However, antibody to recombinant p34 recognized the 34 kDa
polypeptide of purified TFIIH (Humbert et al., 1994). At the same study, the antibody to
p34 was used to deplete HelLa extract, and the NER activity of this extract was
significantly reduced. In order to determine if additional NER factors were also removed,
the treated extract was mixed with rodent repair deficient extracts (ERCC2, ERCC3 and
ERCC4). The depleted HeLa extracts had lost the ability to restore repair activity of
ERCC2 (XPD) and ERCC3 (XPB), but restored ERCC4 (XPF). These finding indicated
that anti-p34 removed at least p34, XPB and XPD TFIIH components, and that the p34 is
a bona fide TFIIH subunit.

Later, yeast homologue of p34, Tfb4, has been characterized (Feaver et al., 1997).
To test the requirement of this protein in yeast, a diploid strain was made in which the
Ttb4 gene was replaced with LEU2. After the sporulation, only Tfb4 proficient (and
leu2-deleted) cells survived, demonstrating that p34 is important for the cell growth.

Feaver et al. (1999) generated yeast strain carrying a temperature sensitive p34
allele. That yeast revealed UV sensitivity, impaired NER in vitro, as well as defected
RNA polymerase II dependent transcription. This way, p34 was shown to be important
both for the DNA repair and transcription. However, the exact function of p34 in
transcription and NER remains unknown. Perhaps, the role of p34 there is not direct, and
is important, as this protein is a structural part of TFIIH complex.

Ttb4 (p34) interacts with another TFIIH subunit, Ssl1 (p44) (Feaver et al., 2000).
When yeast TFIIH expression was firstly established in the insect cells (Sf21) as a
complex (Takagi et al., 2003), it became clear that Ttb4 (p34) is an important core
component stabilizing the factor. If p34 was replaced by MAT1 (Ttb3), initially reported
as TFIIH core protein in yeast, oligopeptides expressed in the insect cells rapidly
degraded. Immunoprecipitation with antibody to p34 confirmed the presence in the
TFIIH core complex Rad3 (XPD), Ssll1 (p44), Ttbl (p62) and Ttb2 (p52), together with
Ttb4 (p34) (Takagi et al., 2003).
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pS/TTD-A

Applying the method of quantitative proteomics, Ranish et al. (2003) analyzed a
yeast RNA polymerase II preinitiation complex. A small protein with 72 amino acids and
8 kDa (p8), has been identified (Ranish et al., 2004) as a product of uncharacterized
open-reading frame YDRO079c-a. Later, the polypeptide was confirmed as bona fide
component of RNA polymerase II preinitiation complex, required for efficient
transcription both in vitro and in vivo (Ranish et al., 2004). In addition, YDRO79c-a was
shown to be a part of transcription factor II H (TFIIH) and required for the TFIIH
recruitment to the promoter region. Yeast lacking YDR079c-a grow slowly and are
sensitive to UV light, as others TFIIH mutated strains. This 8 kDa polypeptide is
evolutionarily conserved. Mutations in the human orthologue of this gene lead to DNA
repair deficient form of the trichothiodystrophy disorder called TTD-A (Giglia-Mari et
al., 2004).

In the p8-deficient human cells the level of TFIIH complex is significantly
reduced if compare with the wild type cells (Vermeulen et al., 2000). Microinjections of
human cDNA encoding TFBS5 (GTF2H5, also called TTD-A) corrected the DNA repair
defect of TTD-A cells. Also, three functional inactivating mutations in this gene in three
unrelated families with TTD syndrome group A have been described (Giglia-Mari et al.,
2004). Correspondent cell lines are TTD99RO (R56stop), TTDIBR (R56stop + L21P),
and TTD13/14PV (M1T — no translation start). These findings identified the p8 as an
important factor in the DNA repair, transcription and human disorders formation. Also, it
became clear, that the mutations in GTF2H5 gene causes the NER defect in the TTD-A
and provide an opportunity to begin to dissect the molecular details underlying the
disease.

Later, Coin et al. (2006) described human p8 as a DNA repair specific factor. It
stimulates XPB ATPase activity together with a damage recognition factor XPC-HR23B.
Contrary, p8 is not important for the RNA synthesis and does not interfere with the
transcription TFIIH sub-complex CAK, although both interact with XPD subunit.
Overexpression of p8 in the XPD deficient cells increased cellular TFIIH concentration
(Coin et al. 2006), and TFIIH-stabilizing function of TTD-A/p8 subunit has been
proposed.
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For further understanding the p8 function in the cells, Giglia-Mari et al. (2006)
labeled this protein with green fluorescent protein (GFP) tag. Under non-challenging
conditions, the p8—GFP protein is present in two distinct kinetic pools: one bound to
TFIH and another, free fraction that shuttles between cytoplasm and nucleus. After
induction of NER specific DNA lesions, the equilibrium between these two pools
dramatically shifts towards a more stable association of p8 to TFIIH. Modulating
transcriptional activity in cells (Giglia-Mari et al., 2006) did not induce a similar shift in
this equilibrium. Surprisingly, DNA conformations that only provoke an abortive-type of
NER reaction do not result into a more stable incorporation of p8 into TFIIH. These
findings also identify p8 as NER specific TFIIH subunit ex vivo, and indicate that its
interaction with TFIIH reflects productive NER.

Finally, the structure of p8 alone or in the complex with p52 TFIIH subunit has
been solved (Vitorino et al., 2007; Kainov et al., 2008). In the first work, using a nuclear
magnetic resonance (NMR), p8/TTD-A was described as a small alpha/beta protein built
around an antiparallel beta-sheet that forms a homodimer with an extended interface.
Mutation at position F44A destabilized the dimeric form of the protein, and had no effect
on the NER activity in vitro. However, it affects the capacity of p8 to restore TFIIH
concentration in TTD-A fibroblasts (Vitorino et al., 2007). Later, the crystal structure of
minimal p8-p52 yeast complex was solved (Kainov et al., 2008). The structure revealed
that these two polypeptides adopt the same fold, forming a compact pseudosymmetric
heterodimer via a beta-strand addition and coiled coils interactions between terminal
alpha-helices. Furthermore, p8 protects a hydrophobic surface in p52 from solvent. This
provides a rationale for the influence of p8 in the stabilization of p52 and explains why
mutations that weaken p8-p52 interactions lead to a reduced intracellular TFIIH
concentration and a NER defect.

In addition, this p8&—p52 structure explains well the observation made in p52-
deficient Drosophila melanogaster (Aguilar-Fuentes et al., 2008). Drosophila mutants in
the Dmp52 TFIIH subunit exhibit phenotypic effects similar to those observed in TTD
patients with defected p8 or XPD, including reduced levels of TFIIH. Several p52
phenotypes, including lethality, developmental defects and sterility, can be suppressed by

overexpression of p8. TFIIH level is also recovered in rescued flies. In addition, p8
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overexpression suppresses a lethal allele of the Drosophila XPB homologue.
Furthermore, transgenic flies expressing p8 are more resistant to UV irradiation than wild
type flies are. Probably, this can be explained by the more efficient CPD and 6-4PP
photolesions repair. Thus, p8 can complement mutated XPD, XPB, and p52 subunits,

stabilize TFIIH and correct or enhance NER activity of this complex.

CAK

CAK is Cyclin-dependent kinase — activating kinase. Cdk7 is a kinase
phosphorylating the serine 5 and 7 residues of the RNA polymerase II C-terminal domain
(CTD). Activity of Cdk7 is regulated by cyclin H, MATI, TFIIE, Mediator (Svejstrup et
al., 1996), XPD (Keriel et al., 2002), and U1 small nuclear RNA (snRNA, O’Gorman et
al., 2005). The Cdk7-cyclin H-MAT1 complex in the context of TFIIH has higher activity
in phosphorylating the CTD compared with the free form of CAK (Yankulov and
Bentley, 1997). Phosphorylation of serine 5 leads to the recruitment of 5’ capping
enzyme (Cho et al, 1997) and is implicated in promoter clearance. That CTD
phosphorylation regulates the transition from transcription initiation to elongation. RNA
polymerase II enters pre-initiation complex (PIC) assembly as the hypophosphorylated
ITA form and escapes the promoter as the hyperphosphorylated IO form (Hampsey,
1998). Besides phosphorylating CTD, TFIIH CAK has been shown to phosphorylate
transcripton activators, such as p53 (Lu et al., 1997), retinoic acid receptor alpha
(Rochette-Egly et al., 1997), retinoic acid receptor gamma, Ets-1, estrogen receptor
alpha, and general cofactor PC-4 (reviewed in Thomas and Chiang, 2006).

Through the MATI1-XPD interaction CAK is linked to the core-TFIIH (Coin et
al., 1999). After the genotoxic attack the kinase activity of the complex is reduced
(Adamczewski et al., 1996). When core TFIIH participates to DNA repair, the CAK is
leaving chromatin (Figure 11). Following the DNA repair (NER), CAK is again

associated with the chromatin fraction of core-TFIIH (Publication 2).

Cdk7
Cdk7 (MO15; Kin28 in yeast), as others cyclin-dependent kinases (Cdk), is a

member of Serine/threonine protein kinase family. Cdk first appeared as the controllers

of two major transitions of the cell cycle: initiation of the DNA synthesis (S) phase and
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entry into mitosis (M). Subsequently, Cdk-cyclin complexes were also identified as
conserved components of RNA polymerase II transcription machinery. Two sets of Cdk
were described in metazoans. First, Cdk1, Cdk2, Cdk4 and Cdk6, which are dedicated to
cell division control. Second, Cdk8 and Cdk9, which are primarily implicated in the
transcription. Cdk7 is both a Cdk-activating kinase, which phosphorylates cell cycle
cyclin-dependent kinases within the activation segment (T-loop), and a component of a
general transcription factor TFIIH, phosphorylating the C-terminal domain of RNA
polymerase II (reviewed by Harper and Elledge, 1998).

Early studies of Cdk regulation revealed phosphorylation within the T-loops of
Cdk (Krek and Nigg, 1991), and a genetic requirement for such phosphorylation in S.
pombe cell cycle progression (Gould et al., 1991). Studies the Cdk activation in vitro
indicated that both T-loop phosphorylation and cyclin binding are required to generate
high levels of kinase activity and that metazoan cell extracts contain CAK activity.
Biochemical purification of CAK from animal cell extracts led to the first identification
of Cdk7 complex, and its reconstitution in vitro from recombinant Cdk7 and its partner
cyclin H (Fesquet et al., 1993). Cdk7, cyclin H and the RING finger protein MAT1 were
found to be associated with TFIIH (Roy et al., 1994) as was the yeast ortholog of Cdk7,
Kin28 (Feaver et al., 1994). Kin28 has no CAK activity in vitro and it mutants have no
cell cycle progression defects (Cismowski et al., 1995; Valay et al., 1995). The CAK of
S. cerevisiae even was described as Cak1, a single-subunit kinase related very distantly to
the CDK. Because of conservation of transcription function between CAK and Cakl
(Cdk7 and Kin28), it was suggested that Cdk7 might be a CAK only in vitro, and Cakl1-
like kinase have to be identified in higher eukaryotes (Kaldis et al., 1996). However, no
Cakl1-like protein appeared upon sequencing of human, worm and fly genomes (Murray
and Marks, 2001). Genetics also provide data that Cdk7 is a CAK in vivo. In Drosophila,
inactivation of temperature-sensitive Cdk7 mutant (P140S) specifically prevents
activation of Cdkl by T-loop phosphorylation and causes embryonic and larval lethality
and a block to mitosis in the germline. Adult flies bearing the temperature-sensitive allele
are viable, and apart from a cessation of egg laying, are phenotypically nearly normal

(Larochelle et al., 1998). Both in flies and worms Cdk7 mutations lead to the phenotype

64



similar to the Cdkl mutations, linking these two kinases in one process (reviewed in
Fisher, 2006).

The two enzymatic functions of Cdk7 are quite different. In the cell cycle role,
Cdk7 is an upstream regulator, causing a conformational change. It boosts Cdk activity
about 300 folds in the case of the human Cdk2-cyclin A complex (Russo et al., 1996). In
transcription, Cdk7 apparently behaves more like one of its targets, as a downstream
effector kinase. The heptad repeat unit of CTD consists of the sequence YS,PTSs5PS7,
within which Cdk?7 is selective to residues serine 5 (Roy et al., 1994) and serine 7 (Akhtar
et al., 2009). Cdk7 probably adopts different mechanism to target its Cdk substrates
(Cdk1, Cdk2, Cdk4 and Cdko).

Early reports suggested that Cdk7 changes its substrate specificity upon binding
to MATI1 or integrating to the TFIIH complex (Adamczewski et al., 1996; Rossignol et
al., 1997). Subsequent studies revealed that CTD kinase activity is selectively stimulated,
with no loss of CAK activity. This requires both the presence of MATI and
phosphorylation of Cdk7 itself at its activating residue, Thr170 (Larochelle et al., 2001).
It is unlikely that the activity of Cdk7 is influenced by cycles of MATI
association/dissociation, but its regulation by T-loop phosphorylation is quite probable.
Mutations of Drosophila Cdk7 (T170A) lead to anomalies in gene expression during
embryogenesis and morphogenetic defects of the wing when the mutant protein is
overexpressed (Leclerc et al., 2000). The Serine 164 of Cdk7 is a proven site for the
phosphorylation by Cdk1 and Cdk2 (reviewed in Fisher, 2006), and this phosphorylation
may inhibit the Cdk7 activity during the cell cycle (Akoulitchev and Reinberg, 1998).
Another proposed mode of CAK inhibition is the phosphorylation of cyclin H by Cdk7
(Lolli et al., 2004).

CyclinH

The activity of Cyclin-dependent kinases is regulated by transiently associated
cyclines, binding of regulatory protein or phosphorylation/dephosphorylation reactions
(Morgan, 1995). Such association leads to phosphorylation of specific protein substrates,

involved in DNA replication or transcription. Different cyclin-kinase pairs are described.

Among them are cyclin A—Cdk2, cyclin B-Cdk1, cyclin D-Cdk6, cyclin D-Cdk4, cyclin
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E-Cdk2, cyclin H-Cdk7. This association is followed by phosphorylation of the kinase at
the threonine located between amino acids 160 and 170, by a distinct kinase activity
(Cdk-activating kinase, CAK).

Human cyclin H (Ccll yeast homologue) is a polypeptide which consists of 323
amino acids, with molecular weight 38 kDa. When cyclin H is associated with Cdk7, the
kinase is able to phosphorylate substrates (for instance, Cdk2 or RNA polymerase II
CTD). Andersen et al. (1997) presented a crystal structure of cyclin H, shedding light to
the composition of TFIIH complex.

Cyclin H and MATI1 were firstly characterized as TFIIH components by
Adamczewski et al. (1996). The ternary complex, including also the Cdk7 kinase, has
been identified.

Studying yeast TFIIK, a complex with kinase activity, similar to mammalian
CAK, the Ccll (cyclin H) gene product was described (Svejstrup et al., 1996). It was
reported two proteins, 45 kDa and 48 kDa, originated from one gene, probably, because
of alternative translation start sites. So, the Kin28 and Ccll complex was suggested to be
different from the mammalian CAK with three polypeptides. However, the yeast MAT]1
protein, Tfb3, is also described (Feaver et al., 1997).

TFIIH interacts with Ul small nuclear RNA (Kwek et al., 2002). Later,
O’Gorman et al. (2005) confirmed and further described Ul-cyclin H association.
snRNA Ul is supposed to regulate TFIIH kinase activity through interaction with CAK.

MAT1

The MAT]1 (yeast Tfb3) protein, “ménage a trois” is a third component of CAK
complex, known to stabilize Cdk7—cyclin H complex (Devault et al., 1995) and to link
CAK to XPD subunit of TFIIH (Sandrock and Egly, 2001). This third component of
CAK was a RING finger protein with a characteristic domain at the N-terminal part.
Stabilization of CAK by MATI1 does not involve phosphorylation of threonine Cdk7
T176, as mutation T176A still provided three-component complex formation. Analysis of
the starfish and Xenopus MAT1 (Devault et al., 1995) showed that the RING finger

domain has 68% of similarity, while the rest molecule keeps only 45%.
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Both the RING finger N-terminal domain and central coiled-coil domain are
potentially involved in protein-protein interactions. The MATI interacts with Cdk7
through the hydrophobic C-terminal domain, and this region is sufficient to activate Cdk7
towards synthetic substrates phosphorylation. The RING finger motif is not important for
the TFIIH complex formation, but is required for the CTD phosphorylation and basal
transcription activity (Busso et al., 2000).

MAT1 is able to interact separately with either Cdk7 or cyclin H. In a structural
model of Andersen et al. (1997), there is a vacant cleft between Cdk7 and cyclin H. In
this model, MAT1 could bridge and stabilize the complex. This binding mainly involves
C-terminal part of MAT1 (Busso et al., 2000). In addition, it was proposed that coiled
coil central region of MAT1 may interact with XPB and XPD subunits of TFIIH (Busso
et al., 2000). Later, it was proved for XPD subunit (Sandrock and Egly, 2001). Having
demonstrated, that MATI is crucial for the formation of CAK—XPD interaction, the
question remained concerning the domain of MAT]1 involved in the interaction. There are
three parts of MATI, the N-terminal RING finger domain (1-66), the central coiled-coil
domain (67-189) and the C-terminal hydrophobic domain (191-309). Sandrock and Egly,
(2001) proposed that coiled-coil domain interacts with XPD, while hydrophobic one —
with Cdk7 and cyclin H. Is there any biological meaning of the CAK—XPD interaction?
The known role for XPD in transcription and NER is 5°—>3 unwinding of DNA around
either start site or lesion, respectively. This activity is stimulated by p44 TFIIH-core
subunit. Surprisingly, the addition of CAK to XPD substantially diminished the XPD
helicase activity. The inhibition occurs upon interaction either with MAT1 alone, carried
by cyclin H or carried by both Cdk7 and cyclin H. However, when p44 is also associated
with XPD, there is no CAK-induced inhibition of helicase activity (Sandrock and Egly,
2001).
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DOT1

Histone methyltransferase from the DOT1 family has several names. They vary
depending on organism of origin or the physiological role in correspondent process

(Table 1):

Table 1. Examples of proteins from the DOT1 histonemethyltransferase family

Name Organism or function

DOT1 Disruptor of telomeric silencing 1, Saccharomyces cerevisiae

DOTl1p DOT1 homolog, Schizosaccharomyces pombe

DOTIL | DOTI-like protein, Homo sapiens

Grappa Drosophila melanogaster

HMT Histone methyltransferase

KMT4 Lysine methyltransfrase 4

mDOTI1 | Mice DOT1, Mus musculus

Pchl Pachytene 1

Chromatin structure and histone modifications

Chromatin structure is critical to the organization of DNA in eukaryotic cells, and
essential for many nuclear processes (Luger, 2006). Chromatin is comprised of the highly
conserved histone proteins, which are assembled along the DNA strand (Figure 8). The
chromatin fiber can adopt a variety of structural forms, ranging from highly condensed
heterochromatin to weakly condensed euchromatin, which can influence the functionality
of the DNA. A wide variety of nuclear activities, including transcription, replication and
DNA repair are influenced and regulated by the manner of chromatin organisation. An
understanding of these processes will be more complete in the context of chromatin.

There are four core histones, H2A, H2B, H3 and H4, which assemble as
heterodimers to form an octameric complex (Davey et al., 2002). Each octamer is

wrapped with a DNA sequence about 146 basepairs long. DNA makes 1.65 superhelical
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turns around the octamer to form nucleosome. Later it is further secured by non-core
histone H1. Histones are highly targeted for posttranslation modifications, including
acetylation, methylation, phosphorylation, ubiquitilation, and sumoylation (Kouzarides
2007). The majority of these modifications are made to amino acids residues in the
histone N and C termini, although modification sites have also been identified on the
surface of the nucleosome core. These modifications are believed to serve as regulators to
influence chromatin structure and function. It was proposed that specific combinations of
modifications serve as “histone code” to influence specific nuclear processes (Jenuwein
and Allis, 2001). Histone acetylation serves as a key regulator of transcription and
correlates with transcriptionally active domains, although distinct acetylation patterns are
believed to underlie specific transcriptional functions (Li et al.,, 2007). Histone
phosphorylation may be important for the chromatin condensation prior mitosis

(McManus and Hendzel, 2006).

Figure 8. Structure of the 147 bp

nucleosome core particle.

View down the DNA superhelix axis. The

DNA strands are cyan and brown. The

histone-fold domains of the histone

proteins are blue for H3, green for H4,
and red for H2B. The

histone-fold extensions and N-terminal

tail regions shown are white.

Adapted from Davey et al., (2002).

Histone modifications are also important for the DNA repair pathways (Figure 9).
Some of these modifications are involved in chromatin remodeling to enable repair
proteins to recognize and gain access to damaged DNA (Thoma, 2005). Others are likely
serve to regulate the binding of damage response proteins to chromatin (Downs, 2007).
One of the modifications is phosphorylation of histone variant H2AX that is found in
higher eukaryotes (Fillingham et al., 2006). It is observed shortly after induction of
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double-stranded DNA breaks and serves as a signal to trigger various checkpoint and
repair processes (Rogakou et al., 1998; Cowell et al., 2007). Histone acetylation has also
been proposed as an important damage response modification. Histone acetyltransferases
Esal/Tip60, Hatl, and Gen5 are involved in DNA repair (Ikura et al., 2000; Bird et al.,
2002; Qin and Parthun, 2002; Teng et al, 2002; Qin and Parthun, 2006).
Hyperacetylation of histones in response to DNA damage has been observed, and studies
in yeast indicate that these modifications play direct roles in repair rather than influence

indirectly through effects on transcription (Yu et al., 2005).

A. Damage detection C. "Repair"

Figure 9. Model for DNA repair (NER) in

the chromatin context.

A. The damage is detected (for instance by
DDB, XPC-HR23B). B. Nucleosome
chromatin chromatin

remodeling lreassemb.y unfolding. DNA is accessible for repair
B. "Access" D. "Restore”

nucleosome

machinery. C. DNA repair. D. Re-assembly
of nucleosome and chromatin (Adapted
from Gillet and Scharer, 2006).

Histone methylation has emerged as an important player in regulating gene
expression and chromatin function. Histone methylation occurs on arginine and lysine
residues at the N-terminal tails of histones H3 and H4 and is catalyzed by three distinct
families of proteins. They include PRMT1 (protein arginine methyltransferase 1), SET-
domain containing family of lysine methyltransferases, and DOT1 family. DOT]1 is also
lysine methyltransferase, but has no SET domain.

Methylation of histones is important for the transcription regulation and DNA
repair. For instance, transcription activaton correlates with methylation of histone 3
lysines K4, K36 and K79. Contrary, methylation of lysines H3 K9 and K27 is associated
with low transcription level. Methylation of H3 K79 is also important for the checkpoints
in DNA repair and meiosis, as well as survival after X-ray and UV light irradiation in

yeast. The only described enzyme responsible for the H3K79 methylation is DOTI.
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DOT1

DOT1 was originally identified in a genetic screen for genes which
overexpression disrupts telomeric silencing (Singer et al., 1998). The sole yeast DOT1
cDNA isolated in this study was 1882 bp and found to contain ORF encoding the entire
582-amino-acids predicted protein. Disruption or overexpression of DOT1 both impaired
telomeric silencing and reduced silencing at mating type and rDNA loci (Singer et al.,
1998). DOT1 also plays an important role in meiotic checkpoint control (San-Segundo
and Roeder, 2000). DOT1-like proteins are identified in different eukaryotic organisms,
including yeast, trypanosome, fly, mouse and human (Feng et al, 2002; Zhang et al.,

2004; Shanower et al., 2005).

Human DOT1-like (DOT1L) protein

Feng et al. (2002) identified human DOT1-like protein as a polypeptide including
1537 amino acids residues. Mass of this protein is 165 kDa. The polypeptide is encoded
by a gene with chromosome location 19p13.3. Analysis of the hDOTI1L protein sequence
revealed no known functional motif other than a putative SAM (S-Adenosyle
methionine) binding domain. N-terminal part of human DOTIL protein, 1-472 amino
acids, exhibits significant HMT (histone methyltransferase) activity in vitro in the
presence of nucleosomes. N-terminal hDOTIL peptide lost its activity when highly
conserved amino acids GSG(163-165) were changed to RCR (Feng et al., 2002).

DOT1 protein in mice

BLAST search with the conserved Dotl methyltransferase motif against the
mouse database produced three significant alignments (Zhang et al., 2004). After
extensive search and further alignment procedures, the open reading frame to encode
1540 amino acids was predicted. This protein was named mDOTla. Also, as a
combination of different exones and as a result of alternative splicing several isoforms
were proposed. There are mDOT1b, mDOTI1c, mDOT1d, and mDOT1e. Comparison of
mDOT1a cDNA with human hDOTI1L and yeast yDOT1 demonstrates that they encode
protein consisting of 1540, 1537 and 582 amino acids respectively. Both proteins
mDOT1a and hDOTIL share 84% identity, but are similar to yeast DOT1 only around

the methyltransferase motif. The N-terminal region (amino acids 1-353) is extreamly
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conserved with only one amino acid change between mDOT1a and hDOTI1L. In addition,
a putative leucine zipper motif is present in mDOT1a and hDOTI1L (amino acids 574-595
and 576-597, respectively), but is absent from yDOT1. Mammalian DOT proteins may
have additional functions ascribed to leucine zippers, such as DNA-binding activity. The
mDOT1a and hDOTIL are most divergent in two small regions, residues 789-840 and
1439-1469. They have only 57% identity there. The physiological role of these regions is
not clear.

The mouse mDOT1 mRNA was identified in different tissues and organs (lymph
node, diaphragm, retina, testis, mammary gland, placenta and Wolffian duct). Also,
mRNA was detected during the different steps of embryonic development, starting from
in vitro fertilized eggs and two-cell stage to 19.5 days organism.

Overexpression of plasmid encoding mDOTla fused with EGFP increased
histone H3K79 methylation. Similar results were obtained using only N-terminal part of
mDOT 1a (2-478 amino acids). At the same time, mutations in the putative SAM-binding
site (GSG to RCR) abolished the methyltransferase activity of both full-size and
truncated mDOT 1a, as was shown for human DOTIL by Ng et al. (2002).

Grappa

The Drosophila protein GRAPPA (gpp) was identified as methyltransferase
required for histone H3 lysine 79 methylation (Shanower et al., 2005).

The homeotic genes of the Antennapedia (ANT-C) and Bithorax (BX-C)
complexes are responsible for specifying parasegment identity in the fly. Early in
development gap and pair-rule genes initiate parasegment-specific patterns of ANT-C
and BX-C gene activity. The expression pattern established during the initiation phase is
then sustained during development by a maintenance system consisting of the tritorax-
group (trx-G) and the Polycomb-group (Pc-G) genes, which have antagonistic functions
(Kennison, 1995; Simon and Tamkun, 2002). Proteins from trx-G are required to
maintain gene activity. Conversely, Pc-G proteins function as silencers. The antagonistic
activities and phenotypes associated with trx-G and Pc-G genes are a function of their
distinct effect on chromatin structure. The trx-G protein ASHI is a histone

methyltransferase that modifies H3K4 and H4K20 (Beisel et al., 2002). It is believed that
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this epigenetic mark functions to recruit another trx-G protein, Brahma, the fly homolog
of SNF2/SWI2 protein, which facilitates transcription via chromatin remodeling. Like
ASHI1, the Pc-G protein E(Z) is also a histone methyltransferase methylating H3K9 and
H3K27 (Czermin et al., 2002). Nucleosomes possessing histone H3 methylated at these
sites function to recruit Polycomb and other components of Pc-G silencing complex.

In genetic screens designed to identify novel factors required for Pc-G-mediated
silencing, Shanower et al. (2005) discovered several alleles of a Drosophila gene grappa
(gpp). It has an unusual property of exhibiting phenotypes and genetic interactions that
are characteristic of both Pc-G and trx-G genes and is a memberof Enhancer of trithorax
and polycomb class of genes (ETP). GRAPPA mutants (gpp) dominantly suppress
silencing by telomeric, but not centromeric heterochromatin.

Potentially, there could be 12 different mRNAs coding for GRAPPA, but
practically only 6 of have been identified (Shanower et al., 2005). These mRNAs code
for proteins with a predicted mass ranging from 171 to 232 kDa (1848 amino acids
protein was described by List et al., 2009). Common N-terminal domain of GPP shares
similarity (about 42%) to the Saccharomyces cerevisiae DOT1 protein. GRAPPA has
additional protein domains that are not present in yeast DOT1. These include a putative
coiled coil domain and ATP/GTP binding domain. Potentially GPP may dimerize or
interact with other proteins. In addition, there is a proline-rich region. The coiled-coil
motif and similar region with prolines are found in human, Caenorhabditis elegans,
Drosophila pseudoobscura, and Anopheles gambia DOT1-like proteins (Shanower et al.,
2005).

At the early Drosophila development little if any H3K79 methylation is detected,
until germband extended embryos stage (stage 11). In polytene chromosomes, methylated
H3K79 is enriched in puffs and interbands, which correspond to active chromatin. At the
same time, this methylation is underrepresented at the telomeres (Shanower et al., 2005).
Only mono- and di-methylation of H3K79 were reported in fly tissue (Mckittrick et al.,
2004). Probably, in the past Drosophila possesses a system similar to Trypanosoma,
when second variant of DOT1 protein (DOTI1B) is required for the H3K79

trimethylation.
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List et al. (2009) have shown that gpp mutant flies were short-lived and
hypersensitive to oxidative stress (1% H,O;). At the same time, overexpression of
GRAPPA enhances stress resistance and behavioural activity without affecting the
expression level of oxidative stress resistnace genes. When kept in the nutrient-poor
conditions, the young wild type flies survived much longer (15% to 38%) if compare to

gpp mutants. However, in two weeks old animals this difference was not significant.

DOT1A and DOTI1B in Trypanosoma

Little is known about chromatin structure, epigenetic regulation and cell cycle
control in Trypanosoma brucei, the unicellular parasitic protozoan that is responsible for
African Sleeping Sickness. Studies in the Cross laboratory suggest that epigenetic
mechanisms regulate expression of variant surface glycoproteins (VSG), the major
surface proteins of African trypanosomes (Cross et al., 1998). By regularly switching the
VSG, trypanosome population escapes the host’s immune system. The active VSG gene
is transcribed from 1 of about 20 essentially identical telomere-proximal expression sites
(Barry and McCulloch, 2001). Trypanosome telomeres repress the reporter gene
expression, and this position effect might contribute to the regulation of telomeric VSG
genes (Horn and Cross, 1995). DOT1-like histone methyltransferases are involved in the
telomeric silencing. In Trypanosoma brucei, there are two DOT1 homologues identified,
DOT1A and DOT1B (the 33 and 31 kDa polypeptides, respectively, Janzen et al., 2006).
They have significant similarity to the catalytic domain of human hDOTIL.
Trypanosoma cruzi and Leishmania major also contain both homologs. DOT1A and
DOTI1B methylate histone H3 lysine 76 (H3K76, correspondent to H3K79 in yeast and
mammals). There are several conserved domains, which are found in DOT1A, DOT1B
and others proteins from DOT1 family. One of the most concerved sequences is
DxGxGxG motif I, which is found in S-adenosyl-L-methionine (SAM) binding proteins.
Dimethylation of H3K76 is a marker for mitosis (Janzen et al., 2006). The methylation of
H3K76 is provided only by DOTI1B, as there is no such a mark in the DOT1B mutants.
Trimethylation was only found in active genes, whereas dimethylation occurs in both
active and inactive chromatin. In mice, dimethylation of H3K9 is dependent on the

methyltransferase G9a, whereas trimethylation is directed by Suv39hl and Suv39h2
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(Peters et al., 2003; Rice et al., 2003). The different methylation states of H3K9 are
associated with different domains of silent chromatin, but the function is the same — gene
silencing. In contrast, dimethylation and trimethylation of H3K76 in T. brucei appear to
affect fundamentally different processes. H3K76me2 by DOT1A is essential for viability.
DOT1B is not as important, although its absence causes defects in mitosis (Janzen et al.,
2006). DOTI1B-dependent trimethylation of H3K76 is required for complete
differentiation into the insect stage of the life cycle in culture.

Figuieredo et al. (2008) reported that DOT1B is important for VSG transcriptional
regulation. DOT1B is required for complete BES silencing (bloodstream expression sites,
located in the telomere regions), but not for others gene expression regulation. In DOT1B
deficient cells, two VSG were expressed at the same time. Only with continuous selection
the switching was completed. Therefore, the DOT1B is necessary for monoallelic VSG
expression and rapid switching kinetics (one telomere re-silencing, and other telomere-

located gene activation).

DOT1 and H3K79 methylation

Many damage related histone modifications are found at the N termini,
comparable modifications have also been identified within the core portion of these
proteins (Altaf et al., 2007). One such modification is methylation of lysine 79 (K79) in
histone H3 (H3K76 in trypanosomes), a highly conserved modification that is catalyzed
exclusively by the histone methyltransferase DOT1 (Feng et al., 2002; van Leeuwen et
al., 2002; Ng et al., 2003). H3K79 methylation exists in distinct states throughout the
yeast euchromatin, ranging from monomethylated to trimethylated (van Leeuwen et al.,
2002). DOT1 is responsible for adding all three methyl groups to histone H3, while its
ability to add the second and the third methyl group to monomethylated K79 is dependent
on ubiquitylation of yeast lysine K123 (mammalian K120) in histone H2B (Ng et al.,
2002; Sun and Allis, 2002; Shahbazian et al., 2005). H2B ubiquitylation is catalyzed by
Rad6 (Robzyk et al., 2000), a ubiquitin conjugating enzyme and one of the regulators of
post-replication repair (Broomfield et al., 2001).

Many studies indicate that Rad6/Brel mediated H2B ubiquitination is required for
histone H3 lysines K4 and K79 methylation both in yeast and higher eukaryotes (Osley,
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2006). This histone cross-talk appears to function unidirectional: mutations affecting
H2B ubiquitination, including htbK123R, reduce the level of these methylated H3
modifications. At the same time, deletion of either of the relevant methyltransferases, or
mutation of the H3 methylation sites, has no reciprocal effect on H2B ubiquitination
(Briggs et al., 2002; Sun and Allis, 2002).

In yeast, H3K79 methylation is catalyzed by Dotl (Feng et al., 2002; Ng et al.,
2002; van Leeuwen et al., 2002), and H3K4 methylation by Setl, which functions as part
of the COMPASS complex (MLL complex in humans). Setl-COMPASS associates with
elongating form of RNA polymerase II in a manner, dependent on the Cdk7 (Kin28)
kinase and the PAF complex (Shilatifard, 2006; and Kim and Roeder, 2009). PAF is
required for the Rad6 association with the COMPASS and subsequent H2B
monoubiquitination (Wood et al., 2003).

H2B ubiquitination specifically affects di- and trimethylation of H3K4 and
H3K79 but does not eliminate monomethylation, provided by Setl and DOTI1
methyltransferases, respectively (Shahbazian et al., 2005).

53BP1 and H3K79

In the context of DNA damage, methylated H3K79 serves as a binding site for
Rad9/53BP1 (Huyen et al., 2004, Grenon et al., 2007), a central signaling factor in
several damage checkpoints (Toh and Lowndes, 2003). H3K79 methylation is important
for Rad9 checkpoint function (Giannattasio et al., 2005; Toh et al., 2006). Loss of this
methylation causes defects in G1 and intra-S checkpoints in response to double-stranded
breaks (Wysocki et al., 2005). H3K79 methylation is not altered in response to double-
stranded breaks. It has been proposed that changes in chromatin structure caused by
breaks might expose constitutive H3K79 methylation, enabling Rad9/53BP1 to bind
chromatin in order to initiate damage response (Huyen et al., 2004). Genetic analysis of
DOTTI indicates that H3K79 methylation additionally participates in recombination repair
in response to double-stranded breaks (Game et al., 2006), although specific function of
this modification in the repair pathway has not been determined.

53BP1/Rad9 is a conserved checkpoint protein with properties of a DNA double-
strand breaks (DSB) sensor (Schultz et al., 2000). The structure of the 53BP1 domain that
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recruits it to sites of DSB has been recently solved (Huyen et al., 2004). This domain
consists of two tandem tudor folds with a deep pocket at their interface formed by
residues conserved in the budding yeast Rad9, fission yeast Rhp9/Crb2, and
Caenorhabditis elegans Hsr-9/TO5F1 orthologues. In vitro, the 53BP1 tandem tudor
domain binds histone H3 methylated on K79 using residues that form the walls of the
pocket. These residues were also required for recruitment of 53BP1 to DSB. Suppression
of DOTIL decreases histone H3K79 methylation, and this also inhibits recruitment of
53BP1 to DSB.

DOT1 and UV-irradiation

Methylation of H3K79 is important for the response to damage caused by
ultraviolet (UV) radiation in the yeast Saccharomyces cerevisiae, with properties that
extend beyond its role in Rad9 checkpoint function (Bostelman et al., 2007). UV causes
the formation of cyclopyrimidine and 6-4 photoproduct dimers (CPD and 6-4PP,
correspondently). These lesions can inhibit transcription and replication. UV damages are
repaired by nucleotide excision repair. Recombination repair and post-replication repair
(PRR) can additionally serve as bypass pathways to enable the completion of replication
of damaged DNA. Deletion of DOT1 causes sensitivity to UV in yeast. Methylation of
H3K79 plays overlapping roles in NER and recombination repair (Bostelman et al.,
2007), and Rad9 checkpoint.

Mutations of four amino acids close to K79 of histone H3 are shown to provoke
sensitivity to UV irradiation (Evans et al., 2008; Chaudhuri et al., 2009). There are
histone H3 L70S, E73D, Q76R, and T80A Saccharomyces cerevisiae mutants that are
slightly more UV sensitive at high (lethal) UV doses (100 — 200 J/m?) than wild type
cells. However, after irradiation with 2 — 10 J/m? these mutations shown no effect on the
survival, contrary to radl and radl8 deficient yeast, which did not survive even after
these respectively low doses of UV.

Recently, Chaudhuri et al (2009) analyzed NER impact of two lysine residues
important for transcription. They produced H3K4R and H3K79R mutations to avoid
Setl-dependent and DOT1-dependent histone methylation. H3K4R does not show any
additional UV-sensitivity if compare with wild type cells. The double mutant, H3K4R-
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K79R is more sensitive to UV irradiation than either of the single mutants. It is possible
that H3K79 methylation will compensate for the effect of caused by the loss of H3K4
methylation, or vice versa. The combined methylation states of H3K4 and H3K79 may
have a cumulatively greater effect on UV sensitivity than either residue individually. It
has also been shown previously that H3K79 mehtylation plays a role in UV-induced
Rad9-mediated checkpoint function and affects nucleotide excision repair and Rad5
repair pathway (Bostelman et al., 2007). The DNA repair is affected at the silenced loci
(in the H3K4R-K79R cells), and it is recovered in the absence of Sir comlex (Sir2
deacetylase, Chaudhuri et al., 2009). It leads to the suggestion, that after UV-irradiation,
to open chromatin and to repair DNA at the silen loci, the Setl-COMPASS and DOT1
are required. However, in the absence of Sir complex the chromatin is already accessible

for the repair machinery, and additional switch of chromatin state is not required.

Sirtl/Sir2 and DOT1

Sirtl (sirtuin [silent mating type information regulation 2 homolog S. cerevisiae]-
1), as several other Sirt forms, is involved in the protein deacetylation, including histone
deacetylation. The yeast homolog is Sir2. This protein was identified in the budding yeast
as a crucial gene for regulation of the replicative lifespan. Indeed deletion of Sir2 causes
premature senescence, whereas the expression of extra copies of Sir2 extends the yeast
replicative lifespan (Sinclair and Guarente, 1997; Kaeberlein et al., 1999). Subsequent
studies revealed important roles for Sir2 in lifespan determination in nematodes and fruit
flies. In mammalian cells, Sir2 homologue Sirtl appears to control the cellular response
to stress through regulation of the FOXO family of Forkhead transcription factors (Brunet
et al.,, 2004). FOXO family proteins are also involved in insulin/insulin-like growth
factors signalling, a major pathway that controls lifespan and stress resistance in worms
and flies (Longo and Finch, 2003; Giannakou and Partridge, 2007). However, the
mechanism by which the chromatin silencers extend lifespan is not simple. Lifespan
extension occurs when Sir2 is overexpressed, and at the same time Sir2 deletion increase
chronological lifespan and inactivation of this enzyme causes the upregulation of many

stress resistance genes (Fabrizio et al., 2005).
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Silent information regulatory proteins 1-4 mediate transcription silencing in yeast.
Deletion of Sir2, Sir3, or Sir4 abolishes both silent loci repression and telomeric position
effect (Aparicio et al., 1991). The Sir factors are structurally unrelated to each other.
Their recruitment to silenced loci requires the origin recognition complex and sequence
specific transcription factors Abfl and Rapl that bind flanking silencer elements. Sirl
bridges between origin recognition complex and Sir4. The latter recruits Sir2 and Sir3
(Hoppe et al., 2002). At telomeres, Sir4 is recruited by Rapl and Ku70/Ku80 complex, a
heterodimer that binds the single-strand double-strand DNA junction (Cockell et al.,
1995; Fisher and Zakian, 2005). Once nucleated, Sir2, Sir3 and Sir4 appear to spread
along nucleosomes to silence promoters up to 3 kb from the telomeric repeat (Strahl-
Bolsinger et al., 1997). Whereas Sir3 and Sir4 are assumed to be structural components
of silent chromatin, Sir2’s histone deacetylase activity is essential for repression (Tanny
et al., 1999).

The tails of histones H3 and H4 are primary targets for deacetylation by Sir2
(Imai et al., 2000), which presumably generates high-affinity binding sites for Sir3 and
Sir4. Deletion analysis of the N-terminal tail of H4 identified a basic stretch from lysine
K16 to K20 that is critical for repression (Kayne et al., 1988). Any basic-to-neutral amino
acid change in this region or any substitution at K16 disrupted telomeric repression.
However, Sir3 and Sir4 still bind recombinant H4 tails bearing the derepressing H4K16Q
mutation (Hecht et al., 1995). This raised the possibility that H4K16 does more than
attract Sir proteins. In higher eukaryotes, unmodified H4K16 appears to mediate
interactions between neighboring nucleosomes (Dorigo et al., 2003).

Not only histone tail modifications, but also changes near and around histone
H3K79, disrupt Sir-mediated repression in vivo (Ng et al., 2002). The Sir3 interacts with
unmethylated H3K79-containing peptides (Altaf et al., 2007a). Sir2-3-4 complex binding
to the unmodified chromatin is only weakly sensitive to the removal of histone tails,
probably due to Sir4 high affinity to DNA (Martino et al., 2009). At the same study, Sir3
has been shown to have lower affinity than the holocomplex for the nucleosomal
template. By methylating of H3K79 with DOT1 methyltransferase, Martino et al. (2009)
found, that the presence of one methylated H3K79 per nucleosome is sufficient to reduce

the binding of either Sir3 or Sir2-3-4. The product of Sir2-mediated NAD hydrolysis, O-
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acetyl-ADP-ribose (O-AADPR), increases the affinity of Sir3 or SIR holocomplex to
chromatin in yeast.

Methylation of histone H3 lysines, H3K4me and H3K79me, is a mark of active
chromatin. The absence of this methylation marks will disregulate SIR complex binding
to the silent loci, probably because of “dilution” effect. The loss of H3K4 and H3K79
methylation is an intermediate event during the formation of silent chromatin (Yang et
al., 2008). The global loss of histone modifications leads to silencing defects by
redistributing Sir proteins to inappropriate chromosomal loci. Mutations, causing defects
in histone acetylation (H3K14R, H4KS,16R) facilitated Sir protein recruitment,
spreading, and silencing at silenced loci (HML, HMR, telomeres), whereas defects in
histone methylation did not (Yang et al., 2008). In the absence of H3K79 methylation
SIR complex binds across of genome. However, H3K79R with a positive charge at the
position 79, supported usual silencing, leading to the suggestion that other chromatin
modifications are also important for the silent chromatin formation (Yang et al., 2008).

Yeast Sir3 binds to the nucleosome by interacting with a basic patch around
lysine 16 on the H4 tail (H4K16). Acetylation of H4K 16 reverses or prevents this binding
(Carmen et al., 2002). DOT1 interacts with the same H4 basic region, R17, H18 and R19
(Altaf et al., 2007a; Fingerman et al., 2007). Binding of DOT1 to this region is not
blocked by H4K16 acetylation. This H4 interaction is necessary for DOT]1-catalyzed
methylation of H3K79 and protection of chromatin from SIR-mediated silencing.

Upon establishment of silencing, lysine methylation at H3K4 and H3K79
decreases following drops in H4K16 acetylation (Katan-Khaykovich and Struhl, 2005).
However, it is unclear, whether removal of H3K4 and H3K79 methylation promotes
silencing or the loss of this marks is a consequence of silencing. To resolve this issue,
Osborne et al., (2009) assayed the kinetics and pattern of silencing establishment in
single in single cells lacking DOT1, Setl, Sas2 or the JmjC-domain containing histone
demethylase Jhd2. Loss of DOT1 or Setl methyltransferases increased the spead of
silencing establishment. At the same time, loss of Sas2 lysine acetylase (forms H4K16-
acetylation, recognized by Sir2) and Jhd2 (H3K4mel,2,3 demethylase) significantly
delayed silenced chromatin formation in yeast. As conclusion to the work of Osborne et

al. (2009) we may suggest that the demethylation is a limiting step in the silencing
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formation. Why absence of acetylase Sas2 decreased the spead of heterochromatin
formation? There are two possible answers. First, loss of H4K16 acetylation creates
additional chromatin sites for SIR complex binding. This leads to dilution of silenced
proteins. Second explanation is that the active deacetylation of H4K16 by Sir2 may guide
the SIR complex into an optimal conformation to promote silencing. Studying the
establishment of silencing in individual cells, Osborne et al. (2009) supported the model,

where the silencing in yeast is completed within two cell cycles.

Relation of histone modifications to leukemia

Leukemia is a cancer of the blood or bone marrow and is characterized by an
abnormal proliferation (production by multiplication) of blood cells, usually white blood

cells (leukocytes). Leukemia is a broad term covering a spectrum of disease.

Table 2. Human leukemia and genes involved in leukemogenesis

Short name | Explanation

ABL Acute biphenotypic leukemia

AF4 ALL1 fused gene from chromosome 4
AF9 ALL1 fused gene from chromosome 9
AF10 ALL1 fused gene from chromosome 10
ALL Acute lymphoblastic leukemia

AML Acute myeloid leukemia

CALM Clathrin assembly lymphoid myeloid leukemia
ENL Eleven-nineteen leukemia

MLL Mixed-lineage leukemia

PML Promyelocytic leukemia

RARA Retinoic acid receptor alpha (RARa)
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The mixed-lineage leukemia gene (MLL, here and later for this part see Table 2)
encodes a histone methyltransferase. It can fuse with more than 50 different partners in
multiple-lineage leukemias, for instance acute myeloid leukemia (AML), acute
lymphoblastic leukemia (ALL), and acute biphenotypic leukemia (ABL). MLL fusions
such as MLL-ENL can target either committed myeloid progenitors or hematopoietic
stem cells to induce AML but fail to give rise to ALL or ABL (reviewed in Zeisig et al.,
2008). MLL-AF4, the most common MLL fusion, is capable to induce lymphoid
malignancy (Chen et al., 2006). However, the disease is predominantly limited to mature
B cell lymphoma, which is very different from pro-B ALL/ABL.

MLL leukemias, in particular patients with MLL-AF4, respond poorly to current
cancer terapeutics. While directly targeting an oncogenic transcription factor has proven
to be difficult, emerging evidence indicates that MLL fusions activate downstream target
genes via specific recruitment of histone modification enzymes, which can be potential
therapeutic targets. DOTIL and PRMT1 (protein arginine methyltransferase 1), two
distinctive histone modification enzymes, mediating H3K79 and H4R3 methylation, are
independently linked to MLL-mediated pathogenesis (Cheung et al., 2007; Okada et al.,
2005). Direct fusion of PRMT1 or part of DOTIL to truncated MLL is sufficient to
transform primary hematopoietic cells, and the transformations are dependent on the
catalytic activity of these enzymes. Downregulation of PRMT1 expression can
specifically suppress transformation mediated by certain MLL fusions, revealing the
potential of targeting specific epigenetic modifying enzymes for cancer terapeutics
(Cheung et al., 2007). Krivtsov et al. (2008) demonstrated the significance of DOT1L and
the associated histone mark for disease classification and activation of critical
downstream targets. It is notable that DOT1L recruitment is ubiquitously associated with
gene transcription and that a critical level of DOTIL is required for general cell survival
(Okada et al., 2005). Hovewer, Krivtsov et al (2008) just related the H3K79 methylation
at specific sites with cancerogenesis. As H3K79me correlates with gene expression, still
there is a question, whether incorrect DOT1 recruitment leads to the MLL-AF4 related
leukemia, or this methylation just reflects activated HOXA gene expression by MLL.

Different situation is in MLL-AF10 leukemias, when AF10 is a binding partner of
DOTIL, and attracts it to the chromatin, activated by MLL (Okada et al., 2005). CALM-
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AF10 fusion leads to histones hypomethylation, affecting DOTIL association to
chromatin (Lin et al., 2009).

An octapeptide motif and a leucine zipper region of AF10 mediate interaction
with DOT1. In general, the AF10 gene is involved in two leukemia-associated fusion
genes. The t(10;11)(p12;q23) translocation results in the MLL-AF10 fusion and the
t(10;11)(p12;q14) translocation results in CALM-AF10 fusion. While MLL-AF10 fusion
is only observed in acute leukemia (AML), CALM-AF10 fusions have been reported in
both acute lymphoblastic and acute myeloid leukemia (ALL and AML) as well as in
lymphoma. The protein encoded by CALM (the Clathrin Assembly Lymphoid Myeloid
leukemia gene) binds to clathrin and is involved in clathrin-mediated endocytosis and the
trafficking of vesicles between the trans-Golgi network and endosomes. Mutations in the
CALM gene are responsible for defects in the hematopoietic system and iron metabolism.
The gene product of AF10 (ALL-1 Fused gene from chromosome 10, or MLLT10) is a
putative transcription factor with plant homeo domain (PHD) and an OM-LZ
(Octapeptide Motif-Leucine Zipper) region close to its C terminus.

Fusion of hDOTI1L to MLL is capable of leukemic transformation in a DOTIL
histone methyltransferase activity-dependent manner. Moreover, enzymatically defective
DOTIL mutant is capable of suppressing growth of MLL-AF10-transformed cells.
Transformation of progenitor bone marrow cells by MLL-AF10 or MLL-hDOTIL results
in upregulation of a set of leukemia-relevant HOX genes, including HOXA9 (Okada et
al., 2005).

Leukemic fusion CALM-AF10 causes global H3K79 hypomethylation by
disturbing the association of hDOTI1L with chromatin in human and murine cells (Lin et
al., 2009). CALM-AF10-induced H3K79 hypomethylation leads to hypersensitivity of
cells to radiation and increases chromosomal instability. In addition, HOXA genes are
up-regulated in the CALM-AF10 fusion (HOXAS). These leukemia patients have a
higher frequency of additional chromosomal aberrations, than patients with an MLL-AF9
or a PML-RARA fusion gene. The findings of Lin et al. (2009) suggest a novel pathway
for CALM-AF10 to exert its leukemogenic effect partially by increasing genome

instability through alterations in epigenetic marks and indicate that leukemias with
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H3K79 hypomethylation might have increased sensitivity to treatment employing DNA

damaging agents.

DOTLL in the embryonic stem cells

The chromatin of embryonic stem cells (ESC) has been studied extensively since
large set of genes must be coordinately regulated during cellular differentiation and
embryos formation. For instance, bivalent domains comprised of overlapping regions of
H3K27me and H3K4me mark key developmentally-regulated genes that are poised for
later expression (Bernstein et al., 2006). Chromatin is also crucial for other cellular
functions such as chromosome dynamics, silencing of heterochromatic regions, and DNA
damage responses. These other features of chromatin have been less extensively
investigated in ESC.

Mouse embryos lacking DOTI1L exhibit prenatal lethality (Botuyan et al., 2006).
In addition, embryos homozygous for a targeted mutation in DOTIL exhibit a mid-
gestation developmental arrest at 10.5 day (E10.5) with several developmental
phenotypes including abnormal angiogenesis, yolk sac abnormalities, and cardiac
malformation (Jones et al., 2008). The importance of chromatin for chromosome stability
and cell cycle progression has been relatively under-studied in ESC. Since DOTIL is
supposed to be involved in transcription as well as chromosomal and cell cycle function
across several species and cell-types, Barry et al. (2009) performed a comprehensive
investigation of the importance of DOTIL for murine ESC and their differentiated
progenitors.

ESC deficient for DOTIL tolerate loss of H3K79 methylation without a
substantial impact on proliferation or morphology. However, shortly after differentiation
is induced, DOT1L-deficient cells cease proliferating and arrest in G2/M phase of the cell
cycle, with increased levels of aneuplody. In addition, many aberrant mitotic spindles
occur in DOT1L-deficient cells. Surprisingly, these mitotic and cell cycle defects fail to
trigger apoptosis, indicating that mouse ESC lack stringent cell cycle checkpoint conrol
during initial stages of differentiation. Transcriptom analysis indicates that DOTIL
deficiency causes the misregulation of a select set of genes, including many with known

roles in cell cycle control and cellular proliferation as well as markers of endoderm
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differentiation. The data indicate requirement of DOTI1L function for early stages of ESC
differenciation where DOTIL is necessary for faithful execution of mitosis and proper

transcription of many genes throughout the genome (Barry et al., 2009).
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Publication 1
“Distinct roles for the XPB/p52 and XPD/p44 subcomplexes of TFIIH in

damaged DNA opening during Nucleotide Excision Repair”

There are ten subunits in the transcription factor IIH (TFIIH). Two of them, XPB
and XPD, possess ATPase and helicase motifs. DNA helicases are proteins that unwind
double-strand DNA using nucleoside triphosphate hydrolysis as the energy source. These
proteins have seven helicase motifs each. The motifs are characterized by conserved
amino acid sequences.

Why there are two proteins with similar function inside the single TFIIH
complex? It was hypothesized that XPB and XPD supply opposite direction of DNA
unwinding, required for open DNA intermediates in NER. Mutations in the ATP binding
site of these proteins inhibit NER in vitro and in vivo due to the defect in the opening of
the damaged DNA structure.

The previous studies focused on the Walker A ATPase motif I, and did not
expand to the others motifs (II to VI). Are both XPB and XPD helicases involved in the
opening of short DNA duplex around the lesion?

Here, we analyzed the mutations found in XP patients or artificially introduced
into the highly conserved domains of XPB and XPD. We found that the DNA opening
does not require helicase activity of XPB and is driven by its ATPase, in combination
with XPD helicase activity. Futhermore, we demonstrated, that the p52 subunit of TFIIH
upregulates the ATPase activity of XPB via direct interaction. This p52/XPB interaction
is impaired in some of the XP-B patients, and their TFIIH is unable to induce sufficient
DNA opening around the lesion.

Our work started the major re-evaluation of the distinct roles of XPB and XPD
proteins, including their role in the nucleotide excision repair. In addition, we expanded

our knowledge about the function of certain domains of XPB and XPD.
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Publication 2

“Nucleotide excision repair driven by the dissociation of CAK from TFIIH”

Transcription factor IIH consists of two sub-complexes. First, core, includes XPB,
XPD, p62, p52, p44, p34, and p8/TTD-A. Three proteins, Cdk7, cyclin H and MATI,
form CAK, the second sub-complex. TFIIH plays crucial role in both transcription and
DNA repair. How does TFIIH complex participate in these two different processes?

We studied the composition of TFIIH in human cells over time after UV
irradiation. For this, a chromatin immunoprecipitation followed by western blot was used.
We have shown that the CAK dissociates from the core after TFIIH recruitment to the
DNA repair complex. At the same time, the core associates with NER-specific factors,
including XPA. The latter catalyzes CAK detachment from the core. It triggers DNA
opening around the lesion and incision/excision of the damaged oligonucleotide. When
NER is completed, repair-specific factors dissociate from TFIIH core. After this, the
CAK joins core again. Following UV-irradiation, transcription is inhibited and the CAK
is not present on the chromatin. When DNA repair is completed, CAK re-appears on the
chromatin, and transcription recovers. In some xeroderma pigmentosum cells, XP-C and
XP-A, CAK does not leave the complex, as the repair process is defected at the initial
steps. In the others, XP-G and XP-F, CAK do not re-join core-TFIIH, as NER is not
completed.

Here, we demonstrated in details the dynamic of TFIIH composition during NER,

association and dissociation of the core with other proteins.
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Publication 3

“Molecular insights into the recruitment of TFIIH to sites of DNA damage”

Inside ten-subunit TFIIH complex, there are two proteins with helicase and
ATPase domains, XPB and XPD. Previously, we have shown that the ATPase activity of
XPB and the helicase activity of XPD drive the DNA opening around the damage during
nucleotide excision repair. The exact points of action of both the XPB and XPD at NER
remained unclear.

The structure of XPB homologue from archea Archaeoglobus fulgidus has been
recently solved. The structural analysis revealed several new concerved XPB domains
and motifs, including R-E-D motif, positively charged Thumb-like domain, and putative
damage recognition domain (DRD).

Here, we deepen our knowledge about the mechanism of TFIIH recruitment to the
damaged DNA, including the XPB and XPD involvement at each step. We propose a
model, where XPB ATPase anchors TFIIH to the DNA, and subsequently, XPD helicase
opens DNA around the lesion. In addition, we examine the role of newly described XPB
domains and motifs. The mutations in R-E-D and Thumb-like motifs impair ATPase
activity of XPB and TFIIH recruitment to the DNA. Contrary, the substitution of

conserved amino acids in the DRD domain has no effect on the XPB and TFIIH function.
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Publication 4 (in preparation)
“The long unwinding road: XPB and XPD helicases in damaged DNA

opening”
This is invited review to Cell Cycle Journal. It is currently in preparation.

TFIIH participates in the repair complex formation during NER. It binds to the
XPC associated with damaged DNA. Then, the ATPase activity of XPB is used to anchor
the ten-subunit complex to the DNA, and XPD ATP-dependent helicase opens DNA
around the lesion to make it accessible for the XPG and ERCC1-XPF endonucleases,
which provides subsequent incision/excision of damaged oligonucleotide (25 to 30
nucleotides long).

Here we discuss our recent data, concerning the regulation of TFIIH activities
during the nucleotide excision repair. For instance, TTD-A/p8 subunit of TFIIH interacts
with another subunit, p52. This binding leads to complex stabilization and stimulation of
the XPB helicase activity. From another side, XPB ATPase is stimulated by XPC,
associated with damaged DNA. The XPD helicase is stimulated by p44 subunit of TFIIH.
Mutations in XP-B or XP-D patients impairs interaction with p52 and p44,
correspondently.

Another question is recognition of damaged DNA during NER. The XPC-HR23B
complex recognizes helix distortion. However, there are other candidates for the damage
recognition and verification before the irreversible incision step. Among them, there are
TFIIH (XPD, XPB or other subunits) and XPA.

Inhibition of TFIIH activities can be used during the cancer chemotherapy.
Resistence to the treatment of late cancer stages is related to active nucleotide excision
repair. Inhibition of XPB ATPase or XPD ATPase-dependent heicase may improve the

medical treatment of many patients with cancer.
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Results (DOT1)

“DOT1 histone methyltransferase in UV-light response”

Methyltransferase DOT1 in yeast and DOT1-like protein in mammals is unique
described enzyme that modifies histone H3 lysine K79. In yeast, deletion of DOT1 leads
to significant X-ray sensitivity and mild UV-sensitivity, if compare to wild type cells. We
initiated this study to clarify: does mammalian DOT]1 is required for UV-response? And,
if yes, what is the distinct role of DOTT in this process?

At the first steps of research, we used mice cells with deleted DOTIL as a model.
We observed hypersensitivity of these cells to the UV-C light in the survival assay.
Moreover, DOT1L™ cells were able to repair major UV-induced DNA lesions (CPD and
6,4-PP). However, DOT1L appeared to be important for the transcription recovery after
genotoxic attack. Additional study is required to understand the role of DOT1L and
methylation of H3K79 in the UV-response.
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Discussion

TFIIH is a dynamic complex

Mammalian TFIIH is usually characterized as a complex of ten polypeptides
(Figures 10 and 11). It includes core subunits XPB, p62, p52, p44, p34, and XPD, which
links core to the CAK sub-complex (Cdk7, cyclin H and MATTI). Cyclin H interacts with
snRNA Ul, which is regulatory component of TFIIH kinase activity. However, at the
different stages of cell life, the composition of TFIIH is not stable. It constantly
associates with other transcription factors, RNA polymerase II and activators, including
Gal4-VP16, E2F1, Rb, p53, ERa (estrogen receptor alpha), RARa (retinoic acid receptor
alpha), RARy, and AR (androgen receptor) (reviewed by Zurita and Merino, 2003;
Thomas and Chiang, 2006), TFIIE (Okuda et al., 2008), and NER factors (Publication 2).

The XPG endonuclease forms a stable protein complex with TFIIH. This
endonuclease maintains integrity of the complex in cooperation with XPD (Ito et al.,
2007). The mutations of XPG found in the patients with severe xeroderma pigmentosum
G (XP-G) and XP-G associated with Cockayne syndrome (XP-G/CS) resulted in an
alteration of the architecture of TFIIH. It leads to the deregulation of gene expression, as
illustrated in the case of transactivation by estrogene receptor alpha (ERa). XPG plays
crucial role in transcription assisting TFIIH. The features of CS in XP-G/CS are at least
partly because of transcriptional defect (Ito et al., 2007).

Following the genotoxic attack, CAK sub-complex disassociates from the
chromatin fraction of core-TFIIH (Publication 2). Why this re-organization of TFIIH
does occur? During the NER, XPD helicase opens the double-stranded DNA around the
lesion. It was shown, that CAK (or MAT1 alone) inhibits XPD activity (Sandrock and
Egly, 2001). Thus, the CAK leaving seems to be logical, when the DNA repair process is
active. Contrary, the p44 TFIIH subunit stimulates XPD helicase activity (Coin et al.,
1998), and alone with CAK dissociation, the p44—XPD interaction may have stronger
impact on NER.

During the RNA polymerase II transcription, the presence of CAK stimulates this

process, as it phosphorylates serines 5 (and serine 7) at the C-terminal domain of
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polymerase subunit Rpbl. At this case, the XPD helicase activity might be lower than
optimal. This helicase is important for NER, and is not required for the transcription
initiation (Tirode et al., 1999). The DNA unwinding during transcription is performed by
RNA polymerase II itself (Gnatt et al., 2001).

Transcription factor II D (TFIID) interacts with TFIIH, inhibiting the CAK kinase
activity after RNA polymerase II phosphorylation (Gegonne et al., 2008). Why it would
be important? In addition to TFIID role in pre-initiation complex, it inhibits transcription
elongation and a switch between initiation and elongation, until transcription elongation
complex is formed.

In addition to ten subunits TFIIH complex, the
- N cdk? core-TFIIH (seven subunits) is detected during the NER
MATI R

[ at the chromatin fraction (Publication 2). In addition,

free CAK and XPD-CAK are found as independent

XPD

C-term

cellular polypeptide associations (Reardon et al., 1996).
LUEENN The CAK activity is different at different states: when it

is free, upon association with XPD, and as a part of

TFIH complex (Adamczewski et al., 1996; Reardon et
Figure 10. Model of the TFIIH
organization. al., 1996; Rossignol et al., 1997).
The positions of subunits Cdk, XPD, The smallest TFIIH polypeptide p8/TTD-A, is
XPB, and p44 are indicated by arrows.
The cyclin H, MAT1, and p34 subunits ~ also in the dynamic association with core complex. As

are positioned on the model according to yya5 described by Giglia-Mari et al. (2006), p8 is quite
intersubunit connection studies. p8 s

associated with p52. Adapted from mobile. In addition to nuclear fraction of p8/TTD-A,
Schultz et al. (2000) there is large fraction of the polypeptide detected in the
cytoplasm under physiological conditions. During the NER, the equilibrium between
nuclear and cytoplasmic p8 shifts dramatically, and polypeptide is associated with TFITH.
It marks p8 as NER-specific TFIIH subunit, which association with the complex is

required during DNA repair.

TFIIH in the NER

During Nucleotide Excision Repair (Figures 6, 7 and 12) the
XPC/HR23B/Centrine2 complex is recruited to the intact DNA strand (Min and
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Pavletich, 2007; Camenisch et al., 2009) opposed the lesion. XPC attracts TFIIH-core,
interacting with p62 and XPB subunits (Bernardes de Jesus et al., 2008). In addition,
intact XPC is important for the fast and efficient XPA recruitment to the DNA repair
complex, either because of direct XPC-XPA interaction or because of proper TFIIH
recruitment, which precedes XPA binding (Bernardes de Jesus et al., 2008).

Figure 11. TFIIH transformation after UV-irradiation.
(a) Nine-subunit TFIIH is associated with chromatin
fraction as a part of transcription machinery. CAK sub-
coplex is bond to core via MAT1-XPD interaction. TTD-
A/p8 is in dynamic association with core, it interacts
with p52. Free TTD-A/p8 may be present as monomer
or dimer. HD1 and HD2 domains of XPB subunits are
marked.

(b) After UV-irradiation, TTD-A/p8 stably binds p52;
p52 activates XPB ATPase activity, and HD1-HD2
domains turn (170°), anchoring TFIIH on the DNA. CAK
leaves complex in an XPA-dependent manner. Other
factors, including XPA, XPC, XPG, XPF/ERCC1 and
RPA are stably associated with TFIIH-core during DNA
repair.

When DNA repair is completed, TFIIH comes back to
the initial state (c).

(Summarized from Publication 2, Publication 3, Giglia-
Mari et al., 2006; Vitorino et al., 2007 and Kainov et al.,

2008).

Attracted by XPC, TFIIH joins the NER complex. XPB subunit changes its
conformation in ATP-dependent manner (Figures 11-12). There is a turn about 170°,
when the angle is created between the helicase domains HD1 and HD2 (Fan et al., 2006).
As result of this conformational modification, the conserved motif R-E-D of helicase
domain HD1 moves closer to positively charged flexible domain Thumb, situated at the
HD2. It is not clear, whether or not there is charge-based interaction between the R-E-D
and Thumb regions. Hovewer, the Thumb motif enters between the DNA strands and
fixes TFIIH factor inside the repair complex (Fan et al., 2006 and Publication 3).
Recruitment of TFIIH to the damaged chromatin is abolished, when ATPase motif of
XPB (K346R) is mutated. The same happens if R-E-D motif (R-A-D, E473A) or Thumb
domain (A516-526) are mutated. If mutation in Walker A T motif (K346R) impairs
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a # UVlight

Figure 12. TFIIH action during the NER.

(a). UV-induced DNA lesion (for instance, 6-4PP), which
leads to small single-stranded DNA formation. (b)
Heterotrimer including XPC, HR23B and Centrin 2, is
recruited to the intact DNA strand infront of the lesion. (c)
XPC attracts TFIIH through direct contacts with p62 and
XPB. Inside of TFIIH, p8 stabilizes p52 subunit, which in
turn stimulates XPB ATPase activity. CAK complex
negatively regulates XPD helicase activity. (d) p52
stimulates XPB conformational change. Helicase domains
HD1 and HD2 turn (170°), anchoring TFIIH to the DNA as
an ATP-dependent hook. (e) XPA and RPA factors join the
complex, attracted by TFIIH and single-stranded DNA,
correspondently. Recruitment of XPA triggers CAK
dissociation. In a CAK-free complex, p44 stimulates XPD

helicase activity, and (f) DNA opening extends.

ATPase activity directly, the other two
protein modifications could affect this
activity indirectly. First, they may
interaction with ATPase domain; second,
the general conformation change of XPB

may abolish proper ATPase function.

These observations suggest that
XPB may work primarily as an ATP-
dependent conformational switch or as a
very limited helicase. Its role in NER may
be to open the DNA sufficiently to allow
the XPD helicase to gain access to and to
extend the single-stranded region around
the lesion, in turn allowing structure-
specific nucleases to cleave the DNA. For

the bacterial XPB-homologue activity,

minimum four-nucleotides single-stranded DNA is required (Biswas et al., 2009). It

means, XPB needs to be in the contact with any type of DNA to be active (and to provide

work conditions for other components of NER machinery, including XPD).
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One may ask several questions concerning the R-E-D and Thumb motifs effect on
XPB ATPase activity. Why p89 protein has to be intact in those regions for the normal
ATPase activity? Why the presence of DNA stimulates XPB ATPase activity? How
many cycles of ATP hydrolyze occurs to anchor TFIIH to the DNA? Does the turn of
XPB amino acids chain happen before or after the ATP hydrolysis? — If XPB
conformation is modified after the interaction with DNA in ATP-independent manner,
the subsequent ATP hydrolysis may be facilitated by intact R-E-D and Thumb motifs. It
will stabilize the XPB-DNA complex, anchoring TFIIH on the DNA. Contrary, if XPB
conformational change happens in the ATP-dependent manner, initial interaction of R-E-
D or Thumb with DNA is required to provide efficient reaction only close to DNA.

The conformational change of XPB is similar to SWI/SNF ATPase (Fan et al.,
2006). Additional function of XPB inside or outside of NER might be displacement of
chromatin-associated proteins. For instance, removal of transcription and repair factors in
the damaged regions. The Cockayne syndrome protein B (CSB) has domain composition
similar to XPB. It possesses seven helicase motifs and a Thumb-like structure. It also
might be an ATP-dependent anchor or participate to proteins displacement from
chromatin during the transcription-coupled repair (TCR). However, neither for XPB, nor
for CSB these functions are not demonstrated.

Is helicase activity of XPB required for nucleotide excision repair? To obtain an
answer, several studies have been performed. There are seven conserved helicase motifs
in XPB protein (I, Ia, II, IIL, IV, V, and VI). Mutation in the helicase motif III strongly
impairs XPB DNA unwinding activity in vitro (Lin et al., 2005; Publication 1). The
helicase motif VI is involved in the interaction with single stranded DNA (Tuteja and
Tuteja, 2004).

The helicase domains of XPB are important for the transcription, but not required.
We (Publication 1) and Lin et al. (2005) have shown that mutation of helicase motif III
(T469A in human XPB and T478A in Schizosaccharomyces pombe) and helicase motif
VI (Q638A for human and Q647A for S. pombe) affect RNA polymerase II transcription
efficiency, showing 50% and 20% residual activity, respectively. The mutated helicases
impair shift from transcription initiation to elongation (Lin et al., 2005). No negative

effect has been observed at the promoter melting during transcription or DNA opening
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during nucleotide excision repair. At the same time, mutation of ATPase (human K346R
and yeast K354R) affects DNA opening, transcription and repair. When helicase motifs
are mutated, ATPase activity is slightly affected (about 80 % of wild type cells activity).
Why it happens? It is possible that ATPase activity is affected because of different
structure of mutated XPB, when helicase motifs are destabilized. However, it will not
explain significant transcription defect. Transcription is stronger affected when helicase
motif VI is mutated. As the motif is required for the interaction with DNA, we may
suggest that correct XPB—DNA interaction is required for efficient RNA synthesis by
polymerase II.

We conclude that even if XPB helicase activity is required for RNA polymerase II
transcription, it is not important for the NER. Here we can speak only about the global
genome nucleotide excision repair. As XPB helicase activity correlates with transcription
level, the efficiency of lesion recognition during transcription-coupled repair could be
impaired.

When XPB anchors TFIIH on the DNA, the XPD helicase unwinds double-
stranded helix around the lesion. DNA opening after the TFIIH recruitment to the repair
complex also provokes questions. Does this opening occur in both directions? Does the
process require at least two TFIIH molecules to prepare DNA for incision? Alternatively,
one TFIIH is needed and the length of DNA from both sides of the lesion is not equal
(asymmetric DNA opening)? Currently, we cannot discriminate between one or two (or
more) TFIIH molecules participating to the damaged oligonucleotide excision. It is
known that the DNA lesion per se modifies DNA structure. It provokes bending and
DNA opening around the damaged area (+/- 3 nucleotides; Tapias et al., 2004).
Recruitment of XPC/HR23B protein complex leads to further DNA opening. Subsequent
accumulation of TFIIH and XPA at the damaged site makes single-stranded DNA region
even longer. Simple recruitment of TFIIH to the damaged DNA according to the “XPB
anchoring model” (Publication 3) would increase DNA loop around the lesion. However,
this increase is not detected using KMnO4 DNA opening assay (Publication 3, Figure 1).
Later, XPD helicase expands ssDNA in an ATP-dependent manner. Finally, the lesion
appears at the 3’ side of the incision product (oligonucleotide), and ERCC1/XPF cuts the
DNA first in the XPG-independent way (Staresincic et al., 2009). Does it mean that
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TFIIH moves significantly to the 5’ side from the lesion? And attracts XPF/ERCCI
complex? Or the DNA opening occurs mostly because of step-by-step proteins
accumulation around the damage and depends mostly on the repair complex architecture?
Further studies are required to answer these questions.

TFIIH is attracted to the repair complex as nine or ten subunit factor including
core and CAK (Publication 2). The variation in subunit number is in agreement with
model proposed by Giglia-Mari et al. (2006), when TFIIH is either alone or in the
complex with TTD-A/p8, respectively. If the DNA repair process occurs, TTD-A/p8
subunit is stabilized at the p52 (Giglia-Mari et al., 2006; Kainov et al., 2008). At this
time, XPA joins the repair complex. According to our unpublished data, XPA may
interact with several TFIIH subunits (XPB, p62, p34 and p44; Bernardes de Jesus et al.,
In preparation). RPA complex stabilizes single-stranded DNA (Wang et al., 2000). The
RPA recruitment occurs together with XPA. The XPA/RPA accumulation at the damaged
chromatin leads to the CAK sub-complex dissociation from the repair machinery
(Publication 2). The XPA-TFIIH interaction occurs through C-terminal region of XPA
(amino acids 229-273; Park et al., (1995a)). Deletion of this XPA region leads to the
situation, when CAK is not detached from the repair complex on DNA. One can propose
that the CAK and the C-terminal part of XPA may compete for the TFIIH region.
Nevertheless, it is not a case, as CAK joins TFIIH-core via MAT1-XPD interaction
(Sandrock and Egly, 2001), and XPA interacts with XPB, p62, p34 and p44 subunits as
mentioned above. However, we cannot exclude that XPA and CAK compete for the
space inside of repair complex. The CAK leaving during NER is logical, as MATI
inhibits XPD helicase activity (Sandrock and Egly, 2001). Thus, after CAK dissociation
from the repair complex, p44 stimulation of XPD (Coin et al.,, 1998) can be more
efficient.

During the preincision complex formation, nine or ten subunits TFIIH complex
became seven-subunit complex without CAK and with TTD-A/pS8. In addition, XPC,
XPA and XPG proteins of the repair complex are shown to directly interact with TFIIH
core. So, there is TFIIH transformation to another ten-subunit complex (XPB, XPD, p62,
p52, p44, p34, TTD-A/p8; and XPA, XPC, XPG). However, this complex is stable only

during the active repair of DNA lesion (in agreement with time required to remove 6-4
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photoproducts, Publication 2). When rapid DNA repair is completed, TFIIH-core again
binds CAK sub-complex on the chromatin.

Is there CAK dissociation or degradation during NER? To answer this question,
we performed experiments in vitro, when degradation is not probable. In addition, we
used inhibitor of proteasome MG132 to block protein degradation in cells, and the CAK
left chromatin after UV-irradiation (Publication 2). We concluded that the CAK
dissociation during DNA repair is an active process, dependent on XPA. Nevertheless, it
is not clear, what happens with CAK after dissociation from core-TFIIH. First option, it
is present as free CAK during the DNA repair and associates with core again when NER
is completed. Another option, after the dissociation CAK degrades, and newly
synthesized proteins join the core-TFIIH when DNA is repaired. This situation is not
clarified yet.

The ChIP following by Western Blot assay (“ChIP—Western”), which we have
used to study core-TFIIH-CAK interaction inside of TFIIH (Publication 2; see also
Fousteri et al., 2006), is a perspective method to study other molecular complexes in
cells. In frames of nucleotide excision repair, there are several stable protein associations.
They include XPF-ERCCI1 heterodimer, XPC-HR23B-Centrin heterotrimer and RPA
heterotrimer (RPA70-RPA32-RPA14). However, during the reaction these complexes
might dissociate or bind other partners. ChIP-Western blot method is also useful to study
short-living complexes, such as core-TFIIH associated with XPC, XPA, XPG and,
directly or indirectly, with XPF.

The fate of the CAK in cells of xeroderma pigmentosum patients is different. In
the case of XP-A, there is no CAK leaving after the DNA is damaged. From one side, the
full-size XPA recruitment to the repair complex is required for the CAK dissociation
(Publication 2). Truncated XPA (1-228) can stimulate NER in vitro in the absence of
CAK, but is not able to trigger the CAK leaving (Publication 2). The core—-CAK TFIIH
complex in the XP-A cells makes impossible further NER progression, including the
DNA opening.

Different situation is in the XP-G and XP-F patients. Here, CAK leaving occurs
normally after DNA damage. However, as incision reaction is not completed, the core

TFIIH stays in the complex with XPA, XPC and XPG factors. TFIIH (as core-CAK

103



complex) is required for the transcription by RNA polymerase II. From another hand,
damaged DNA stops RNA polymerase II. In the case of XP-G and XP-F patients,
significant fraction of TFIIH-core might be blocked at the chromatin as part of repair
machinery. As NER cannot be completed in these cells, transcription is also drops

significantly and is not recovered after DNA damage (Publication 2).

Disorders associated with mutations in TFI1H and other NER factors

There are several rare genetic disorders associated with mutations in TFIIH factor
subunits (XPB, XPD and TTD-A/p8, see Table 3 and Figure 13). They are characterized
by deficient DNA repair and may have impaired transcription. For instance, XPB F99S
mutation weakens p52—XPB interaction and affects XPB ATPase activity (Publication 1).
In turn, low ATPase activity affects ability of XPB to anchor efficiently on the DNA
(Publication 3).

Mutations at the C-terminal region of XPD affect XPD—p44 interaction and
weaken this way helicase activity of complex. It leads to lower efficiency of DNA
opening around the lesion and lower rate of damaged oligonucleotide excision (Coin et
al., 1998; Publication 1).

TTD-A/p8 protein serves as a cap that covers and stabilizes p52 subunit of TFIIH
(Kainov et al., 2008). Subsequently, p52 stimulates efficient XPB ATPase activity,
leading to active NER (Publication 1; Coin et al., 2006). Mutations in TTD-A gene
destabilize p8—p52 interaction and TFIIH complex in general (Giglia-Mari et al., 2004;
Coin et al., 2006).

Mutated XPB protein leads to with xeroderma pigmentosum (XP), Cockayne
Syndrome (CS) and trichothiodystrophy (TTD). Mutations in XPD provoke XP, CS, TTD
and Cerebro-oculo-facio-skeletal syndrome (COFS). Amino acid changes in p8 are
associated with TTD. Mutations in other proteins from the nucleotide excision repair sub-
pathways (global genome repair and transcription-coupled repair) also lead to disorders
from XP, CS and TTD groups (see Table 3).

There are many mutations reported for the XPD (ERCC2) gene, if compare with
three described alleles in the XPB (ERCC3) gene. If mutation rate is statistically similar
for both genes coding for p80 and p89 proteins, correspondently, the question is: why
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there are more patients with wide spectrum of mutations in the XP-D group, and very few
in the XP-B? Intact XPD protein is important for the TFIIH stability (DNA repair and
transcription), core—CAK association (transcription) and NER efficiency. At the same
time, XPB is important for the TFIIH recruitment to DNA (Publication 3), and
destabilization of the protein immediately affects transcription and DNA repair. There are
two possibilities. First, amino acid changes may less affect structure and function of XPB
than XPD, and many such cases are considered rather as single nucleotide
polymorphisms than as disease. Second, mutations in XPB different from F99S, T119P
and a frame-shift FS740 are lethal in homozygotes, and it is hardly probable that the
correspondent patients will be described.

Xeroderma pigmentosum (XP) is a multigenic multiallelic autosomal recessive
disease that occurs at a frequency of about 1:250,000 (the USA) or higher (Japan and the
Mediterranean region; Cleaver and Kraemer, 1995). Heterozygotes are unaffected, but
homozygotes have severe sun sensitivity that leads to progressive degeneration of sun-
exposed regions of the skin and eyes, usually leading to various forms of cutaneous
malignancy (melanoma and nonmelanoma). Progressive neurological degeneration
occurs in a significant number of patients. The disease begins in early life with the first
exposures to sunlight, the median age of onset being 1-2 years of age, with skin rapidly
exhibiting the signs associated with sun exposure. Pigmentation is patchy and skin shows
atrophy and telangiectasia with development of basal and squamous cell carcinomas and
melanomas. Cancer incidence for those individuals under 20 years of age is 2000 times
that seen in general population (Lehmann, 2001). There may be a reduction of life span

associated with a progression of cancer or neurological degeneration.
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Trichothiody
strophy is a term
introduced by Price
et al. (1980) for

sulfur-deficient
brittle hair. Patients
with  TTD  have

brittle hair and nails

Figure 13. Patients with XP (a), TTD (b) and CS (c). because of reduced

Note the lack of skin pigmentation changes in CS and content of cysteine-

TTD patients compared with XP.
Adapted from Lehmann, 2001. rich matrix proteins;

ichthyotic skin,
physical and mental retardation. Approximately half of the patients display
photosensitivity correlated with a nucleotide excision repair defect. For the
nonphotosensitive trichothiodystrophy there is a name TTDN (TTDNI1, C7orfl1). No
increase of skin cancer is reported for TTD patients (Itin and Pittelkow, 1990; Stary and
Sarasin, 1996).

Cockayne syndrome is characterized by abnormal and slow growth and
development that becomes evident within the first few years after birth. “Cachectic
dwarfism” describes the outward appearance of afflicted individuals. Other features
include cutaneous photosensitivity, thin dry hair, a progeroid appearance, progressive
pigmentary retinopathy, sensorineural hearing loss, dental caries, and a characteristic
stance in the ambulatory patient. Patients often show disproportionally long limbs with
large hands and feet, and flexion contractures of joints are usual skeletal features. Knee
contractures result in a “horse-riding stance”. There is delayed neural development and
severe progressive neurologic degeneration resulted in mental retardation. The mean age
of death at reported cases is 12.5 years, although a few affected individuals have lived
into their late teens or twenties. Patients with CS have no significant increase of skin
cancer (Nance and Berry, 1992).

There are several examples of patients who exhibit combined symptoms of XP

and other development and neurological disorders of CS or TTD. These have been found
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to correspond to mutations in the XPB, XPD or XPG genes. For instance, among the XP-
B patients there are XPB/CS (F99S and FS740) or XPB/TTD (T119P), and no pure XP
form (Oh et al., 2006, Figure 14).

Table 3. Human hereditary diseases exhibiting TCR, GGR, or TCR and GGR deficiency

(adapted from Hanawalt and Spivak, 2008; Nardo et al., 2009)

Disease | Implicated gene Overlap with other disease | TCR | GGR | Cancer prone

XP XPA DSC - - +
XPB (ERCC3) CS, TTD - - +
XPC + - +
XPD (ERCC2) CS, TTD, COFS - - +
XPE (DDB2) + - +
XPF (ERCC4) - - +
XPG (ERCCS) CS, COFS - - +

CS CSA (ERCC8) Uv°sS - + -
CSB (ERCC6) UVSS, COFS, DSC - + -
XPB (ERCC3) XP, TTD - - +
XPD (ERCC2) XP, TTD - - +
XPG (ERCC5) XP - - +
ERCCI1 COFS - - Unknown

Uv®s CSA (ERCCS) CSA - + -
CSB (ERCCo) CS, COFS, DSC - + -
Unknown - + -

TTD XPB (ERCC3) XP, CS - - -
XPD (ERCC2) XP, CS - - -
TTDA (GTF2H5) - - -
TTDNI1 (C7orfl1) + + Unknown

Three complementation groups have been identified among UV-sensitive

syndrome (UV®S) patients. They are defined by mutations in an as-yet-identified gene in

four cases, a CSB gene in two cases (reviewed in Spivak, 2005) and a CSA gene, as

reported recently (Nardo et al., 2009). The UV®S patients have acute sunburn, dryness
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with freckling and pigmentation anomalies of sun-exposed skin, and telangiectasia
without neurologic abnormalities or tumour. The patients have abnormal recovery of
RNA synthesis (RRS) after UV irradiation. The cellular characteristics such as UV
sensitivity, defected RRS after UV irradiation and normal unscheduled DNA synthesis

are reminiscent of CS (Itoh et al., 1995). On this basis, the patients are included under the

Figure 14. Clinical feature of patient XP33BR, XPB-F99S (38 years old).

Note the pterygiumin the inner canthus of her right eye (arrow). At the age of 22 years her left eye had a
choroidalmelanoma and was enucleated and replaced with a prosthesis. The skin is dry with multiple
pigmented seborrheic keratoses and scars (*) from previous excisions of basal cell carcinomas.

Adapted from Oh et al., 2006

general category designated UV-sensitive syndrome (UV®S).

Cerebro-Oculo-Facio Skeletal Syndrome (COFS) is an autosomal, recessively
inherited and rapidly progressive neurologic disorder. The disease leads to brain
microcephaly and atrophy with calcifications, cataracts, microcornea, optic atrophy,
progressive joint contractures, and growth failure. COFS appears to be particularly severe
developmental and neurological expression of mutations in CSB, XPG and XPD

(Graham et al., 2001).

Chromatin remodeling, transcription and DNA repair: DOT1L

Extremely long DNA molecules are packed into the compact chromatin together
with histone proteins. The heterochromatin (packed form of DNA) is not a subject of
transcription. The DNA repair in that regions occurs slower if compare with general rate
of DNA repair (Chaudhuri et al., 2009). Methylation of histone H3 by MLL-COMPASS
complex (histone H3 lysine 4, H3K4), Set2 (H3K36) and DOT1 (H3K79) correlates with

active gene expression and opened chromatin state (euchromatin). The absence of DOT1
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leads to defected DNA damage response and hypersensitivity to UV-light and X-ray
irradiation (Game et al., 2005; Game et al., 2006; Chaudhuri et al., 2009). However, it is
not clear yet, why the absence of DOT1 and H3K79 methylation leads to this defect.

It may occur because of higher heterochromatin level, which is more difficult to
repair fast. If general repair of UV-light induced CPD and 6-4 photoproducts occurs
normally in the DOT1 knocked-out cells (our non-published data), there is a delay of the
DNA repair in silenced loci (Chaudhuri et al., 2009). This defect may lead to mutagenesis
at the affected regions of DNA.

Histone methylation may be a mark to attract DNA repair proteins and to trigger
DNA repair pathways. For instance, 53BP1 protein is efficiently recruited to the
nucleosomes interacting with methylated H3K79. There might be other examples, and
additional studies in this direction are required.

After UV-irradiation, transcription level in cells is low until the damages are
removed. As we have shown, the recovery of transcription to the initial level is defected
in the DOTI-deficient cells if compare to wild type cells (Oksenych et al., In
preparation). Similar features are observed in the CS cells (CSA and CSB) and may
suggest deficient TCR while GGR is not affected. In addition, transcription machinery
(RNA polymerase II, TFIIB, mark of active transcription acetylated histone H4) is
displaced from the promoter regions of genes following UV-irradiation. After DNA
repair there is a recovery of the transcription factors level in the wild type cells. However,
this is not a case for DOT1-deficient cells, where just a weak or no recovery is detected
(Oksenych et al., In preparation). The absence of initial level of RNA polymerase II and
acetylation of histone H4 in the DOT1-deficient cells correlates with accumulation of
heterochromatin mark (methylated H3K9) at the promoter region of housekeeping genes
as DHFR or GAPDH. We conclude that DOT1 is required for efficient recruitment of
transcription machinery to the promoter regions after UV-irradiation, and for the
subsequent recovery of transcription level at these cells. Deficient transcription by itself
is not physiological condition, and may explain UV hypersensitivity of DOT1-deficient
cells.

After UV-irradiation, there is a cell answer, and modulation of gene expression is

a part of this response. When we checked the RNA level of p53-dependent genes,
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including p21 and mdm2, we observed lower UV-inducible transcription activation at the
DOT1-deficient cells if compare to wild type MEF (Oksenych et al., In preparation). At
the same time, induction of c-Fos mRNA was higher in the absence of DOT1. What
happens with transcription level of other UV-inducible genes? To answer this question,
total mRNA sequencing will be performed, and the data will shed light to the deficient
UV-response of the DOT1-/- cells.

Using antibodies directed to DOT1 protein in local UV-irradiation approach
(Volker et al., 2001), we have observed accumulation of DOT1/KMT4 at the damaged
spots of nuclei (Oksenych et al., In preparation). What is the role of DOT1 at the
irradiated chromatin? This protein is not required for efficient global genome DNA
repair. Instead, it can be required for transcription restart after DNA is repaired.

In general, we observed several aspects of cell life, when DOT1 protein is
important: transcription recovery after UV-irradiation, including efficient position of
transcription machinery to the promoter regions; activation of UV-inducible gene
expression; preventing the heterochromatin spreading after DNA damage; specific
accumulation of DOT1 at the UV-irradiated region. However, the role of DOT1 could
either be related to its histone methyltransferase activity and methylation state of H3K79,
or independent from it. As described (Feng et al., 2002), only 30% of N-terminal DOT1
protein is required for histone methylation. What is the role of other 70%? Is it regulatory

region? Is it required for the interaction with other proteins, with nucleosomes or DNA?

As a general conclusion, my work contributed to the understanding of nucleotide
excision repair mechanism as well as molecular defects in XP-B patients. We provided
new data for the process of TFIIH recruitment to the repair complex, and for the dynamic
composition and regulation of TFIIH subunits activity during the NER. In addition, we
have expanded knowledge concerning the link between chromatin modifications and

DNA repair.
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SUMMARY

Mutations in XPB, an essential subunit of the
transcription/repair factor TFIIH, lead to nucleo-
tide excision repair (NER) defects and xero-
derma pigmentosum (XP). The role of XPB in
NER and the molecular mechanisms resulting
in XP are poorly understood. Here, we show that
the p52 subunit of TFIIH interacts with XPB and
stimulates its ATPase activity. A mutation found
among XP-B patients (F99S) weakens this inter-
action and the resulting ATPase stimulation,
thereby explaining the defect in the damaged
DNA opening. We next found that mutations in
the helicase motifs Il (T469A) and VI (Q638A)
that inhibit XPB helicase activity preserve the
NER function of TFIIH. Our results suggest
a mechanism in which the helicase activity of
XPB is not used for the opening and repair of
damaged DNA, which is instead only driven
by its ATPase activity, in combination with the
helicase activity of XPD.

INTRODUCTION

The human transcription/repair factor IIH (TFIIH) consists
of ten subunits. XPB, XPD, p62, p52, p44, p34, and p8/
TTDA form the core complex, while cdk7, MAT1, and cy-
clin H form the cdk-activating kinase (CAK) subcomplex,
linked to the core via XPD. Hereditary mutations in either
XPB, XPD, or p8/TTDA yield the xeroderma pigmentosum
(XP), XP combined with Cockayne syndrome (XP/CS), or
trichothiodystrophy (TTD) syndromes (Lehmann, 2003;
Giglia-Mari et al., 2004; Oh et al., 2006). These diseases
exhibit a broad spectrum of clinical features including
photosensitivity of the skin due to defects in nucleotide
excision repair (NER) (Lehmann, 2003). NER is part of a
cellular defense system that protects genome integrity
by removing a wide diversity of helix-distorting DNA le-
sions induced by ultraviolet (UV) light and bulky chemical
adducts. The removal of lesions requires their recognition

by the repair factor XPC-HR23b and the subsequent un-
winding of the DNA duplex by TFIIH. The single-stranded
structure is then stabilized by XPA and RPA, and the mar-
gins of the resulting DNA bubble are recognized by XPG
and ERCC1-XPF, thereby generating 3’ and 5’ incisions
relative to the damage (O’Donnovan et al., 1994; Sijbers
et al., 1996).

DNA helicases are motor proteins that can transiently
catalyze the unwinding of the stable duplex DNA mole-
cules using NTP hydrolysis as the source of energy. They
are characterized by seven “helicase motifs,” constituted
of conserved amino acid sequences (Tuteja and Tuteja,
2004). It was always hypothesized that XPB and XPD
helicase subunits of TFIIH supply opposite unwinding ca-
pacities required for local helix opening to form the open
DNA intermediates in NER (Bootsma and Hoeijmakers,
1993). Indeed, mutations in the ATP binding site of these
proteins inhibit NER in vivo and in vitro (Guzder et al.,
1994; Sung et al., 1988), due to a defect in the opening
of the damaged DNA structure (Coin et al., 2006). How-
ever, these studies used mutants that act by targeting
the ATPase A Walker | motif, but not the other helicase
motifs (from Il to VI). Thus, questions remain as to whether
DNA opening during repair requires both XPB and XPD
helicases to open a short sequence of 24/32 nucleotides
encompassing the lesion.

Thus far, investigations of the mechanistic defects lead-
ing to XP, CS, or TTD have been beneficial in understand-
ing the function of XPB, XPD, and p8/TTDA in NER and
in transcription (Evans et al., 1997; Keriel et al., 2002;
Dubaele et al., 2003, Coin et al., 2006). In this study, we
unveiled the role of both the XPB and XPD subunits of
TFIIH in NER by analyzing several mutations found in XP
patients or other engineered mutations introduced in
highly conserved domains of the corresponding proteins.
We found that the helicase activity of XPB was not used for
damaged DNA opening, which is instead driven by its
ATPase activity, in combination with the helicase activity
of XPD. Furthermore, we demonstrated that the p52 sub-
unit of TFIIH upregulates the ATPase activity of XPB
through a direct XPB/p52 contact that is impaired in
XP-B patients. The TFIIH from these patient is unable to
induce the opening of the DNA around the lesion, due to
the incorrect XPB/p52 interaction and ATPase stimulation.
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RESULTS

The F99S Mutation in XPB Impairs Damaged

DNA Opening

To provide insights into the role of XPB in NER, we investi-
gated the DNA repair activity of two TFIIH complexes
purified from cell extracts of XP-B patients carrying either
the F99S (XP) or the T119P (TTD) mutations (Oh et al.,
2006) (Figure 1A, left panel). Western blot analysis reveals
a similar subunit composition of the immunopurified TFIIH/
XPB(WT), TFIIH/XPB(F99S), and TFIIH/XPB(T119P) com-
plexes (Figure 1A, right panel). Upon addition of TFIIH/
XPB(F99S) to a reconstituted in vitro dual incision assay
(Coin et al., 2004), a low level (10% activity) of excised
damaged oligonucleotides was observed, compared
with TFIIH/XPB(WT) (Figure 1B, NER, compare lanes 5
and 6 with lanes 3 and 4). TFIIH/XPB(F99S) was more effi-
cient in a reconstituted transcription assay (Gerard et al.,
1991) (75% activity) than in dual incision (Tx, compare
lanes 5 and 6 with lanes 3 and 4). The T119P mutation
did not affect either dual incision or transcription activities
(compare lanes 7 and 8 with lanes 3 and 4).

Given the role of TFIIH in NER, we carried out a perman-
ganate footprinting assay measuring the opening of the
DNA around the damage (Evans et al., 1997). Addition of
either TFIIH/XPB(WT) or TFIIH/XPB(T119P) to a reaction
containing XPC-HR23b, in addition to the cisplatinated
DNA fragment, resulted in an increased sensitivity of nu-
cleotides at positions T-4, T-5, and, to a lesser extent,
T-7 and T-10 indicative of DNA opening (Figure 1C, com-
pare lane 2 with lanes 5 and 9). In contrast, addition of
TFIIH/XPB(F99S) did not trigger a detectable opening of
the damaged DNA (Figure 1C, lane 7). However, further
addition of the NER factor XPA to TFIIH/XPB(F99S) pro-
moted a weak but significant opening of the DNA, com-
pared with the full opening obtained with either TFIIH/
XPB(WT) or (T119P) (Figure 1C, compare lane 8 to lanes
6 and 10). This defect in DNA opening parallels and ex-
plains the low removal of damaged oligonucleotides
seen in Figure 1B.

To dissect the molecular mechanism of the NER defect
observed with the F99S mutation, we purified from bacu-
lovirus-infected insect cells a recombinant TFIIH complex
(IIH6) containing the six subunits of the core TFIIH (XPB,
XPD, p62, p52, p44, and p34). The following experiments
were performed only with the core TFIIH, since the CAK
complex did not play any role in our in vitro NER assay
(Coin et al., 2006). Similarly to the endogenous TFIIH/
XPB(F99S), the recombinant IIH6/XPB(F99S) showed a
lower repair activity, compared with either IIH6/XPB(WT)
or (T119P) (Figure 1D, compare lane 5 with lanes 1 and
7). Interestingly, the addition of the NER-specific TFIIH
subunit p8/TTDA to IIH6/XPB(F99S) did not stimulate inci-
sion, compared with the increase in the removal of dam-
aged oligonucleotides observed with either the IIH6/
XPB(WT) or IIH6/XPB(T119P) complexes (Figure 1D,
compare lane 6 with lanes 2 and 8). Next, we observed
that addition of p8/TTDA and XPA to IIH6/XPB(F99S) did
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not trigger optimal opening of the damaged DNA in a per-
manganate footprinting assay, compared with either [IH6/
XPB(WT) or IIH6/XPB(T119P) (Figure 1E, compare lanes
10-12 with lanes 4-6 and 13-15). As a control, mutation
in the XPB ATPase A Walker | motif totally abolished the
IIH6/XPB(K346R) repair activity (Figure 1D, lane 3), due
to an inhibition of the damaged DNA opening (Figure 1E,
lane 7) and regardless of the presence of p8/TTDA (Fig-
ure 1D, lane 4, and Figure 1E, lanes 8 and 9).

Finally, the recruitment of both TFIIH and XPA to the
lesion was tested in vivo following local UV irradiation of
wild-type MRC5 and XPCS2BA (bearing the F99S muta-
tion) nuclei (Volker et al., 2001). Fluorescence signals of
XPB colocalized with cyclobutane pyrimidine dimer (CPD)
spots both in wild-type MRC5 and XPCS2BA cells (Fig-
ures 2A-2D), indicating that TFIIH/XPB(F99S) translocates
to the sites of DNA photolesions. In contrast, XPA was not
recruited to the lesions in XPCS2BA, compared to MRC5
cells (Figures 2E-2H). At this point, we concluded that the
repair defect harbored by TFIIH/XPB(F99S) is at the open-
ing step, following the binding of TFIIH to the damaged
DNA.

p52 Stimulates the ATPase Activity of XPB

Having observed that the F99S mutation does not impair
the helicase activity of the recombinant XPB protein (data
not shown), we focused on the ATPase activity of XPB. We
observed that the core IIH6/XPB(F99S) complex displayed
a lower ATPase activity (30% activity) than those of IIH6/
XPB(WT) and IIH6/XPB(T119P) (Figure 3A). Enigmatically,
the free XPB(F99S) polypeptide exhibited a catalytic
ATPase activity similar to those of XPB(WT) or XPB(T119P)
(Figure 3B). These observations prompted us to examine
if XPB-interacting subunits in TFIIH could modulate its
ATPase activity. Addition of increasing amounts of p52, a
partner of XPB in TFIIH (Jawhari et al., 2002), to a fixed
amount of purified XPB significantly stimulated its ATPase
activity (Figure 3C, lanes 2-4). To the contrary, addition of
either p44 or p8/TTDA, two subunits of TFIIH that do not
interact with XPB, had no effect on the ATPase (Figure 3C,
lanes 5, 6, 8, and 9).

We next investigated if XPB(F99S) and XPB(T119P) were
detrimental for the XPB/p52 interaction. Equal amounts
of recombinant XPB(WT), XPB(F99S), and XPB(T119P),
immobilized on agarose beads, were incubated with p52-
expressing extracts. Following extensive washing, we
observed in our experimental conditions that XPB(F99S)
interacts much less with p52 than do XPB(WT) or
XPB(T119P) (Figure 3D, compare lanes 8 and 9 and 5
and 6 with lanes 2 and 3). When tested in an ATPase
assay, p52 weakly stimulated XPB(F99S), compared with
XPB(WT) (Figure 3E, compare lanes 5-7 with lanes 2-4).
Altogether, these results demonstrate first that p52 regu-
lates XPB ATPase activity and second that a mutation
found in XP-B/CS patients weakens the interaction be-
tween the regulatory subunit p52 and XPB, leading to a
low stimulation of the ATPase activity and a reduced open-
ing of DNA around the damage.
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Figure 1. The F99S Mutation Impairs Damaged DNA Opening

(A) (Left) Schematic representation of XPB. The dark gray boxes indicate the helicase domains. The light gray box indicates the conserved N-terminal
domain. Mutations found in XP-B patients (F99S and T119P) and mutation in the ATPase A Walker | motif (K346R) are depicted. (Right) Two estab-
lished clones derived from the XPCS2BA cell line (mutation F99S) and expressing either the F99S (XP) or T119P (TTD) XPB (Riou et al., 1999) were
used together with the MRC5 control cell line for TFIIH purification. TFIIH/XPB(WT), TFIIH/XPB(F99S), and TFIIH/XPB(T119P) were immunoprecipi-
tated with antibody toward p44, a subunit of the core TFIIH, from whole-cell extracts and eluted with a competitor peptide (Coin et al., 1999). The
samples were resolved by SDS-PAGE and western blotted (WB) with anti-TFIIH antibodies. The subunits of TFIIH are indicated.

(B) Fifty and one hundred nanograms of TFIIH/XPB(WT) (lanes 3 and 4), TFIIH/XPB(F99S) (lanes 5 and 6), or TFIIH/XPB(T119P) (lanes 7 and 8) were
tested in a dual incision assay (NER) containing the recombinant XPC-HR23b, XPA, RPA, XPG, ERCC1-XPF factors and a closed-circular plasmid
containing a single 1,3-intrastrand d(GpTpG) cisplatin-DNA crosslink (Pt-DNA) as a template (Frit et al., 2002) or in a reconstituted transcription assay
(Tx) composed of recombinant TFIIB, TFIIF, TBP, TFIIE factors, the purified RNA polymerase Il, and the adenovirus major late promoter template
(Gerard et al., 1991). Sizes of the incision products or transcripts are indicated.

(C) TFIIH (100 ng) was incubated with a radiolabeled linear DNA fragment from the Pt-DNA plasmid and 40 ng of XPC-HR32b. XPA (25 ng) was added
when indicated. Lane 1, Pt-DNA with BSA only. Residues are numbered with the central thymine of the crosslinked GTG sequence designated TO.
Arrows indicate KMnO4-sensitive sites. Adducted strand residues to the 3’ and 5’ ends of TO are denoted by positive and negative integers (+N, —N).
(D) The recombinant IIH6/XPB(WT), IH6/XPB(K346R) (mutated in the ATPase A Walker | site), IIH6/XPB(F99S), and IIH6/XPB(T119P) lacking CAK and
p8/TTDA were produced in baculovirus-infected insect cells (Tirode et al., 1999). TFIIH (100 ng) was tested in dual incision in the presence of 3 ng of
recombinant p8/TTDA when indicated (lanes 2, 4, 6, and 8).

(E) A KMnO4 assay was performed as described in Figure 1C with 100 ng of recombinant IIH6 complex incubated with a radiolabeled linear DNA
fragment from the Pt-DNA plasmid and XPC-HR32b. XPA (25 ng) and p8/TTDA (6 ng) were added when indicated. Lane 1, Pt-DNA with BSA only.
Lane 2, positive control with TFIIH purified from Hela.
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MERGED

MERGED

XPCS2BA(F99S) and wild-type MRC5 (labeled with blue beads) cells were plated on the same slide. Cells were UV irradiated with 70 J/m? through a 3
um pore filter and fixed 30 min later. Immunofluorescent labeling was performed using a rabbit polyclonal anti-XPB (A), a mouse monoclonal anti-CPD
(B and F) or a rabbit polyclonal anti-XPA (E). Nuclei were counterstained with DAPI (C and G), and slides were merged (D and H).

To map the region of p52 that is involved in the stimula-
tion of XPB ATPase activity, we designed the p52(1-304)
and the p52(305-462) truncated polypeptides (Figure 4A),
knowing that p52 interacts with XPB through two distinct
domains comprising the residues 1-135 and 304-381 (Ja-
whari et al., 2002). Equal amounts of purified recombinant
p52(WT), p52(1-304), and p52(305-462) were incubated
with fixed amount of purified recombinant XPB(WT) in an
ATPase assay. Both p52(WT) and p52(305-462) stimu-
lated XPB ATPase activity (Figure 4B, lanes 3-5 and 9-11,
respectively), while addition of p52(1-305) did not show
any significant effect (lanes 6-8). We also noticed that
p52(1-358), a truncated p52 polypeptide mimicking a
mutation found in yeast (Jawhari et al., 2002), efficiently
stimulated the XPB ATPase (data not shown and Jawhari
et al. [2002]). Altogether, our data indicate that the XPB
ATPase stimulation depends on the second XPB-interact-
ing domain in p52, delimited by residues 305 and 358.

Mutations in Helicase Domains of XPB Preserve
TFIIH Repair Activity

We next explored the combined action, if any, of both the
ATPase and helicase activities of XPB in NER. Since the
helicase activity of XPB depends on the integrity of seven
conserved motifs (Weeda et al., 1990), we designed two
recombinant XPB proteins. The first T469A mutation is
located in the helicase motif Ill, which is involved in the
unwinding of the DNA. Such mutation in the domain Il
has been reported to impair the helicase activity of several
SF2 helicase family members (Pause and Sonenberg,
1992; Papanikou et al., 2004), including XPB (Lin et al.,
2005). The second Q638A mutation is located in the heli-

case motif VI, involved in the interaction with the single-
stranded DNA (Tuteja and Tuteja, 2004) (Figure 5A), and
was shown to be detrimental for XPB helicase activity
(Lin et al, 2005). We found that both recombinant
XPB(T469A) and (Q638A) displayed a very low 3'-5' heli-
case activity, compared with XPB(WT) (Figure 5B, upper
panel, compare lanes 5 and 6 and 8 and 9 with lanes 2
and 3), while neither T469A nor Q638A mutations inter-
fered with XPB ATPase activity (Figure 5B, lower panel).
Remarkably, IIH6/XPB(T469A) and [IH6/XPB(Q638A) re-
moved damaged DNA as efficiently as did [IH6/XPB(WT)
in a dual incision assay (Figure 5C, compare lanes 7-9
and 10-12 with lanes 1-3), while their ability to allow RNA
synthesis was decreased when added to a reconstituted
transcription system (50% and 20% activity, respectively)
(Figure 5D, compare lanes 7-9 and 10-12 with lanes 1-3).
In contrast, [IH6/XPB(K346R), deficient in the ATPase
activity of XPB, was inactive both in DNA repair and tran-
scription (Figures 5C and 5D, lanes 4-6). In a permanga-
nate assay, addition of either TFIIH/XPB(WT) or TFIIH/
XPB(T469A) to a reaction containing XPC-HR23b and
p8/TTDA resulted in a DNA opening around the lesion, de-
pendent on the addition of ATP (Figure 5E, lanes 3-5 and
9-11). By contrast, a mutation in the ATPase A Walker
motif | (TFIIH/XPB[K346R]) inhibited the DNA-damaged
opening (lanes 6-8) (Coin et al., 2006).

To assess the importance of the helicase activity of XPB
during NER in vivo, a host cell reactivation assay was per-
formed (Carreau et al., 1995). A reporter construct (pLuc),
carrying a luciferase gene, was damaged by UV irradiation
and transfected in the repair-deficient CHO27-1 cells,
mutated in the XPB (Ma et al., 1994), together with an
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undamaged control vector coding for -galactosidase and
an expression vector coding for the human XPB proteins
of interest. Expression of the UV-irradiated reporter gene
was suppressed in CHO27-1, due to their repair defect (Fig-
ure 5F, compare lane 2 with lane 3). Cotransfection of
XPB(WT) cDNA partially restored luciferase gene expression
(lanes 3 and 4), while cotransfection of XPB(fs740) cDNA
containing a mutation that abolishes NER (Coin et al,
2004) did not (Figure 5F, lane 6). The recovery of luciferase
activity is incomplete, probably due to species-specific
differences between human and hamster XPB. Cotrans-
fection of XPB(T469A) cDNA allowed an increase in the lu-
ciferase expression that reaches the level observed with
XPB(WT) (lanes 4 and 5), demonstrating that the T469A
mutation spares TFIIH repair activity in vivo. Altogether,
we show that, while the helicase activity of XPB is dispens-
able for effective NER, its ATPase activity is required.

Mutations Impairing XPD Helicase Activity Thwart
the Repair Activity of TFIIH

We next addressed if XPD, the other helicase of TFIIH,
might be contributing to the opening of the damaged DNA.
We designed recombinant IIH6 complexes with XPD con-
taining either the R658H, R683W, or R722W mutations
found within XP/TTD patients or the K48R mutation lo-
cated in the ATPase A Walker | motif (Figure 6A). As they
prevent the interaction of XPD with p44, the R683W and
R722W mutations impair the helicase activity of XPD,
while R658H conveys to its partial inhibition (Dubaele
et al., 2003). The K48R mutation inhibits both ATPase
and helicase activities of XPD (Tirode et al., 1999). Using
the permanganate footprinting assay, we showed that
damaged DNA opening was impeded in the absence of
the XPD ATPase activity (Figure 6B, lanes 5 and 6). Simi-
larly, R683W and R722W hindered damaged DNA open-
ing, even in the presence of p8/TTDA (Figure 6B, lanes
7, 8, 11, and 12). In contrast, R658H is sensitive to the
addition of p8/TTDA, and we observed a limited but signif-
icant opening of the DNA around the lesion with the corre-
sponding mutated complex (Figure 6B, lane 10). Interest-
ingly, the rate of dual incision activity obtained with the
IIH6/XPD(R658H) complex (50% activity) (Figure 6C,
compare lanes 6-8 with lanes 3-5) parallels the level of
DNA opening. Finally, the presence of the XPB(T469A)
subunit within 1IH6/XPD(R658H) resulted in the IIH6/
XPD(R658H)/XPB(T469A) complex exhibiting a dual inci-
sion activity similar to that of IIH6/XPD(R658H), regardless
of the presence of p8/TTDA (Figure 6C, compare lanes 9-
11 with lanes 6-8). In conclusion, our results reveal that
DNA opening in NER depends on the ATPase, but not
on the helicase, activity of XPB in combination with the
helicase activity of XPD.

DISCUSSION
p52, a New Regulatory Subunit in TFIIH

By dissecting the repair defect induced by the F99S muta-
tion found in XP-B patients, we have shed light on the im-

portance of the partnership between XPB and p52 in NER.
We demonstrated that the F99S mutation in XPB weakens
the interaction with p52 and the resulting stimulation of its
ATPase activity, thereby inhibiting the opening of the dam-
aged DNA and the removal of the lesion. Given its role, p52
can be considered as a regulatory subunit of the ATPase
activity of XPB within TFIIH. Recently, it was shown that
p8/TTDA participates in the regulation of the ATPase ac-
tivity of XPB within the TFIIH complex, even though these
two subunits do not interact. However, p8/TTDA interacts
with p52 (Coin et al., 2006), and it is likely that the free p8/
TTDA, which was shown to shuttle between the cytoplasm
and nucleus and to associate with TFIIH when NER-spe-
cific DNA lesions are produced (Giglia-Mari et al., 2006),
would regulate or stabilize the XPB/p52 interaction within
the TFIIH complex. Thus, the binding of p8/TTDA to TFIIH
and the resulting stimulation of the XPB ATPase activity by
p52 might constitute a crucial NER checkpoint, deciding
whether or not a lesion will be removed. In the light of
the 3D structure of an archea XPB homolog (Fan et al.,
2006), it was proposed that ATP hydrolysis by XPB drives
a large conformational change inducing a reorientation
of a moiety of XPB and its wrapping around the DNA.
Accordingly, it is likely that p52 together with p8/TTDA
regulates this conformational change through the stimula-
tion of the ATPase activity of XPB.

Is XPB a Conventional Helicase in NER?

The removal of lesions depends on the opening of the DNA
around the damaged site. Natural mutations in either the
XPB or the XPD proteins can disable DNA opening (Evans
et al., 1997). A remaining question is this: do both DNA
helicase activities function during the NER reaction? Mu-
tations in the ATP binding site of XPB and XPD totally
impede the formation of the open DNA structure in NER
(Sung et al., 1988; Guzder et al., 1994; Coin et al., 2006).
However, such observations indicate that the hydrolysis
of ATP by XPB is essential for the function of TFIIH in repair
but do not demonstrate that the helicase activity of XPB is
required for NER. It raises the possibility that the ATPase
activity is not only a provider of energy for the helicase
action but also displays another independent and distinct
function. This hypothesis is strengthened by the fact that
the stimulation of the ATP hydrolysis by the XPB/p52 part-
nership does not increase XPB helicase activity (data not
shown). Furthermore, TFlIH-bearing mutations in the heli-
case motifs lll or VI of XPB are still functional in NER. This
supports the idea that XPB doesn’t act as a conventional
helicase in NER, a role that is devoted to XPD, the other
helicase of TFIIH. Indeed, we demonstrated that muta-
tions weakening the contact of XPD with its p44 regulatory
subunit (Coin et al., 1998; Dubaele et al., 2003) impair
damaged DNA opening. In this context, we favor a model
in which the wrapping of XPB around the DNA will allow for
a local melting of the double-stranded DNA around the
lesion that would favor the correct anchoring of the XPD
helicase. XPB would therefore play the role of a wedge,
using ATP to keep the two strands of the DNA around
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the lesion apart, allowing XPD to unwind the DNA. This TFIIH Repair Disorders, a Matter of Interactions
model also brings together the modes of action of XPB So far in humans, viable TFIIH mutations have been found
in the opening of the DNA around the promoter and only in XPB, XPD, and p8/TTDA. Our work reveals that mu-
around the lesion (Lin et al., 2005). tations found in XP-B and -D patients never affect the

Figure 3. The F99S Mutation Thwarts the Interaction between XPB and p52 and the Stimulation of XPB ATPase Activity

(A) Increasing amounts (50, 100, 200, and 400 ng) of either IH6/XPB(WT), IH6/XPB(F99S), or IIH6/XPB(T119P) were tested in an ATPase assay. The
graph represents the percentage of phosphate released (Pi/[ATP+Pi]) from three independent experiments.

(B) Increasing amounts (20, 40, 80, and 160 ng) of either XPB(WT), XPB(F99S), or XPB(T119P) were tested in an ATPase assay. The graph represents
the percentage of phosphate released (Pi/[ATP+Pi]) from three independent experiments.

(C) Purified XPB (50 ng) (lanes 2-9) was tested in an ATPase assay in the presence of 50 and 100 ng of purified p52 (lanes 3 and 4), 10 and 20 ng of
purified p8/TTDA (lanes 5 and 6), or 50 and 100 ng (lanes 8 and 9) of purified p44 subunits of TFIIH.

(D) XPB(WT) (lanes 1-3), XPB(F99S) (lanes 4-6), or XPB(T119P) (lanes 7-9) from baculovirus-infected insect cell extracts were immunoprecipitated
with anti-XPB antibody. Following washes, beads were incubated with baculovirus-infected insect cell extracts expressing p52, washed at 0.2 or
0.4 M KCl as indicated, and then resolved by SDS-PAGE and western blotted. HC, Ab heavy chain.

(E) XPB(WT) (lanes 2-4) or XPB(F99S) (lanes 5-7) from baculovirus-infected insect cell extracts were immunoprecipitated with anti-XPB antibody.
Following washes, beads were incubated with increasing amounts of baculovirus-infected insect cell extracts expressing p52, washed at 0.4 M
KClI, and then tested in an ATPase assay or resolved by SDS-PAGE and western blotted as indicated. HC, Ab heavy chain.
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Figure 5. Mutations in Helicase Domains of XPB Spare TFIIH Repair Activity

(A) Schematic representation of XPB. Mutations introduced in conserved helicase domains are indicated.

(B) (Upper panel) Immunoprecipitated recombinant XPB (50 and 200 ng) (expressed in baculovirus-infected insect cells) were tested in helicase assay
using a bidirectional probe (Coin et al., 1998) at either 37°C or 4°C as indicated. Lane 1 contains highly purified TFIIH from HeLa cells. A, probe has
been heated 5 min at 100°C. Lane 11 is a control without XPB. Values under the autoradiograph represent the percentage of probe (3’ —5’) released
relative to control lane 12. (Lower panel) Immunoprecipitated XPB (50 and 200 ng) was tested in an ATPase assay at 30°C or 4°C when indicated.
Values under the autoradiograph represent the percentage of phosphate released (Pi/[ATP+Pi]).

(C) One hundred nanograms of either IH6/XPB(WT) (lanes 1-3), [IH6/XPB(K346R) (lanes 4-6), [IH6/XPB(T469A) (lanes 7-9), or IH6/XPB(Q638A) (lanes
10-12) was tested in a dual incision assay in the presence of increasing amount of p8/TTDA (1.5 and 3 ng) as indicated.

(D) The TFIIH (50, 100, and 200 ng) tested in (C) was assessed in a reconstituted transcription assay as in Figure 1B, in the presence of 50 ng of
recombinant CAK complex (Rossignol et al., 1997). The size of the transcript is indicated.

(E) Fifty and one hundred nanograms of IIH6/XPB(WT) (50 and 100 ng) (lanes 3-5), IIH6/XPB(K346R) (lanes 6-8), or IIH6/XPB(T469A) (lanes 9-11) were
incubated with p8/TTDA and XPC-HR32b, with or without ATP, in a KMnO4 assay. Lane 1, Pt-DNA with BSA only. Lane 2, positive control with TFIIH
purified from Hela.

(F) CHO27-1 cells were transfected with pLuc plasmid expressing the luciferase gene previously irradiated (lanes 3-6) or not (lane 2) in combination
with pcDNA expressing either XPB(WT) (lane 4), XPB(T469A) (lane 5), or XPB(fs740) (lane 6). Repair complementation was assessed by monitoring
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activity of the protein per se (helicase for XPD, ATPase for
XPB) but rather disturb the interactions of these enzymes
with their regulatory partners (p44 for XPD and p52 for
XPB), explaining how patients with such mutations may
exist. In this context, one could ask, why have no patients
with mutations in p52 been described yet? Interestingly,
point mutations in the Drosophila homolog of the human
p52, destabilizing the interaction between Dmp52 and
XPB and limiting the stimulation of the ATPase activity of
the latter, give rise to UV sensitivity with melanotic tumors

in larvae and pupae, and chromosome instability, all char-
acteristics of a DNA repair defect (Fregoso et al., 2007).
The study of such a fly model in association with a full
characterization of the molecular defects associated to
mutations found in humans will be useful to explain the
clinical jumble associated with XP, CS, and TTD patients
mutated in TFIIH genes.

Taken as a whole, our data show that some of the pre-
viously called “structural” subunits of TFIIH (i.e., p52, p44,
p62, and p34) (Tirode et al., 1999) do indeed have crucial

luciferase activity in cell lysates (48 hr posttranfection) normalized with the internal B-galactosidase standard. Results are expressed as relative
luciferase activity. The error bars were calculated on the basis of three independent experiments. Fifty micrograms of total extract was resolved
by SDS-PAGE and western blotted (WB) with mouse anti-human XPB antibody (Coin et al., 2004).
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functions inside the complex by regulating XPB and XPD
enzymatic functions. Future studies will specially focus
on posttranslational modifications of these regulatory
subunits that may fine-tune TFIIH enzymatic activities,
enabling this factor to participate in a remarkable variety
of processes.

EXPERIMENTAL PROCEDURES

Construction of Plasmids

The cDNAs encoding XPB or p52, p52(1-304), and p52(305-462) were
inserted at the BamHI/EcoRl sites of the FLAG-tagged pSK278 vector
(BD Biosciences) in fusion with the FLAG peptide (MTKDDDDKH). The
XPB mutants were obtained by site directed mutagenesis (QuikChange
Site-Directed Mutagenesis Kit, Stratagene). The resulting vectors were
recombined with baculovirus DNA (BaculoGold DNA, Pharmingen) in
Spodoptera frugiperda 9 (Sf9) cells. For hosT cell reactivation assay,
XPB was inserted into the pcDNA3(+) expression vector (Invitrogen).

Protein Purification

Recombinant wild-type or mutated TFIIH, CAK, and p8/TTDA proteins
were purified as described (Tirode et al., 1999). TFIIH from human cells
was purified using mouse monoclonal anti-p44 antibody linked to pro-
tein A Sepharose. Following washes, the proteins were eluted from the
resin with an excess of the corresponding competitor peptide (Coin
et al., 1999). The FLAG-tagged p52 and XPB proteins were purified
with the anti-FLAG M2 antibody agarose affinity gel (Sigma-Aldrich)
followed by elution with an excess of competitor peptide.

Pull-Down Assay

Wild-type or mutant recombinant XPB from baculovirus-infected Sf9
cell lysates were immunoprecipitated O/N at 4°C in buffer A (50 mM
Tris-HCI [pH 7.9], 20% glycerol, 0.1 mM EDTA, 0.5 mM DTT) contain-
ing KCI (0.2 M) with anti-XPB (1B3) antibody linked to protein A Sephar-
ose beads. Beads were then extensively washed with buffer A (0.4 M
KClI) and re-equilibrated in buffer A (0.2 M KCI). Beads were then incu-
bated with baculovirus-infected Sf9 cell lysates expressing p52 for 2 hr
at 4°C in buffer A (0.2 M KCI), washed extensively with buffer A (0.4 M
KClI), and re-equilibrated in buffer A (0.05 M KCI) before being tested in
western blot or ATPase assay.

DNA Substrates for NER Assays
DNA substrates and dual/single incision assays were performed as
described (Ried! et al., 2003).

Host Cell Reactivation Assay

The pGL3 vector expressing Photinus pyralis (firefly) luciferase was
purchased from Promega and the pCH110 vector expressing the B-
galactosidase from Invitrogen. The pGL3 vector was UV irradiated
(254 nm, 1000 J/m?) at a concentration of 1 mg/ml in 10 mM Tris-
HCI (pH 8.0) and 1 mM EDTA. CHO27-1 cells were transfected in a
6-well plate at a confluence of 95% using Lipofectamine Plus (Invitro-
gen). Each transfection mixture contained 500 ng of pGL3 (UV+/—),
100 ng of pCH110 (nonirradiated), and 10 ng of pcDNAXPB(WT),
(T469A) or (fs740). After 4 hr of incubation, the transfection reagents
were replaced by medium. Cells were lysed after 24 hr to measure lu-
ciferase activity on a microtiter plate luminometer (Dynex). All results
(mean values of at least five measurements) were normalized by calcu-
lating the ratios between luciferase and galactosidase activities.

KMnO4 Footprinting Assay

This assay has been described in Tapias et al. (2004). Briefly, the dam-
aged strand probe was obtained upon Agel digestion of the Pt-DNA
and radiolabeling at the 3’ end in a Klenow reaction, the Pt adduct be-
ing located at 156 bp from the labeled end. The resulting fragment was
purified by the “crush and soak” method after migration in a 5% non-
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denaturating PAGE. Reactions (75 pl) were carried out in 20 mM
HEPES/KOH (pH 7.6), 60 mM KCI, 5 mM MgCl,, 10% glycerol,
1 mM dithiothreitol, 0.3 mM EGTA, 1 mM ATP, 0.4% polyvinyl alcohol,
and 0.4% polyethylene glycol 10,000 buffer containing the labeled cis-
platinated probe (40 fmol) and, when indicated, the NER factors XPC/
HR23b (40 ng) and XPA (25 ng). After incubation at 30°C for 15 min, 3 ul
of 120 mM KMnO4 was added, and oxidation was allowed to proceed
for 3 min at room temperature before reduction by adding 6 ul of 14.6 M
B-mercaptoethanol for 5 min on ice. After organic extraction and eth-
anol precipitation, dried pellets were resuspended in 100 pl of a solu-
tion containing 1 M piperidine, 1 mM EDTA, and 1 mM EGTA and incu-
bated at 90°C for 25 min. Next, samples were ethanol precipitated, and
final pellets were recovered in 10 pl of loading buffer and analyzed in
8% urea-PAGE.

Helicase Assay

The helicase substrate was obtained by annealing 5 ng of an oligonu-
cleotide corresponding to the fragment 6219-6255 of single-stranded
M13mp18 (—) DNAto 1 ng of single-stranded M13mp18 (+). The result-
ing heteroduplex was digested for 1 hr at 37°C with EcoRI (New En-
gland Biolabs) and then extended to 21 and 20 bp, respectively, with
the Klenow fragment (5 units) in the presence of 50 mM dTTP and
7 uCi [¢-32P]dATP (3000 Ci/ mmol, Amersham). Helicase assay was
then performed as described (Coin et al., 1998).

ATPase Assay

Protein fractions were incubated for 2 hr at 30°C in the presence of
1 uCi[y-32P]ATP (7000 Ci/mmol, ICN Pharmaceuticals) in a 20 ul reac-
tion volume in 20 mM Tris-HCI (pH 7.9), 4 mM MgCl,, 1 mM DTT,
50 mg/ml BSA, and, when indicated, 120 ng of supercoiled double-
strand DNA (pSK). Reactions were stopped by adding EDTA to
50 mM and SDS to 1% (w/w). The reactions were then diluted
5-fold, spotted onto polyethylenimine (PEI) TLC plates (Merck), run in
0.5 M LiCl/1 M formic acid, and autoradiographed.

Local UV Irradiation

The cells were rinsed with PBS and were covered with an isopore poly-
carbonate filter with pores of 3 pm diameter (Millipore, Bedford, MA).
Cells were then exposed to UV irradiation with a Philips TUV lamp
(predominantly 254 nm) at a dose of 70 J/m?. Subsequently, the filter
was removed, the medium was added back to the cells, and cells
were returned to culture conditions for 30 min.

Fluorescence and Confocal Microscopy

Fibroblasts were grown for 2 days with fluorescent latex beads (Fluo-
resbrite Carboxylate Microspheres, Polysciences), fixed in 3% para-
formaldehyde for 10 min at room temperature, and permeabilized
with PBS/0.5% Triton for 5 min. After washing with PBS-Tween
(0.05%), the slides were incubated for 1 hr with the indicated anti-
bodies. After extensive washing with PBS-Tween, they were incubated
for 1 hr with Cy3-conjugated goat anti-rabbit IgG (Jackson Laborato-
ries) or with anti-mouse Alexa 488 IgG (Jackson Laboratories) diluted
1:400 in PBS-Tween (0.5%). The slides were counterstained for DNA
with DAPI prepared in Vectashield mounting medium (Vector lab). All
images were collected using a Leica Confocal TCS 4D microscope
equipped with both UV laser and an Argon/Kripton laser and standard
filters to allow collection of the data at 488 and 568 nm. The software
TCSTK was used for three-color reconstructions, and figures were
generated using the PLCHTK software.

Antibodies

Mouse monoclonal antibodies toward TFIIH subunits were used as de-
scribed (Marinoni et al., 1997). Anti-FLAG M2 is from SIGMA. Primary
antibodies (the final dilutions are indicated in parentheses) used in fluo-
rescent labeling were rabbit IgG polyclonal anti-XPB (S-19, Santa Cruz
Biotechnology) (1:200), rabbit IgG polyclonal anti-XPA (1:200) (FL-273,
Santa Cruz Biotechnology), and mouse IgG monoclonal anti-CPD
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(TBDM2) (1:2000) (MBL International Corporation). Secondary anti-
bodies used in this study were Alexa 488 anti-mouse IgG and Cy3-
conjugated goat anti-rabbit IgG.
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SUMMARY

The transcription/DNA repair factor TFIIH is orga-
nized into a core that associates with the CDK-
activating kinase (CAK) complex. Using chromatin
immunoprecipitation, we have followed the compo-
sition of TFIIH over time after UV irradiation of re-
pair-proficient or -deficient human cells. We show
that TFIIH changes subunit composition in response
to DNA damage. The CAK is released from the core
during nucleotide excision repair (NER). Using recon-
stituted in vitro NER assay, we show that XPA cat-
alyzes the detachment of the CAK from the core,
together with the arrival of the other NER-specific
factors. The release of the CAK from the core TFIIH
promotes the incision/excision of the damaged oli-
gonucleotide and thereby the repair of the DNA. Fol-
lowing repair, the CAK reappears with the core TFIIH
on the chromatin, together with the resumption of
transcription. Our findings demonstrate that the
composition of TFIIH is dynamic to adapt its engage-
ment in distinct cellular processes.

INTRODUCTION

The genome of eukaryotes is vulnerable to an array of DNA-dam-
aging agents. Cells possess several DNA repair pathways to
avoid the harmful effects of DNA damage on replication and tran-
scription. NER removes a broad variety of DNA lesions, including
cyclobutane pyrimidine dimers (CPD) and 6-4 photoproducts
(6-4PP) generated by UV light, through two related subpathways
(Lindahl and Wood, 1999). The general global genome repair
(GGR) removes DNA damages from the entire genome, and
the transcription-coupled repair (TCR) corrects lesions located
on actively transcribed genes (Hanawalt, 2002). Three repair-
deficient disorders emphasize the importance of NER in genome
stability: the xeroderma pigmentosum (XP), the trichothiodystro-
phy (TTD), and the Cockayne syndrome (CS) (Lehmann, 2003).

The widely accepted model of NER includes the detection of
the damage-induced DNA distortion by XPC in GGR and by
RNA polymerase Il (RNA pol Il) in TCR (Hanawalt, 2002). Both
subpathways then funnel into a common process, and the

DNA is unwound by the XPB and XPD ATPases/helicases of
the transcription/repair factor TFIIH (Zurita and Merino, 2003).
Such initiation of DNA opening favors the recruitment of XPA
and RPA that assist in the expansion of the DNA bubble around
the damage (Evans et al., 1997; Riedl et al., 2003). Next, the en-
donucleases XPG and XPF generate cuts in the 3’ and 5’ sides of
the lesion, respectively (O’Donovan et al., 1994; Sijbers et al.,
1996), thereby removing the damaged oligonucleotide (Huang
et al., 1992; Moggs et al., 1996). Finally, the resynthesis machin-
ery fills the DNA gap (Shivji et al., 1995). In TCR, two additional
proteins, CSA and CSB, are required to assemble NER proteins
and various TCR-specific factors onto the stalled RNA pol I
(Fousteri et al., 2006).

Seminal studies on the TFIIH complex established its function
in the transcription of protein-coding genes (Gerard et al., 1991)
but provided only a glimpse of its cellular importance. Later, the
unexpected finding that TFIIH was involved in NER and in the
transcription of ribosomal genes made this factor a remarkable
example of a multifunctional cellular complex (Feaver et al.,
1993; Schaeffer et al., 1993; Drapkin et al., 1994; Guzder et al.,
1994a, 1994b; lben et al., 2002). Mammalian TFIIH includes
a core, containing the seven subunits XPB, XPD, p62, p52,
p44, p34, and p8/TTD-A (Giglia-Mari et al., 2004; Ranish et al.,
2004; Coin et al., 2006) coupled to the cdk-activating kinase
module (CAK) composed of the three subunits Cdk7, cyclin
H, and MAT1 (Roy et al., 1994).

The major part of the work carried out on TFIIH relates to the
pivotal role and the specific function of each of its subunits in
either transcription or DNA repair (Dubaele et al., 2003; Giglia-
Mari et al., 2006). Yet one of the most intriguing questions is
how a single TFIIH complex faces the task of participating
both in transcription and NER. In the present study, we have fol-
lowed the makeup of TFIIH in vivo over time after a genotoxic
attack. Using a chromatin immunoprecipitation (ChIP) ap-
proach, we showed that the CAK is released from the core
TFIIH following the engagement of the complex in DNA repair.
Meanwhile, the core TFIIH associates with NER-specific
factors, including XPA, which catalyzes the detachment of the
CAK from the core thereby triggering the incision/excision of
the damaged oligonucleotide. Following damage removal,
the NER factors are released from the complex and the CAK re-
appears with the core TFIIH on the chromatin, concomitantly
with the recovery of the transcription formerly inhibited by UV
irradiation.
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Figure 1. The Repair-Specific TFIIH Complex Is Depleted of the CAK Module

(A) Western-blotting analysis of Ab-XPB ChIP samples from chromatin extracts of untreated (lane 1) or UV-treated (lanes 2-5; 5, 10, 20, or 40 J/m?) WT MRC5
fibroblasts, fixed 30 min later. The chromatin inputs are indicated. Subunits of TFIIH are in black; NER proteins in gray. Subunits of the CAK subcomplex are
marked with an asterisk. Note that two bands are detected for XPA. The WB signals for XPF, XPB, p62, CyclH, Cdk7, and XPA were quantified using Genetool
(Syngene) and plotted on the graphs. For each single lane, XPB was used as reference.

(B) ChiIP was performed with an Ab-XPB on the chromatin of WT MRCS5 fibroblasts, incubated over time (5, 15, and 30 min) after UV (20 J/m?). A dose of 20 J/m?
generates four photolesions per 10 KB of genomic DNA (van Hoffen et al., 1995). With DNA fragments of 200-400 bp (data not shown), we estimate that ~20% of
the DNA fragments in our experiment contain a UV-induced lesion after sonication.

(C) ChIP was performed with an Ab-XPB on the chromatin of nontreated (lane 1) or treated WT MRCS5 fibroblasts (20 J/m?) incubated for 30 min after UV at 37°C

(lane 2) or 4°C (lane 3).

(D) ChIP was performed as in (C), lanes 1 and 2, then pulled-down fractions from irradiated cells were eluted and re-ChlPed with an Ab-XPA (lane 3).

RESULTS

UV Irradiation Elicits a Change

in the Composition of TFIIH

An antibody directed against XPB (Ab-XPB) was used to isolate
TFIIH from the chromatin of wild-type (WT) fibroblasts 30 min
after UV treatment. Western blotting (WB) revealed that though
Cdk7 and Cyclin H of CAK were equally present in the inputs
(Figure 1A, upper panel), their amount progressively decreased
in the ChIP fractions on increasing UV dose (Figure 1A, lower
panel). Meanwhile, the amount of XPD, p62, and p44 subunits

10 Molecular Cell 317, 9-20, July 11, 2008 ©2008 Elsevier Inc.

of the core TFIIH remained constant. Together with the progres-
sive diminution of CAK, the NER factors, including XPA, RPA,
and XPF, assembled with the core TFIIH on the damaged chro-
matin (Figure 1A, lower panel; see also the graph). Similar find-
ings were obtained with an antibody directed against p62
subunit of TFIIH (see Figure S1 available online). To investigate
further the release of CAK, proteasome inhibitors were used
and showed no effect on its disappearance from TFIIH, suggest-
ing that it is detached from the core and not degraded (data not
shown). The UV-induced change in TFIIH was also investigated
at different time points and temperatures of incubation. When
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cells were irradiated at 20 J/m?, the changes were optimum
within 15 min (Figure 1B, WB and graph) and did not occur at
4°C (Figure 1C, lanes 2 and 3), suggesting that the release of
CAK was an active process. Next, the ChIP fractions isolated
after irradiation were eluted and reimmunoprecipitated with an
XPA antibody (re-ChlIP). The ChIP re-ChIP assay demonstrated
that the core TFIIH (XPB, XPD, p62, and p44) was present in a re-
pair-specific complex containing XPA, XPF, and RPA, without
CAK (Figure 1D, lanes 2 and 3). Eighty percent of TFIIH present
on the chromatin did not contain CAK (Figure 1D) 15 min after ir-
radiation. Together, these findings pinpoint that genotoxic attack
induces a change in the composition of TFIIH with a release of
the CAK from the core TFIIH, together with the arrival of the
NER factors.

Next we checked TFIIH in the soluble fractions of noncros-
slinked irradiated cells. The cells were irradiated and lysed in
RIPA buffer, and immunoprecipitations were performed with
Ab-p44 antibody followed by elution with an excess of compet-
itor peptide (Coin et al., 1999). Western blotting, kinase assay
(measuring Cdk?7 activity; Tirode et al., 1999), and silver staining
demonstrated that most of the CAK was released from the core
TFIIH after irradiation (Figure S2). However, the dissociation was
observed only after irradiation at 100 J/m?, and no repair factors
were found associated with the core TFIIH. These data indicate
that soluble “repairosomes” are unstable in human and can be
detected only on the chromatin, after fixation.

Release of the CAK Takes Place during NER
To assess whether the change in TFIIH was part of the NER re-
action, we investigated the amount of CAK and repair factors as-
sociated to the core TFIIH in various repair-deficient cell lines by
ChlP. First, we analyzed the composition of TFIIH in GGR defec-
tive XP-C versus TCR-defective CS-B cells. The Ab-XPB immu-
noprecipitated TFIIH pattern in XP-C cells was markedly different
from the WT after UV: CAK was not released and none of the NER
factors accumulated to TFIIH (Figure 2A, lanes 1-4). In CS-B
cells, the TFIIH pattern after UV was similar to WT cells (cf. lanes
1 and 2 with 11 and 12). Then, ChIP was performed on XP-A
cells. Under our experimental conditions, the release of the
CAK (less than 20%, compared with 80% in WT cells) from the
core and the recruitment of RPA were barely detectable after
UV, and association of XPF with TFIIH was not observed
(cf. lanes 1 and 2 with 5 and 6). In both UV-treated XP-G and
XP-F cells, up to 80% of CAK was released together with the re-
cruitment of XPA and RPA to the core TFIIH (cf. lanes 1 and 2 with
lanes 7 and 8, and 9 and 10). Notably, XPF associated with TFIIH
after UV in XP-G cells (lanes 7 and 8; Volker et al., 2001). Todem-
onstrate the role of XPA in the CAK release, WT cells were
treated with siRNA toward XPA (siXPA). The amount of XPA
strongly decreased after siXPA transfection (Figure 2B, upper
panel, lanes 1-3). ChIP using Ab-XPB showed that RPA was
not recruited to the core TFIIH in the absence of XPA
(Figure 2B, lower panel, lanes 2 and 3). Similar to what was ob-
served in XP-A cells, the CAK (visualized by CyclinH) was barely
released in siXPA-treated WT cells (cf. lane 1 with 3).

Our findings suggest that the recruitment of XPA to the pre-
incision complex, which is composed of XPC and TFIIH, may
promote the release of CAK. Therefore, we carried out ChIP anal-

ysis with an antibody against XPC in both the WT and XP-A cells.
The association of the core TFIIH (XPB, XPD, and p62) with XPC
took place both in WT and XP-A cells, after UV (Figure 2C, cf.
lanes 1 and 2 with 3 and 4). However, the subunits of the CAK
complex were found together with the core TFIIH and XPC in
XP-A but not in WT cells (lanes 2 and 4).

In addition, we investigated whether mutations in the XPD heli-
case would modify the composition of TFIIH. In UV-treated XP-D
cells, neither a release of the CAK from the core nor a recruitment
of XPA and RPAto the TFIIH were observed (Figure 2D, lanes 1-4).

Overall, our findings suggest that the release of the CAK from the
core TFIIH takes place during GGR, after the recruitment of XPA.

XPA and ATP Promote Release of CAK

To further dissect the change in TFIIH composition when en-
gaged in the NER process, we set up an in vitro assay that allows
us to analyze the composition of functionally active intermediate
NER complexes. A linear DNA substrate containing a single 1,3-
intrastrand d(GpTpG) cisplatin lesion was immobilized on mag-
netic beads and incubated with a repair-competent nuclear ex-
tract (NE) at 4°C for 15 min to allow the binding of XPC and TFIIH
to the damaged DNA (Riedl et al., 2003). The samples were sub-
sequently incubated at 30°C over time. Then, the proteins bound
to the immobilized DNA were analyzed by WB. Without ATP, the
composition of TFIIH was unchanged (Figure 3A, WB, lanes 1-4).
ATP promoted a time-dependent release of CAK (85% of CAK is
released after 10 min of incubation), together with the arrival of
XPA, XPF, and RPA (Figure 3A,WB, lanes 5-8 and upper graph)
and the removal of the damaged oligonucleotides (Figure 3A,
NER, lanes 5-8). Note that the dissociation of the CAK was ob-
served only in the presence of damaged DNA (data not shown).

We also investigated whether the core TFIIH engaged in DNA
repair maintained its transcriptional activity. NER complex for-
mation was allowed to proceed over the time in the presence
of ATP. At the indicated times, the immobilized protein/DNA
complexes were further incubated in a reconstituted transcrip-
tion assay containing all the general transcription factors (except
TFIIH) and the ADMLP template (Gerard et al., 1991). In this chal-
lenge experiment, we observed a progressive decrease of the
TFIIH transcriptional activity over time, which correlates with
the progressive increase of the elimination of the damaged oligo-
nucleotide observed during NER (Figure 3A, Tx and NER panels;
see also bottom graph). Addition of CAK restores the TFIIH tran-
scription activity (Figure 3A, Tx; cf. lanes 5 and 6).

We further examined the role of XPA in the release of the CAK.
An XP-A cell NE (that does not express the XPA protein; Koberle
et al., 2006) was incubated with the immobilized damaged DNA
at 30°C, in the presence of ATP. CAK (vizualized by Cyclin H) was
not released from TFIIH over the time (Figure 3B, lanes 1-4). Ad-
dition of recombinant XPA WT catalyzed not only the release of
CAK but also the recruitment of the repair factors on the DNA
(lanes 5-8).

In another set of experiments, highly purified recombinant
XPC and TFIIH were assembled on the damaged DNA. The im-
mobilized DNA was subsequently washed to remove nonspecif-
ically bound proteins, and the reactions were supplemented with
a combination of repair factors, as indicated, in the presence of
ATP. Addition of XPA-WT to the DNA/XPC/TFIIH complex was

Molecular Cell 37, 9-20, July 11, 2008 ©2008 Elsevier Inc. 11
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Figure 2. Analysis of the Release of the CAK Module in XP and CS Patient Cell Lines

(A) ChIP were performed with an Ab-XPB, 30 min after irradiation (20 J/m?) of either WT (lanes 1 and 2), XP-C (GM14867; lanes 3 and 4), XP-A (XP12ROSV; lanes
5 and 6), XP-G (XPCS1RO; lanes 7 and 8), XP-F (GM08437; lanes 9 and 10), or CS-B (CS1ANSV; lanes 11 and 12) patient cell lines. LC indicates the light chain of
the antibody. The percentage of CAK components that remain associated to TFIIH is shown; the amount of CAK in nonirradiated cells is considered 100%. For the
quantification of XPF, the amount of XPF in wild-type irradiated cells was considered 100%.

(B) WT cells were transfected with siRNA toward XPA (siXPA). The chromatin inputs were analyzed by WB. ChIP were performed as in (A). For quantification, the
amount of cyclinH in untreated cells was considered 100%, the amount of XPA in UV-treated cell was considered 100%. XPB was used as reference.

(C) ChIP was performed as in panel (A) with an Ab-XPC in the chromatin of either WT (lanes 1 and 2) or XP-A (lanes 3 and 4) cells.

(D) ChIP were performed as in (A) with chromatin of either WT (HeLa; lanes 1 and 2) or XP-D (HD2; lanes 3 and 4) cells.

sufficient to induce a time-dependent release of CAK (Figure 3C,
cf. lanes 1 and 2 with 3 and 4) that was not observed following
addition of RPA, XPG, and XPF (cf. lanes 1 and 2 with 5 and 6).
Our in vitro data confirm that XPA catalyzes the dissociation of
CAK from TFIIH during NER.

Release of CAK Drives NER

We then sought to identify which domain of XPA mediated
the release of CAK from the core TFIIH. We designed

12 Molecular Cell 37, 9-20, July 11, 2008 ©2008 Elsevier Inc.

constructs expressing XPA-WT and XPA(1-228) polypeptides
(Figure 4A), knowing that TFIIH interacts with the carboxy-ter-
minal part of XPA (Park et al., 1995; Nocentini et al., 1997).
Equal amounts of purified XPA-WT and XPA(1-228) were incu-
bated over time, with an XP-A NE and the damaged DNA.
Contrary to XPA-WT, the truncated XPA(1-228) was unable
either to catalyze the release of CAK (visualized by Cyclin H)
from the core TFIIH or to join the preincision repair complex
(Figure 4B).
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XPA-WT and XPA(1-228) were next incubated in a dual inci-
sion assay containing either rlIH7 (the core TFIIH) or rlIH10 (the
entire TFIIH, including CAK; Figure 4C, left panel). In the pres-
ence of XPA-WT, a similar dual incision activity was observed
with either rlIH7 or rlIH10 (lanes 2 and 5). Dual incision was barely
detectable with XPA(1-228) in the presence of rlIH10 but was
clearly observed with rlIH7 (Figure 4C, right panel, lanes 3 and
6), although to a lower extent compared with XPA-WT.

Together, our data indicate that the detachment of the CAK
from the core of TFIIH, mediated by the C-terminal part of XPA,
drives dual incision.

Functional NER in CAK Knockdown Cells

The question remained as to whether CAK plays a role in NER
before it is released from the preincision complex. Specific
siRNA duplexes (siCdk7) were used to reduce endogenous
Cdk7 expression in WT cells. Confocal microscopy revealed
that siCdk7 transfected cells had a marked reduction in the
amount of Cdk7 and Cyclin H as compared with either the un-
transfected or control siRNA (siCt)-treated cells (Figures 5Ab
and 5Ae). In contrast, the amount of either XPB (Figures 5Aa
and 5Ad) or p62 (data not shown) was not affected. Immunopre-
cipitation experiments performed with Ab-XPB showed the pres-
ence and the stability of the core TFIIH even in the absence of
CAK (Figure 5B). To check for the efficiency of Cdk7 knockdown,
we investigated the transcriptional response of UV-irradiated
cells. Quantitative RT-PCR showed that the transactivation of
the three UV-inducible genes p21, Mdm2, and ATF3 (Fan
et al., 2002) was significantly reduced in siCdk7-treated cells
compared with siCt-treated cells (Table 1).

Next, the amount of 6-4PP lesions was measured in vivo using
confocal microscopy (Mori et al., 1991), 4 hr after irradiation of
either siCdk7- or siCt-treated cells. SiCdk7-treated cells (blue
fluorescent latex beads) were fully capable of removing the
6-4PP lesions (Figures 5Cb and 5Ce), compared with either the
repair-proficient siCt transfected (no beads) or repair-deficient
XP-A (green fluorescent latex beads) cells (Figures 5Ca and
5Cd). Using an immuno-dot blot assay (Riou et al., 2004), we
measured the amount of 6-4PP lesions remaining in the DNA
at different time points after UV and observed identical repair
activity in siCdk7- and siCt-treated cells (Figure 5D). Our data
suggests that 6-4PP lesions are repaired regardless of the
presence of CAK in vivo.

Return of CAK after DNA Repair

We also investigated the fate of TFIIH after DNA repair. ChIP
assay using Ab-XPB established that the level of CAKin WT cells
was shifted back to that of nonirradiated cells within 8 hr after
UV (Figure 6A, upper panel). A progressive release of the NER
factors was also observed, together with the recovery of a whole
TFIIH. In parallel, we investigated RNA synthesis recovery by
[3H]uridine incorporation performed after UV. The kinetics of
inhibition of transcription followed both the leaving of CAK
from TFIIH and the coming of the NER factors. The resumption
of transcription began at 4 hr and was complete at 8 hr, when
both the CAK reassociated with TFIIH and the NER factors
were released (Figure 6A, lower panel). The recovery of tran-

scription started after the complete removal of 6-4PP lesions
measured in Figure 5D.

Hereafter, we focused on CS-B, XP-G, and XP-F cell lines for
which arelease of CAK had been observed (Figure 2). In TCR-de-
ficient CS-B cells, a whole TFIIH complex is present in the chro-
matin 8 hr after UV. Concomitantly, XPF, XPA, and RPA dissoci-
ated from TFIIH in a time course similar to that observed in WT
cells (Figure 6B, WB and bottom graph). These data indicate
that the restoration of TFIIH pattern is CSB independent. As pre-
viously observed (Mayne and Lehmann, 1982), RNA synthesis
was not restored in CS-B cells because of the involvement of
CSB in transcription (Proietti-De-Santis et al., 2006). In XP-G
cells, the XPA, RPA, and XPF factors were dissociated from
the core TFIIH in a time course similar to that of WT or CS-B cells
(Figure 6C). However, we observed neither the return of a whole
TFIIH complex on the chromatin nor the recovery of the tran-
scription. A slightly different situation was obtained in XP-F cells,
where XPA and RPA repair factors remained associated with the
core TFIIH over time after treatment (Figure 6D). Collectively,
these data suggest that the return of a whole TFIIH to the chro-
matin occurs once the removal of the DNA lesions is complete.

DISCUSSION

Dynamic State of the Human TFIIH Complex

Considerable efforts have been invested in the dissection of the
molecular events that lead to the elimination of DNA lesions by
the NER pathway. However, detailed information on the compo-
sition of the various complexes that participate in the repair pro-
cess has been lacking. We were interested in understanding how
the 10 subunits that constitute the TFIIH complex participate in
the NER and/or transcription processes. In the present study,
we have found that the composition of TFIIH changes according
to various cellular responses. We have observed a dynamic
dissociation/reassociation of the CAK complex, a crucial tran-
scriptional module (Tirode et al., 1999), onto the core TFIIH
that coincided with the recruitment/release of the NER factors
during the DNA repair reaction. Thus, our findings dispel the
broadly accepted idea that TFIIH is a stable complex without
large-scale alterations in composition when switching between
different cellular processes (Hoogstraten et al., 2002).

The release of the CAK from TFIIH was also observed when
classical fractionations of the soluble fractions were performed
in the absence of formaldehyde crosslinking. However, the
dose of UV required to dissociate the CAK in this condition
(100 J/m?) was higher than the dose needed to detect such dis-
sociation by ChlP (10 J/m?). Also, though repair factors accumu-
late on the core TFIIH by ChIP, no accumulation was observed
on the TFIIH in the soluble fraction after UV. These findings pin-
point the fragility of the repairosome complex in human cells and
the difficulties in isolating this complex by traditional methods.
They also explain why such dissociation was not observed in
high eukaryotes until now.

The accumulation of NER factors with the core TFIIH depends
on both the UV dose and the recovery time after UV exposure. It
reached a maximum 15 min after UV treatment at 20 J/m? and
occurred when cells were incubated at 37°C and not when
they were kept at 4°C. In these conditions, we determined that
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Figure 3. Progress of the CAK Release In Vitro

(A) HeLa cell extract (wild-type) was incubated 15 min at 4°C with damaged DNA coupled to magnetic beads. Reactions were then supplemented with ATP (lanes
6-9) and incubated at 30°C over the time indicated. After washes, aliquots were analyzed either by western blotting (WB) or in a dual-incision assay (NER). For
transcription (Tx), reactions were allowed to proceed as described, and following washes at different times points as indicated, the magnetic beads were incu-
bated in a reconstituted transcription assay containing an adenovirus major late promoter (AdMLP) template and the RNA pol Il, TFIIA, TFIIB, TBP, TFIIE, TFIIF
transcription factors (Gerard et al., 1991). mRNA products (309 nt) are visualized by the incorporation of radioactive nucleotides. In lane 6, 10 ng of recombinant
CAK was added to the reaction. Signals for WB or NER and Tx were quantified and spotted on graphs. For WB, XPB was used as reference.

(B) XP-A cell extract (XP12ROSV) was used as in panel (A) with ATP and 50 ng of recombinant XPA-WT protein when indicated. After washes, aliquots were
analyzed by western blotting.
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Molecular Cell

Dissociation of TFIIH following Genotoxic Stress

A B

XPA(WT) + + + - -
XPA(1-228) - +

TFIIH T
: Time 2 5 10 2 5

-7

228

1 XPA(WT)
1 XPA(1-228)

wWB

<XPA(WT)

—
W PA(1-228)

— —

Coomassie

+
10 (min)

S s e e S <XPB

Figure 4. Release of the CAK Initiates DNA Repair

(A) Upper panel: Schematic representation of XPA-WT and XPA
(1-228). The dark gray box indicates the TFIIH interacting domain.
Lower panel: Coomassie staining of XPA-WT and XPA(1-228).
(B) XP-A cell extract was incubated as in Figure 3A, in the pres-
ence of ATP and 50 ng of recombinant XPA-WT or (1-228) poly-
peptides when indicated. After washes, aliquots were analyzed
by western blotting (WB).

(C) Left panel: Purified recombinant TFIIH complexes were ex-
pressed in baculovirus infected cells with (rlIH10) or without
(rlIH7) the CAK subcomplex and purified as described (Tirode
et al., 1999). Complexes were resolved by SDS-PAGE and west-
ern blotted with TFIIH antibodies. rlIH7 (lanes 1-3) and rlIH10
(4-6) were added in a dual-incision assay containing XPC, RPA,
XPG, and XPF, in the presence of either XPA-WT (lanes 2, 5,
and 7) or XPA(1-228; lanes 3, 6, and 8).
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~70% of the TFIIH complexes are missing the CAK and are
involved in repair. That the remodeling of the complex is temper-
ature dependent indicates that it is elicited by a cellular response
to UV damage and not by a crosslinking effect of UV or by dam-
aging the TFIIH complex itself. In addition, the synchronization
between the release of the CAK from the core TFIIH and the ar-
rival of the NER factors suggests that the change in TFIIH subunit
composition is due to its participation in the removal of 6-4PP le-
sions that are repaired in the first hours after UV, and not in the
removal of CPD lesions that takes place later (van Hoffen et al.,
1995). This theory is strengthened by our finding that the release
of CAK was impaired in XP-C cells in which TFIIH is not recruited
to the damaged DNA (Volker et al., 2001). That the CAK is re-
leased and NER factors accumulate with the core TFIIH in CS-B
but not in XP-C cells strongly suggests that the modifications we
observed take place during GGR. In accordance with these find-
ings, the release of the CAK was observed when cells were
treated with actinomycin D or H8, two inhibitors of transcription
(data not shown). It suggests that under our experimental condi-
tion, the TCR of UV-induced lesions attracts insufficient numbers
of NER proteins to allow visualization of the incision complexes
in XP-C cells, but it does not rule out the possibility that the
CAK is detached from the core TFIIH during TCR. The reproduc-
ibility of our findings with the siRNA or XP cell lines validates the

ChIP/western technology and its use in analyzing the
composition of TFIIH after a cellular perturbation.
From a mechanistic standpoint, we assume that
the CAK is detached from the core and not degraded
because proteasome inhibitors did not alter the dy-
namic composition of TFIIH upon irradiation in vivo.
Moreover, the disappearance of CAK from the core
TFIIH engaged in NER was reconstituted in vitro, in
a system that does not support active protein degra-
dation. Unexpectedly, we observed that the NER fac-
tors are already present in the chromatin of untreated
cells and are sequentially reallocated to the site of
damage after irradiation to form intermediate repair
complexes during the NER reaction (Figure 7). Notably, ChIP as-
says have shown several protein complexes containing TFIIH at
different time points after UV. Before treatment, we observed
a complex with TFIIH alone (or presumably present in heteroge-
neous transcription preinitiation complexes). Then, just after irra-
diation, a complex containing TFIIH and XPC was detected.
Thirty minutes after irradiation, a complex containing only the
core TFIIH in addition to XPA, RPA, XPF, and probably XPG
was found on the chromatin. Finally, 8 hr after irradiation, when
most of the 6-4PP lesions are removed, Ab-XPB captures a TFIIH
complex that contains the CAK but that lacks all the NER factors.
In a broader perspective, the findings presented here fully sup-
port the scenario of a sequential assembly of the repair factors
to the damaged DNA, guided at each step by numerous pro-
tein-protein interactions (Riedl et al., 2003). However, contradic-
tory findings remain about which factor initiates the subsequent
recruitment of all NER proteins to the preincision complex, as
both protein complexes of XPC-hHR23B and XPA-RPA have
been proposed to play a key role in the first step of DNA damage
recognition (Kesseler et al., 2007). Our ChIP experiments show
that UV irradiation initiates the formation of a XPC/TFIIH complex
in the chromatin in the absence of XPA, whereas a TFIIH/XPA
complex is not detected without XPC. These findings suggest
that XPC initiates the assembly of the preincision complex,

<34 nt

<26 nt

(C) Recombinant XPC and TFIIH were incubated 15 min at 4°C with damaged DNA coupled to magnetic beads. After washes, highly purified recombinant NER
factors were added to the reaction mixture as indicated in the presence of ATP, and the reactions were allowed to proceed for 2 min or 10 min at 30°C. After

a second wash, aliquots were analyzed by western blotting.
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Figure 5. NER Takes Place without CAK Backup In Vivo

(A) siCdk7-treated WT cells prelabeled with small blue fluorescent latex beads, siCt-treated WT cells prelabeled with large green fluorescent latex beads, and
untransfected WT cells (no beads) were plated on the same slide and analyzed by confocal microscopy using Ab-XPB (Aa and Ad), Ab-Cdk7 (Ab), or Ab-Cyclin

H antibodies (Ae).

(B) WT cells were transfected either with a pool of siRNA oligonucleotides against Cdk7 (siCdk7) or with control siRNA (siCt). TFIIH from 200 pg of total extracts
was immunoprecipitated with Ab-XPB and resolved by SDS-PAGE followed by western blotting. HC indicates heavy chain of the Ab.

(C) Blue fluorescent-labeled WT cells were transfected with siCdk7, and WT with no beads were transfected with siCt. Twenty-four hours later, these cells were
plated on the same slide with green fluorescent-labeled XP-A cells. Forty-eight hours posttransfection, cells were irradiated with 10 J/m?, and repair was mea-
sured after 4 hr of recovery by confocal microscopy using Ab-(6-4)PP (directed against the 6-4PP lesions; Ca and Cd) and Ab-Cdk7 (Cb and Ce).

(D) Immuno-dot blot experiments were carried out using Ab-(6-4)PP antibody with 500 ng of genomic DNA samples of siCdk?7, siCt, or XP-A cells irradiated at
10 J/m?. Post-UV recovery time is indicated. Lane 1 contains 500 ng of nonirradiated genomic DNA.

thereby supporting the conclusion that this protein is the earliest
known NER factor to join the lesion.

Recruitment of XPA: A Checkpoint in NER

The question remains as to how and when the CAK is released
from the core TFIIH. ChIP assays and the in vitro reconstituted
incision system provide evidence that the detachment of the
CAK from the core TFIIH is catalyzed by XPA, in the presence
of ATP. This statement is based on the observations that muta-
tions in either XPC or TFIIH, two repair factors that are recruited
to the damaged DNA before XPA (Volker et al., 2001; Riedl

16 Molecular Cell 37, 9-20, July 11, 2008 ©2008 Elsevier Inc.

et al., 2003), hinder the CAK release. The release of the CAK
in an XP-A cell that does not express the XPA protein was
barely observable. In contrast, the release of the CAK occurred
in cell lines mutated in either XPG or XPF, two proteins that are
recruited after XPA. Additionally, the detachment of the CAK
from the core TFIIH was hardly detectable in a reconstituted
in vitro system containing XPC, TFIIH, and a damaged DNA un-
less XPA and ATP were added to the reaction. In vitro studies
have further revealed that the C-terminal region of XPA that in-
teracts with TFIIH (Park et al., 1995) is required for the release
of the CAK. The consequence of the detachment of the CAK
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Table 1. Impaired UV-Dependent Transactivation of p21, Mdm2,
and ATF3 Genes in siCdk7-Treated Cells

Gene siCt siCdk7

p21 16.65 £ 1.0 5.61+0.5
Mdm2 8.02 £ 0.5 2.30 £ 0.6
ATF3 22.29 + 3.6 3.33+1.0

RT-PCR analysis was performed 12 hr after UV irradiation (30 J/m?) of
siCt- or siCdk7-treated cells. The findings are expressed as fold induction
(mRNA UV[+]/mRNA UV[-]) and are the mean of three independent ex-
periments. Mdm2, murine double minute2; ATF3, activating transcription
factor 3.

from the core TFIIH is the initiation of the incision/excision step
of NER. The C-terminal truncated XPA, which was almost inac-
tive in the presence of a whole TFIIH, catalyzed dual incision in
the presence of a TFIIH lacking CAK. We thus propose that the
accurate recruitment of XPA constitutes a major checkpoint in
NER that will accelerate, in the appropriate situation, the re-
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moval of the damaged DNA by separating the CAK from the
core TFIIH. This pinpoints one of the key roles of XPA, a scaffold
protein that has no enzymatic activity on its own but is never-
theless indispensable for DNA incision.

How can the CAK be an obstacle to DNA repair? Strikingly,
CAK was shown to negatively regulate the XPD DNA unwind-
ing activity (Sandrock and Egly, 2001). It has also been estab-
lished that the recruitment of XPA to the XPC/TFIIH intermedi-
ate preincision complex led to a full opening of the damaged
DNA (Tapias et al., 2004; Andressoo et al., 2006). These obser-
vations suggest that the detachment of the CAK from the core
may stimulate TFIIH helicase/ATPase activities, thereby accel-
erating the enlargement and the stabilization of the DNA-
opened structure. Supporting this model, XPA has been shown
to stimulate the ATPase activity of TFIIH specifically in the
presence of damaged DNA (Winkler et al., 2001). Alternatively,
it has been shown that CAK can negatively regulate NER by
phosphorylation of one or more components of the reaction
(Araujo et al., 2000). Even if the target(s) of Cdk7 in NER is
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Figure 6. Return of the CAK in the TFIIH Complex
ChIP over the time of repair: ChIP with Ab-XPB was performed on (A) wild-type, (B) CS-B, (C) XP-G, and (D) XP-F cells incubated for different times after UV
(20 J/m?) as indicated. RNA synthesis recovery was also measured in each cell line. After prelabeling with ['“CJthymidine (0.02 pCi/ml) for 2 days, nonirradiated
or UV (20 J/m?)-irradiated cells were pulse labeled for 30 min with [3H] uridine at different time points after irradiation, and radioactivity was determined. The
findings represent the relative RNA synthesis measured at different time points after UV compared with nonirradiated cells. The WB signals for XPF, XPB,
p62, cyclH, Cdk7, and XPA were quantified using Genetool (Syngene) and plotted on the graphs. For each single lane, XPB was used as reference. Mean value
and standard deviation of three independent experiments are shown.
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not known, the release of the CAK from the core TFIIH is a pos-
sible mechanism to eliminate the kinase from the preincision
complex, thereby separating physically the enzyme and its
substrate.

TFIIH: Two Sides of the Same Coin

Finally, our study reconciles several divergent observations ob-
tained on the composition of TFIIH from studies in yeast and
human models. In yeast extracts, two TFlIH-containing com-
plexes with different principal tasks were characterized; the
first form contains the core TFIIH and TFIIK (the homolog of
CAK) and works mainly in transcription, whereas the second
one contains only the core and is specifically involved in NER
(Svejstrup et al., 1995). However, total extracts from human
cells do not contain any free core TFIIH (unpublished data;
Araujo et al., 2001). In light of our findings, an intriguing picture
emerges that differentiates the yeast and human TFIIH com-
plexes; in human, the free core TFIIH is transient and exists
only during the short period of DNA repair. This repair-specific
core TFIIH disappears when lesions are removed and tran-
scription is ready to resume. We observed that the departure
of the repair factors and the return of the CAK to the TFIIH
complex are concomitant with the recovery of transcription in
WT cells. It cannot be ruled out that the difference between
yeast and human also indicates that yeast repair factors have
a stronger intrinsic affinity for each other and for the core TFIIH
than they do in man. In mammals, it remains to be established
whether it is a free CAK that comes back to a core TFIIH for-
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Figure 7. Model for the Assembly of the Human
NER Incision Complex on the Chromatin
Schematic representation depicting the changes in the
composition of TFIIH after a genotoxic attack. The tran-
scription factor TFIIH (the core in red and the CAK in
blue) is probably included in preinitiation complexes (PIC)
containing either RNA pol | or Il. Following irradiation and
the formation of a lesion in the DNA (red star), the NER fac-
tors reallocate to the site of damage in sequential order.
XPC and a whole TFIIH are recruited to the lesion, and
a preopening of the damaged DNA is initiated. The arrival
of XPA drives the release of the CAK within 15 min after
the irradiation and promotes a full opening of the DNA
around the damage to favor the binding of XPG and XPF.
Following removal of the damage, a whole TFIIH is found
in the chromatin, but whether it is a free CAK that reasso-
ciates with a core TFIIH formerly involved in NER, or a new
whole TFIIH complex that is recruited to the chromatin, re-
mains to be established. In our experimental conditions,
the process of dissociation/reassociation of CAK to TFIIH
takes 8 hr.

Y

merly involved in NER, or if it is a new TFIIH
complex that is recruited to the chromatin
(Figure 7). Mutations in NER proteins cause an
accumulation of intermediate repair complexes
that can persist for several hours on the chro-
matin. Whether the persistence of these inter-
mediate “poised” complexes are responsible
for some of the phenotypes displayed by patients merits further
investigation.

EXPERIMENTAL PROCEDURES

Chromatin Immunoprecipitation

Chromatin was prepared as described in Fousteri et al. (2006). The chromatin
suspension was sonicated onice (3 x 15 min) on buffer S (10 mM Tris-HCI [pH
8.0], 140 mM NaCl, 1% Triton X-100, 0.1% Na-deoxycholate, 0.1% SDS) using
a Diagenode (Liége, Belgium) Bioruptor (power setting 5) in 10 s pulse followed
by 20 s of cooling. Samples were spun down (13,200 rpm, 15 min), and the
supernatant that contained the crosslinked chromatin was stored at —80°C.

In each assay, 400 pg of protein from crosslinked chromatin was immuno-
precipitated with 1 pg of antibody in buffer S, 2 hr at 4°C. The immunocom-
plexes were collected by adsorption to protein G Sepharose beads (Upstate;
Billerica, MA) overnight at 4°C. The beads were next washed three times with
5 vol of buffer S and resuspended in 1x Laemli SDS buffer. Samples were
incubated at 95°C for 90 min for decrosslinking prior electrophoresis.

In re-ChlP assay, 1.2 mg of protein from crosslinked chromatin extracted
was immunoprecipitated with 6 pg of specific antibody as described, and frac-
tions were eluted with 10 mM dithiothreitol at 37°C for 30 min. After centrifuga-
tion, the supernatant was diluted 10 times with buffer S and subjected to
another round of immunoprecipitation.

RNA Interference

A pool of four RNA oligonucleotides (Dharmacon; Waltham, MA) forming a
19-base duplex core, specifically designed to target Cdk7 or XPA mRNA,
was transfected in cells at the concentration of 50 nM. A pool of RNA oligonu-
cleotides, without any target mRNA, was used as control. RNA transfection
was performed by using Lipofectamine 2000 reagent (Invitrogen; Carlsbad,
CA) according to the manufacturer’s instructions. Specific target reduction
was analyzed 48 hr posttransfection by western blotting.
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Protein Binding Studies on Immobilized DNA

Dynabeads M-280 Streptavidin (Dynal; Carlsbad, CA) coupled to DNA were in-
cubated in blocking buffer (10 mM HEPES, 100 mM glutamate, 10 mM
MgOAc, 5 mM EGTA, 3.5% glycerol, 60 mg/ml casein, 5 mg/ml PVP, and
2.5 mM DTT), 15 min at room temperature to limit unspecific binding of pro-
teins (Ranish et al., 2004). Immobilized DNA was then incubated in incision
buffer (50 mM HEPES-OH [pH 7.6], 20 mM Tris-HCI [pH 7.6], 50 mM KClI,
2.5 mM MgCl2, 0.5 mM DTT, 0.5 mM EDTA, 10% glycerol) with recombinant
XPC-hHR23B and Hela purified or recombinant TFIIH at 4°C, 15 min. Upon in-
cubation, beads were collected on a magnetic particle concentrator (Dynal
MPC) and supernatants removed. Beads were then washed five times in
4 vol of cold incision buffer and resuspended in the same buffer with XPA,
RPA, XPG, and ERCC1-XPF with 2 mM ATP as indicated. Following incubation
at different times, beads were washed five times in 4 vol of cold incision buffer
and resuspended in 1x Laemli SDS buffer for electrophoresis.

Determination of RNA Synthesis after UV Irradiation

Cells in exponential phase were grown in the presence of [*C]thymidine
(0.02mGCi/ml) for 2 days to uniformly label the DNA. The UV-irradiated cells
(10 J/m?) were pulse labeled with 5 uCi/ml of [*H]uridine for 30 min at different
times. The cells were collected and washed once with ice-cold PBS and lysed
in buffer containing 0.5% SDS and 100 nug/ml proteinase K for 2 hr at 37°C.
After trichloroacetic acid precipitation (10% TCA), the samples were spotted
onto glass fiber discs (Whatman; Maidstone, Kent, UK); the filters were next
sequentially washed in 5% TCA, 70% ethanol/acetone, and counted for their
radioactivity. The 3H/'“C ratio was taken as a measure of RNA synthesis.

Dual Incision and Transcription Assays
Dual incision and transcription assays were carried out as described (Coin
et al., 2006).

Protein Purification

Recombinant TFIIH complexes were purified as described (Tirode et al., 1999).
XPA-WT and (1-228) were expressed in E. coli and purified using a N-terminal
GST tag.

Reverse Transcription and Real-Time Quantitative PCR

cDNA synthesis was performed by using random hexanucleotides and AMV
reverse transcriptase (Sigma; St. Louis, MO). Real-time quantitative PCR
was done with the FastStart DNA Master SYBR Green kit and the Lightcycler
apparatus (Roche Diagnostic; Basel, Switzerland). Primer sequences are
available upon request.

Antibodies

Primary antibodies used in ChIP were rabbit IgG polyclonal anti-XPB (S-19),
rabbit 1gG polyclonal anti-XPA (FL-273, Santa Cruz Biotechnology; Santa
Cruz, CA), and rabbit IgG polyclonal anti-XPC (Ried! et al., 2003). Primary an-
tibodies (the final dilutions are indicated in parentheses) used in fluorescent
labeling were mouse IgG monoclonal anti-6-4 (64M2; 1:2000) (MBL Interna-
tional Corp.) and mouse IgG monoclonal anti-Cdk7 (2F8) (Coin et al., 2006).
Secondary antibodies used in this study were Alexa 488 anti-mouse IgG and
Cy3-conjugated goat anti-rabbit IgG.

SUPPLEMENTAL DATA

Supplemental Data include two figures and are available at http://www.
molecule.org/cgi/content/full/31/1/9/DC1/.
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Molecular insights into the recruitment of TFIIH

to sites of DNA damage
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XPB and XPD subunits of TFIIH are central genome care-
takers involved in nucleotide excision repair (NER),
although their respective role within this DNA repair
pathway remains difficult to delineate. To obtain insight
into the function of XPB and XPD, we studied cell lines
expressing XPB or XPD ATPase-deficient complexes. We
show the involvement of XPB, but not XPD, in the accu-
mulation of TFIIH to sites of DNA damage. Recruitment of
TFIIH occurs independently of the helicase activity of XPB,
but requires two recently identified motifs, a R-E-D residue
loop and a Thumb-like domain. Furthermore, we show
that these motifs are specifically involved in the DNA-
induced stimulation of the ATPase activity of XPB.
Together, our data demonstrate that the recruitment of
TFIIH to sites of damage is an active process, under the
control of the ATPase motifs of XPB and suggest that this
subunit functions as an ATP-driven hook to stabilize the
binding of the TFIIH to damaged DNA.
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Introduction

DNA and RNA helicases are a ubiquitous, yet diverse, group
of enzymes present in viruses, prokaryotes and eukaryotes
(Delagoutte and von Hippel, 2003). They convert chemical
energy of nucleoside triphosphate hydrolysis to the mechan-
ical energy necessary to transiently separate the strands of
duplex nucleic acids (Tuteja and Tuteja, 2004). By this mean,
they provide the single-stranded DNA or RNA intermediates
necessary for replication, transcription, recombination or
repair. Furthermore, it has been shown that helicases can
also effectively displace bound proteins from DNA or RNA
(von Hippel, 2004). There are several known human diseases
caused by defective helicases (Ellis, 1997). Among these
disorders, the cancer-prone Xeroderma pigmentosum (XP),
alone or in combination with the Cockayne syndrome (CS),
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and the Trichothiodystrophy (TTD) are noteworthy as they
entail mutations in the XPB and XPD superfamily 2 helicases.
Both of these helicases are part of the same TFIIH complex.
TFIIH is composed of a seven-subunit core (XPB, XPD, p62,
p52, p44, p34 and p8/TTD-A) associated with the CAK
subcomplex (Cdk?7, cyclin H, and MAT1) (Giglia-Mari et al,
2004; Ranish et al, 2004). TFIIH functions in both transcrip-
tion initiations of mRNA and rRNA (Iben et al, 2002), as well
as in nucleotide excision repair (NER) (Schaeffer et al, 1993).

XPB and XPD patients are photosensitive and display a
1000-fold increase in melanoma risk because of defects in the
NER function of TFIIH (Lehmann, 2003). NER removes a
broad spectrum of DNA lesions including UV-induced pyr-
imidine dimers and bulky, helix-distorting adducts caused by
toxic chemicals such as the anticancer drug cisplatin (Sancar,
1996). In mammalian cells, the proteins necessary for the
incision reaction include XPC-HR23b, TFIIH, XPA, RPA and
the nucleases XPG and ERCC1-XPF (Araujo et al, 2000). The
removal of lesions requires their recognition by the repair
factor XPC-HR23b and the subsequent opening of the DNA
duplex by TFIIH. The single-stranded structure is then stabi-
lized by XPA and RPA, and the margins of the resulting DNA
bubble are recognized by XPG and ERCCI1-XPF, thereby
generating 3’ and 5’ incisions relative to the damage, respec-
tively (O’Donnovan et al, 1994; Sijbers et al, 1996).

As XPB and XPD helicases are both integral parts of TFIIH,
their individual molecular roles in NER remain difficult to
delineate. As XPB and XPD are helicases with opposite
polarities, it was originally suggested that they could coop-
erate to open DNA on the 5 and 3’ sides of a lesion,
respectively (Schaeffer et al, 1994). Indeed, mutation of the
ATPase activity of either XPB or XPD results in the inability to
remove DNA lesions (Sung et al, 1988; Guzder et al, 1994).
Refining these proposals, recent data bring into question the
direct role of the helicase activity of XPB in NER and
transcription, and suggest that only the ATPase activity is
required (Lin et al, 2005; Coin et al, 2007; Richards et al,
2008). Supporting the prime role of the ATPase activity of
XPB in TFIIH functions, we recently showed that this activity
was regulated by the p52 subunit of TFIIH (Coin et al, 2007)
and by the damage recognition factor XPC (Bernardes de
Jesus et al, 2008). Contrary to XPB, the helicase activity of
XPD, which is regulated by the p44 subunit of TFIIH (Coin
et al, 1998), is required for efficient opening of the DNA
around the damage, but is dispensable for transcription
(Tirode et al, 1999; Coin et al, 2007).

To further our understanding of the mechanistic details of
XPB and XPD function, we analysed the behaviour of ATPase-
deficient TFIIH complexes in vivo. We found that a TFIIH
complex deficient in the ATPase of XPB was not recruited to
sites of DNA damage, whereas a complex deficient in the
ATPase of XPD did. More surprisingly, we discovered that the
recruitment of TFIIH to these sites does not require the
helicase activity of XPB but depends on two motifs, a R-E-D
residue loop and a positively charged flexible Thumb (ThM)
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motif that were identified in a homologue of XPB from the
thermophilic organism Archaeoglobus fulgidus (Fan et al,
2006). We analysed the molecular details of R-E-D and ThM
impact on XPB activities and found that they were required to
stimulate ATP hydrolysis in the presence of DNA. We propose
a mechanism in which XPB functions as an ATP-dependent
hook that uses the ATPase, R-E-D and ThM motifs to anchor
TFIIH to the sites of DNA damage during DNA repair.

Results

The ATPase activity of XPB anchors TFIIH to the sites
of DNA damage in vivo

To functionally discriminate between the ATPase activities of
XPB and XPD, we produced recombinant TFIIH/XPD(K48R)
and TFIIH/XPB(K346R) in baculovirus-infected cells (Tirode
et al, 1999) and tested them in DNA repair and transcription
assays. These complexes are mutated in the ATPase Walker A
motif of XPD and XPB, respectively. When incubated in the
presence of recombinant TBP, TFIIA, TFIIB, TFIIE and TFIIF
transcription factors in addition to purified RNA polymerase
II and a linearized DNA template containing the adenovirus
major late promoter (Tirode et al, 1999), TFIIH/XPD(K48R)
supported transcription, contrary to TFIIH/XPB(K346R),
which was totally inactive (Figure 1A, upper panel). To test
the repair capacity of the different TFIIH complexes, we used
a reconstituted dual incision assay composed of the recombi-
nant XPC-HR23b, XPA, RPA, XPG, ERCC1-XPF factors and a
closed-circular plasmid (Pt-DNA) containing a single 1,3-
intra-strand d(GpTpG) cisplatin-DNA crosslink as a template
(Araujo et al, 2000). None of the mutated complexes was able
to excise the damaged oligonucleotide (Figure 1A, lower
panel). In a permanganate footprinting assay that measures
the opening of the DNA around the lesion (Tapias et al, 2004),
addition of TFIIH(WT) induced an increased sensitivity of
nucleotides at positions T+5, T+6, T-4, T-5, and, to a
lesser extent, T-7 and T-10 (Figure 1B, lane 2), indicative of
DNA opening. In contrast, neither TFIIH/XPB(K346R) nor
TFIIH/XPD(K48R) were able to open damaged DNA (com-
pare lanes 3-4 with lane 2).

To analyse the behaviour of ATP-deficient TFIIH complexes
in vivo, we used a stably transfected Chinese hamster ovary
(CHO)-UVS cell line expressing an HA-tagged version of
the human XPD(K48R) protein (Winkler et al, 2000). Using
the CHO-27-1 cells mutated in the hamster homologue
of XPB (Ma et al, 1994), we also generated a stably trans-
fected cell line expressing a C-terminally GFP-tagged version
of the human XPB WT or K346R protein. The functionality
of an XPB-GFP fusion construct was established earlier
(Hoogstraten et al, 2002). We used immunofluorescent label-
ling after local UV irradiation of stably transfected cells
(Volker et al, 2001) to assess the nuclear distribution pattern
of XPB and XPD. Immunostaining with antibodies against
cyclobutane pyrimidine dimers (CPDs) showed that UV
damages were located in discrete local spots in the nucleus
(Figure 1C, panels a, e, i, m). Both, human wild-type XPB and
XPD proteins colocalized with CPD spots, indicating that
TFIIH was efficiently recruited to the damaged sites in these
cells (panels a-d and i-1). Surprisingly, although signals of
XPD(K48R) colocalized with CPD spots in CHO-UVS cells
(panels m-p), signals of XPB(K346R) showed an homoge-
nous distribution pattern through the nucleus (panels e-h),
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indicating that TFIIH/XPB(K346R) complex was not recruited
to the damaged sites (Figure 1D). These data suggest that the
accumulation of TFIIH to sites of DNA damage takes place in
the absence of an active XPD protein but requires functional
XPB.

New motifs in XPB required for the activity of TFIIH

in NER

By introducing mutations in some of the seven canonical
helicase motifs of XPB, we demonstrated recently that its
helicase activity was not required for TFIIH repair function
(Coin et al, 2007). Recently, three additional motifs were
identified in a homologue of XPB from the thermophilic
organism Archaeoglobus fulgidus (Fan et al, 2006). To deter-
mine whether these newly identified motifs have a function
in the activities of the human TFIIH complex in transcription
and repair, we designed four mutants (E253A, E253A/R283A,
E473A and A516-526) depicted in Figure 2. We introduced an
E253A substitution located at the end of the first f-strand that
was combined, when indicated, with an R283A mutation
located at the beginning of the a-helix of a putative damage
recognition domain (DRD). We also designed an E473A
substitution in the R-E-D residue loop to change the
local negative charge of the motif, and we deleted the
positively charged ThM domain from amino acid 516 to 526
(AS516-526) (Figure 2).

To investigate the importance of the DRD, R-E-D and ThM
motifs of XPB in the repair function of TFIIH, we first
performed a host-cell reactivation assay (Carreau et al,
1995). AUV damaged reporter construct, carrying a luciferase
gene (pLuc) was transiently transfected into CHO-27-1 cells,
together with vectors coding for B-galactosidase and for
human XPB proteins. Transfection of either XPB(E253A) or
XPB(E253A/R283A) restored luciferase expression that
reached the level observed with XPB(WT) (Figure 3A, lanes
1-5). In marked contrast, XPB(E473A) and XPB(A516-526)
were not able to restore luciferase expression (lanes 7-8), a
defect also observed with XPB(K346R) (lane 6). The various
XPB were expressed at a similar level with the exception of
XPB(A516-526) whose expression was slightly reduced com-
pared with the wild type (Figure 3A).

Next, we carried out a UV-survival assay and for that
purpose we established CHO-27-1 cells stably expressing
the new XPB-GFP mutant proteins. Immunoprecipitations
using a rabbit polyclonal antibody, recognizing the hamster
homologue of the core TFIIH subunit p62, demonstrated that
the various XPB were efficiently incorporated into the ham-
ster TFIIH complex (Figure 3B). The stably transfected
CHO-27-1 cells were UV irradiated at different doses (3, 6
and 9J/m?) and their survival was measured. Expression of
XPB(WT), XPB(E253A) and XPB(E253A/R283A) induced a
substantial rescue of the UV survival of the CHO-27-1 cells
compared with nontransfected control (Figure 3C). On the
other hand, the UV-survival curve of XPB(E473A) and
XPB(A516-526) transfected cells fell into the range of both
the nontransfected parental CHO-27-1 cells and those trans-
fected with the NER-deficient XPB(K346R) control. These
data indicate that the R-E-D and ThM domains of XPB are
crucial for the repair activity of TFIIH, while the putative DRD
is dispensable.

©2009 European Molecular Biology Organization
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Figure 1 The ATPase activity of XPB is required to anchor TFIIH to damaged chromatin. (A) A measure of 25, 50 and 100 ng of TFIIH(WT),
TFIIH/XPD(K48R) or TFIIH/XPB(K346R) was tested either in a reconstituted transcription assay (Tx, upper panel) or in a dual incision assay
(NER, lower panel) as described (Coin et al, 2004). The sizes of the incision and transcription products are indicated. (B) TFIIH(WT), TFIIH/
XPD(K48R) or TFIIH/XPB(K346R) (100 ng) were incubated with a radio-labelled linear DNA fragment from the Pt-DNA plasmid and 40 ng of
XPC-HR23b, 25ng of XPA, 50ng of RPA and 150 ng of XPG in a KMnO, footprinting assay. Lane 1; Pt-DNA with BSA only. Residues are
numbered with the central thymine of the crosslinked GTG sequence designated TO. Arrows indicate KMnO, sensitive sites. Adducted strand
residues to the 3’ and 5 of TO are denoted by positive and negative integers (+ N, -N), respectively. (C) Stably transfected CHO-27-1 expressing
a GFP-tagged version of the human WT or K346R XPB proteins (upper panel) and stably transfected CHO-UVS5 cells expressing an HA-tagged
version of the human WT or K48R XPD proteins (bottom panel) (Winkler et al, 2000) were UV irradiated at 100J/m? through the 3 um pore
filter and fixed 30 min later. Immunofluorescent labelling was performed using a rabbit polyclonal anti-GFP (panels b and f), a rat monoclonal
anti-HA (panels j and n) or a mouse monoclonal anti-CPD (panels a, e, i, m). Nuclei were counterstained with DAPI (panels c, g, k, 0), and
slides were merged (panels d, h, 1, p). (D) Quantitative analysis of the recruitment of TFIIH to sites of DNA damage in transfected cells. Values
represent averages * s.d. (n =100 sites of DNA damage) from three independent experiments.

R-E-D and ThM motifs are needed for an optimal ATPase
activity of XPB
To decipher the molecular details of the repair defect gener-
ated by the E473A and A516-526 mutations, we produced
recombinant TFIIH complexes in baculovirus-infected
cells containing the corresponding mutated XPB subunits
(Tirode et al, 1999). Western blot analysis of the recombinant
TFIIH/XPB(E253A), XPB(E253A/R283A), XPB(E473A) and
XPB(A516-526) complexes revealed a similar subunit com-
position compared with the TFIIH(WT) complex (data not
shown). When tested in either a dual incision or in a
transcription assays, TFIIH/XPB(E253A) and XPB(E253A/
R283A) were as active as TFIIH(WT) in excising damaged
DNA (Figure 4A, upper panel, compare lanes 5-8 with lanes
3-4) or synthesizing RNA (lower panel). In contrast, TFIIH/
XPB(E473A) and XPB(A516-526) were inactive in repairing
damaged DNA and in synthesizing RNA (Figure 4A, compare
lanes 11-12 and 13-14 with lanes 3-4), similarly to TFIIH/
XPB(K346R) (lanes 9-10).

In a permanganate footprint assay, TFIIH/XPB(E473A) and
XPB(A516-526) were unable to open the damaged DNA
(Figure 4B, lanes 5-6), compared with TFIIH(WT) or

©2009 European Molecular Biology Organization

XPB(E253A/R283A) (lanes 2-3). Altogether, the above data
drew our attention to the critical role of both the R-E-D and
ThM motifs of XPB in damaged DNA opening.

R-E-D and ThM motifs are needed for the anchoring

of TFIIH to the sites of DNA damage

We next measured the recruitment of the TFIIH complexes
carrying mutations in the newly identified motifs to sites of
DNA damage in vivo. XPB(E253A/R283A) colocalized with
CPD spots (Figure 5, panels e-h), indicating that the corre-
sponding TFIIH complexes translocated to the sites of DNA
photolesions. XPB(E473A) and XPB(A516-526), however,
displayed a homogeneous distribution pattern through the
nucleus (panels i-1 and m-p), which parallels the pattern
observed in Figure 1C with XPB(K346R). This homogenous
distribution contrasted with the local accumulation to the
damaged sites of a TFIIH/XPB(T469A) complex (panels g-t)
containing a mutation that has been shown to impede the
helicase activity of XPB but not the NER function of TFIIH
(Coin et al, 2007). We conclude from these data that the R-E-D
and ThM motifs are required, together with the Walker A

The EMBO Journal 3
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Figure 2 XPB conserved sequences, motifs and structural architecture. (A) Upper panel shows the location of the human XPB structural
domains: the four classical helicase motifs (I, Ia, II and III) of the first helicase module (HD1) are indicated in blue. The three helicase motifs
(IV, V and VI) of the second helicase module (HD2) are indicated in green. The putative damage recognition (DRD), R-E-D and Thumb (ThM)
domains identified in an homologue of XPB from the thermophilic organism Archaeoglobus fulgidus (Fan et al, 2006) are indicated,
respectively, in light blue, red and purple. The mutations E253A, R283A, K346R, E473A and A516-526 are annotated. Lower panel shows
the sequence conservation of the DRD and R-E-D motifs between human (h) and Archaeoglobus fulgidus (Af) XPB proteins. The B-strands
(S1-4) and the a-helix (H1) are indicated. The conserved helicase motif III indicated by a blue square is located close to the R-E-D motif
indicated by a red opened square. The three hairpin loops potentially involved in DNA binding are indicated ([]1, []2, []3). Residues
mutated in this study are marked in red. (B) View of the ribbon representation of AfXPB. The HD1 is indicated in blue, HD2 in green.
The putative DRD, R-E-D and ThM domains are indicated in light blue, red and purple, respectively. The positions of the new mutations
are indicated.

motif, for the recruitment of the TFIIH complex to sites of identified motifs of XPB and its ATPase activity. To assess the
DNA damage. contributions of these motifs on the hydrolysis of ATP by

XPB, we performed ATPase assay. Our data show that the
R-E-D and ThM motifs stimulate the DNA-dependent TFIIH/XPB(E473A) and TFIIH/XPB(A516-526) displayed
TFIIH ATPase activity about 40% of residual ATPase activity compared with
Data above show common biochemical and biological defects TFIIH(WT) (Figure 6A, compare lanes 1-3 with 10-12 and
for TFIIH complexes mutated either in the ATPase, R-E-D or 13-15). TFIIH/XPB(E253A) or TFIIH/XPB(E253A/R283A) ex-
ThM motifs of XPB and suggest a link between the newly hibited the same activity as TFIIH(WT) (lanes 1-6 and data

4 The EMBO Journal ©2009 European Molecular Biology Organization
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Figure 3 Analysis of the function of the new motifs in NER in vivo. (A) CHO-27-1 cells were transfected with UV-irradiated pLuc plasmid
expressing the luciferase gene (lanes 2-8) in combination with vector expressing either XPB(WT) (lane 3), XPB(E253A) (lane 4), XPB(E253A/
R283A) (lane 5), XPB(K346R) (lane 6), XPB(E473A) (lane 7) or XPB(A516-526) (lane 8). The luciferase activity in cell lysates (48h
post-transfection), normalized with the internal p-galactosidase standard, assesses repair complementation. Results are expressed as relative
luciferase activity. Values represent averages + s.d. from three independent experiments. A measure of 50 ug of total extract were resolved by
SDS-PAGE and western blotted (WB) with a mouse anti-human XPB antibody (Coin et al, 2004). Note that XPB(A516-526) migrates slightly
lower than the others because of the deletion. (B) TFIIH from 100 pg of extracts prepared from untransfected CHO-27-1 (lane 1) or CHO-27-1
stably expressing XPB (lanes 2-6) was immunoprecipitated with a polyclonal antibody against the p62 subunit of TFIIH and resolved by SDS-
PAGE, followed by Western blotting with a mouse anti-human XPB and a mouse anti-p62 antibody. LC; light chain of the antibody.
(C) Quantitative UV-survival analysis of transfected CHO-27-1 cell lines. Results are expressed as a ratio between the cells that survived after
irradiation and the cells that survived without treatment. Values represent averages * s.d. from three independent experiments.

not shown). TFIIH/XPB(K346R) showed only 20% residual
ATPase activity (corresponding to that of XPD (Coin et al,
2006)), compared with TFIIH(WT) (compare lanes 1-3
with 7-9).

XPB and XPD are DNA-dependent ATPases (Roy et al,
1994). The ATPase activity of TFIIH(WT), low in the
absence of DNA, is stimulated by double-stranded DNA
(Figure 6B, compare lanes 1-2 with 7-8). In contrast,

©2009 European Molecular Biology Organization

TFIIH/XPB(E473A) showed almost no DNA-induced ATPase
stimulation (Figure 6B, compare lanes 5-6 with 11-12). More
importantly, in the absence of DNA, TFIIH/XPB(WT) and
XPB(E473A) displayed similar specific ATPase activities
(Figure 6B, compare lanes 1-2 and 5-6) that were slightly
higher than the TFIIH/XPB(K346R) activity (compare lanes
1-2, 5-6 and 3-4). Similar observations were obtained with
TFIIH/XPB(A516-526) (Supplementary data 1). Altogether,
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these data indicate that the R-E-D and ThM motifs do not
affect the basal intrinsic ATPase activity of XPB but are
required for the stimulation of this activity by DNA.

Discussion

To efficiently protect the genome, cells need to detect all types
of DNA structural alterations embedded in billions of normal
base pairs. The identification of the various proteins that
execute NER was done through extensive studies of human
cells deficient in this repair pathway (Maillard et al, 2007).
Both in vivo and in vitro experiments identified XPC as the
first factor that binds the damaged DNA (Sugasawa et al,
1998; Volker et al, 2001; Riedl et al, 2003). TFIIH is recruited
to the lesion immediately after XPC (Yokoi et al, 2000; Riedl
et al, 2003), presumably through direct protein-protein inter-
action (Bernardes de Jesus et al, 2008). The role of TFIIH is
devoted to the opening of the DNA around the damaged site,
but the individual function of its helicase subunits in this step
remains difficult to delineate.

Earlier studies from our laboratory have shown that muta-
tions in the helicase motifs III (T469A) or VI (Q638A), which
impaired the helicase activity of the XPB subunit, did not
inhibit the NER activity of TFIIH (Coin et al, 2007), thus
raising the question of the role of XPB in NER. Here, we
showed that TFIIH containing mutation in the motif III of XPB
is recruited to the DNA repair sites after UV irradiation.
However, a mutation in the helicase motif Ia, which abolishes
the ATPase activity of XPB, thwarts the accumulation of
TFIIH to these sites. This implies that the recruitment of
TFIIH to sites of damage is an active process that requires
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ATP hydrolysis. In contrast, the ATPase activity of XPD, the
second helicase of TFIIH, is not required to recruit TFIIH to
the damage sites, although it is needed for DNA repair.

In addition to the aforementioned ATPase motif, we found
that two additional motifs, the R-E-D and ThM motifs, are
implicated in the recruitment of TFIIH to sites of DNA
damage. These two domains, highly conserved in human
XPB, were identified in an homologue of XPB from the
thermophilic organism Archaeoglobus fulgidus and were sug-
gested to be involved in TFIIH functions (Fan et al, 2006).
Mutations in the R-E-D and ThM motifs mimicked the bio-
chemical and biological defects obtained with a mutation in
the ATPase motif. This suggests that the ATPase, R-E-D and
ThM motifs work together to ensure a correct recruitment of
TFIIH to the damaged sites before the opening and dual
incision steps take place during NER. How the R-E-D and
ThM motifs participate to the anchoring of TFIIH? The ThM
domain has not been found in other helicases, including XPD
(Bienstock et al, 2002; Fan et al, 2008; Liu et al, 2008; Wolski
et al, 2008), but a similar helical protrusion has been ob-
served in DNA polymerases (Doublie et al, 1998) and in
Sulfolobus solfataricus SWI2/SNF2 ATPase Rad54 (Durr et al,
2005), in which it is expected to grip double-stranded DNA
from the minor groove. The structure of XPB suggests that the
energy furnished by the ATP hydrolysis is used to induce a
flip of 170° of the HD2 domain after the binding of XPB to
DNA (Fan et al, 2006) (Figure 7). The R-E-D (present in HD1)
and the ThM (present in HD2) are then in close vicinity and
are used to stabilize TFIIH on the DNA by introducing a
wedge (the E473 residue) in the double-stranded DNA,
gripped by the ThM motif. To obtain experimental evidence
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Figure 5 Recruitment of TFIIH to local sites of DNA damage. (Left panel) CHO-27-1 cells were stably transfected with pEGFP plasmids
expressing various forms of GFP-tagged XPB proteins. These cells were irradiated with UV light (100J/m?) through the 3-um pore filter and
fixed 30min later. Immunofluorescent labelling was performed using either a mouse monoclonal anti-CPD (panels A, E, I, M, Q) or a
rabbit polyclonal anti-GFP (panels B, F, J, N, R). Nuclei were counterstained with DAPI (panels C, G, K, O, S), and slides were merged (panels
D, H, L, P, T). (Right panel) Quantitative analysis of the recruitment of TFIIH to sites of DNA damage in transfected cells. Values represent
averages t s.d. (n =100 sites of DNA damage) from three independent experiments.

for this model, we compared the ATPase activities of the WT
and mutated complexes with or without DNA. Indeed, like
most SF1 and SF2 members, DNA stimulates the ATPase
activity of TFIIH (Roy et al, 1994). In the presence of DNA,
mutations in the R-E-D and ThM motifs induces 60% inhibi-
tion of the ATPase activity compare with TFIIH(WT). In the
absence of DNA, the three ATPase activities are strictly
identical and are slightly higher than the ATPase activity of
the TFIIH complex mutated in the ATP-binding site of XPB.
These data further support the model of the conformation
change proposed above, as it demonstrates that R-E-D and
ThM are used to stabilize the binding of XPB to DNA.
Furthermore, the fact that these mutations inhibit both,
TFIIH transcription and repair activities, suggests a common
mode of recruitment of TFIIH to the promoters and to the
damage sites.

The recruitment of TFIIH through the action of the ATPase
activity of XPB may also induce a reorganization of the
protein-DNA complexes in transcription and repair that will
allow new protein-protein or protein-DNA contacts. Indeed,
using photocrosslink experiments, we have shown that
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addition of ATP in NER induced a re-positioning of XPC on
the damaged DNA, which dependent on TFIIH (Tapias et al,
2004). After the recruitment of TFIIH to the damaged DNA
through the energy furnished by the ATPase activity of XPB,
the DNA would be opened by XPD, which has a processive
and robust helicase activity stimulated by the p44 subunit of
the core TFIIH (Coin et al, 1998). Here, a mutation in the
ATPase activity of XPD still allowed TFIIH to bind the
damaged sites in vivo but was unable to open the DNA
around the lesion. Altogether, our data brings a new con-
ceptual view of the roles of XPB and XPD in NER by revealing
their different molecular functions within this genome
caretaking event.

Materials and methods

Cell lines

CHO-27-1 is a CHO mutant cell line belonging to the third rodent
complementation group (the hamster ERCC3 gene is the homologue
of the human XPB gene) (Hall et al, 2005). CHO-UVS belongs to the
second rodent complementation group (the hamster ERCC2 is the
homologue of the human XPD gene) (Winkler et al, 2000).

The EMBO Journal 7
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Figure 6 Mutations in the R-E-D motif impair DNA-dependant TFIIH ATPase activity. (A) 50, 100, and 150ng of TFIIH(WT), TFIIH/
XPB(E253A), XPB(K346R), XPB(E473A) or XPB(A516-526) were tested in an ATPase assay in the presence of 200 ng of double-strand circular
DNA (Coin et al, 2007). The average percentage + s.d. of phosphate released (Pi/(ATP + Pi)) from three independent experiments is represented
in the graph. (B) 50 and 150 ng of TFIIH(WT), TFIIH/XPB(K346R) or TFIIH/XPB(E473A) were tested in an ATPase assay without (lanes 1-6) or
with (lanes 7-12) 200ng of double-strand circular DNA. The average percentage +s.d. of phosphate released (Pi/(ATP + Pi)) from three

independent experiments is represented in the graph.

Construction of the plasmids

Baculovirus allowing the expression of mutated XPB were
constructed in the FLAG tag pSK278 vector (BD Biosciences). XPB
was inserted at the BamHI/EcoRlI site, in fusion with the FLAG tag at
its 5’ side. The mutants were obtained by site-directed mutagenesis
(Quickchange, Stratagene). The resulting vectors were recombined
with baculovirus DNA (BaculoGold DNA, PharMingen) in Spodop-
tera frugiperda 9 (Sf9) cells. In vivo experiments were carried out
with the pEGFP-N1 plasmid (Clontech) containing the XPB cDNA
inserted in frame with the green fluorescent protein tag (Hoogstra-
ten et al, 2002).

Stable cell lines

CHO-27-1 cells (10°) were transfected with 2 ug of pEGFP-N1/XPB
plasmid in 10cm Petri dishes using lipofectamine (Invitrogen).
Forty hours after transfection, the fluorescent cells were sorted on
the FACS DIVa (BD; Becton, Dickinson and Company). The
cells with the highest level of fluorescence (about 5% of total cells)
were maintained in the selective medium with G418 (Geniticin,
800 pg/ml), expanded and analysed for XPB expression.

Damaged DNA substrates

Covalently closed circular Pt-DNA containing a single 1,3-intra-
strand d(GpTpG) cisplatin-DNA crosslink was prepared as de-
scribed (Frit et al, 2002).

Dual incision assay

Dual incision assay was carried out in 25 pl of Repair buffer (45 mM
Hepes-KOH (pH 7.8), 5mM MgCI2, 1 mM DTT, 0.3 mM EDTA, 10%
glycerol, 2.5pug BSA, 50mM KCl) supplemented with 2mM ATP.
Each reaction contained 5 ng of XPG, 15ng of XPF/ERCC1, 10 ng of
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XPC-HR23b, 50ng of RPA and 25ng of XPA. After pre-incubation
10min at 30°C, 30ng of Pt-DNA was added and reaction was
continued for 90 min at 30°C. The excised fragment was detected on
a 14% urea-acrylamide after annealing with 9ng of the comple-
mentary oligonucleotide and addition of four radiolabelled dCMPa-
P32 (3000 uCi/mmol) residues by Sequenase V2.1 (USB).

KMnO, footprint assay

The damaged strand probe was obtained on Agel/Asel digestion of
the Pt-DNA and radiolabelling at the 3’end in a Klenow reaction, the
Pt adduct is located at 156 bp from the labelled end. The resulting
fragment was purified by the ‘crush and soak’ method after
migration in a 5% nondenaturating PAGE. Reactions (75ul) were
carried out in 20 ul of Repair buffer (4+2mM ATP) containing the
labelled cisplatinated probe (40fmol) and 40ng of XPC-HR23b,
25ng of XPA, 50ng of RPA and 150 ng of XPG. After incubation at
30°C for 15min, 3 ul of 120mM KMnO, was added, and oxidation
was allowed to proceed for 3min at room temperature before
reduction by adding 6 pl of 14.6 M B-mercaptoethanol for 5min on
ice. After organic extraction and ethanol precipitation, dried pellets
were resuspended in 100 pl of a solution containing 1 M piperidine,
1mM EDTA and 1mM EGTA and incubated at 90°C for 25min.
Samples were next ethanol precipitated, and final pellets were
recovered in 10 pl of loading buffer and analysed in 8% urea PAGE.

ATPase assay

Protein fractions were incubated for 2 h at 30°C in the presence of
1uCi [y-32P]ATP (7000 Ci/mmol, ICN Pharmaceuticals) in a 20 ul
reaction volume in 20mM Tris-HCI pH 7.9, 4mM MgCl,, 1 mM
DTT, 50 pg/ml BSA and when indicated 200ng of double-strand
DNA (pcDNA3 +). Reactions were stopped by addition of EDTA
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Figure 7 Proposed structure-based mechanism for binding of XPB to DNA. In this model, adapted from Fan et al (2006), XPB is in an opened
conformation in the absence of DNA. When XPB binds to DNA, the rotation (170°) of the second helicase domain (HD2) together with the ThM
domain, facilitated by HD1-mediated ATP hydrolysis, forms the closed and stable XPB-DNA complex.

(50mM) and SDS (1% (w/w)). The reactions were then diluted
five-fold, spotted onto polyethylenimine (PEI) TLC plates (Merck),
run in 0.5M LiCl/1 M formic acid and autoradiographed.

Local UV irradiation and immunofluorescence

The cells were rinsed with PBS and covered with an isopore
polycarbonate filter with pores of 3pm diameter (Millipore,
Badford, MA). Cells were then exposed to UV irradiation with a
Philips TUV lamp (predominantly 254nm) at a dose of 100J/m?
(Volker et al, 2001). Subsequently, the filter was removed, the
medium was added back to the cells, and they were returned to
culture conditions for 30min. Then, cells were fixed in 2%
formaldehyde for 15min at room temperature and permeabilized
with PBS/0.5% Triton X-100 for 5min. After washing with PBS-
Tween (0.05%), the slides were incubated for 1 h with the indicated
antibodies. After extensive washing with PBS-Tween, they were
incubated for 1 h with Cy3-conjugated donkey anti-rabbit IgG, goat
anti-mouse Alexa 488 IgG or goat anti-rat Alexa 488 IgG (Jackson
Laboratories) diluted 1:400 in PBS-Tween/0.5% Foetal Calf Serum.
The slides were counterstained for DNA with DAPI prepared in
Vectashield mounting medium (Vector lab). All images were
collected using a Leica Confocal TCS 4D microscope equipped with
both UV laser and an Argon/Kripton laser, and standard filters to
allow collection of the data at 488 and 568 nm. The software TCSTK
was used for three-colour reconstructions, and figures were
generated using the PLCHTK software.

Host-cell reactivation assay

The pGL3 vector expressing Photinus pyralis (firefly) luciferase was
purchased from Promega and the pCH110 vector expressing the -
galactosidase from Invitrogen. The pGL3 vector was UV irradiated
(254 nm, 1000J/m?) at a concentration of 1mg/ml in 10 mM Tris-
HCI (pH 8.0) and 1 mM EDTA. CHO-27-1 cells were transfected in a
six-well plate at a confluence of 95% using Lipofectamine Plus
(Invitrogen). Each transfection mixture contained 500 ng of pGL3
(UV+/-), 100ng of pCH110 (nonirradiated) and 10ng of the
various pcDNAXPB plasmids. After 4 h of incubation, the transfec-
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tion reagents were replaced by medium. Cells were lysed after 24 h
to measure luciferase activity on a microtiter plate luminometer
(Dynex). All results (mean values of at least five measurements)
were normalized by calculating the ratios between luciferase and
galactosidase activities.

UV-survival assay

Cells (10®) were plated per 6 cm petri dishes, cultured overnight and
UV irradiated at 254nm at various doses (0.5J/m?/s). After 14
days, the cells are stained by trypan blue and counted.

Antibodies

Mouse monoclonal antibodies towards TFIIH subunits were used as
described (Coin et al, 2007). Primary antibodies (the final dilutions
are indicated in parentheses) used in fluorescent labelling were
purified rabbit anti-GFP (Torrey Pines Biolabs, Inc) (1:1000), rat
monoclonal anti-HA 3F10 (Roche) (1:1000) and mouse IgG
monoclonal anti-CPD (TDM2) (1:2000) (MBL international corp.).
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Abstract

The mammalian nucleotide excision repair (NER) pathway removes dangerous bulky
adducts from genomic DNA. Failure to repair these lesions can lead to oncogenesis,
developmental abnormalities and accelerated ageing. TFIIH is a central NER factor that
opens the damaged DNA prior to incision through the action of its two helicase subunits,
XPB and XPD. Here we review our recently published data that suggest specific and distinct
roles for these two helicases in NER. We also discuss the regulation of XPB and XPD
enzymatic activities inside the TFIIH and repair complexes and show that mutations
impeding enzyme-regulator interaction contribute to genetic disorders. Understanding the
fundamental molecular mechanism regulating NER is a crucial aspect of cancer therapy
since the resistance to chemotherapy treatment relies on the capacities of the cell to

eliminate drug-induced DNA lesions.



Introduction: “Here comes the sun”

The genome of eukaryotes is vulnerable to an array of DNA-damaging agents. To
avoid the harmful effects of DNA damage on fundamental cellular processes, cells are armed
with several DNA repair pathways that represent the ultimate protection against damage-
induced DNA mutations leading to cancer and ageing. Each of these DNA repair pathways
removes structure-specific DNA lesions. For instance, the nucleotide excision repair pathway
(NER) cleans off bulky adducts from DNA, including cisplatin lesions and photoproducts
generated by UV-sunlight. Several repair-deficient disorders emphasize the importance of
these survey mechanisms in genome stability. Deficiency in NER results in three rare genetic
diseases; Xeroderma pigmentosum (XP), trichothiodystrophy (TTD) and Cockayne syndrome
(CS).{Lehmann, 2003 #55} XP patients are highly photo-sensitive and display a 1000-fold
increase in melanoma risk.{Lehmann, 2003 #55} TTD patients are mildly photo-sensitive and
present neurological problems associated with sulphur-deficient brittle hair and nails caused
by the reduced level of cysteine-rich matrix proteins.{Itin, 2001 #161} CS patients are also
mildly photo-sensitive but harbor neurological problems, growth failure and premature
ageing.{Andressoo, 2006 #5463}

The widely accepted model of NER includes the detection of the damage-induced
DNA distortion by XPC-HR23B followed by the opening of the DNA by the XPB and XPD
ATPases/helicases of the transcription/repair factor TFIIH.{Zurita, 2003 #65} Such initiation
of DNA opening favors the recruitment of XPA and RPA that assist in the expansion of the
DNA bubble around the damage.{Evans, 1997 #1016; Riedl, 2003 #68} Next, the
endonucleases XPG and XPF generate cuts in the 3' and 5’ sides of the lesion, respectively
{O'Donnovan, 1994 #1784; Sijbers, 1996 #2059}, thereby removing a 25nts(+/-3) long
damaged oligonucleotide.{Huang, 1992 #1265; Moggs, 1996 #458} Finally, the resynthesis
machinery fills the DNA gap (Figure 1).{Shivji, 1995 #2053}

TFIIH is a multisubunit factor required for basal transcription initiation at RNA

polymerase | and Il promoters and in NER as part of the core incision machinery.{Zurita,



2003 #65}. TFIIH is composed of a core (XPB, p62, p52, p44, p34 and TTDA) associated to
the Cdk-activating-kinase (CAK) by the XPD helicase. The importance of TFIIH during NER
is highlighted by the fact that mutations in three of its subunits, XPB, XPD and TTDA, can
give rise to XP, XP/CS or TTD disorders. The isolated XPB and XPD subunits are 3'->5' and
5'—>3' DNA helicases, respectively. However, their individual roles in the NER reaction still
remain unclear, since the presence of these proteins within the same complex renders their
individual studies difficult. As XPB and XPD are helicases with opposite polarities, it was
originally suggested that they could cooperate in damaged DNA opening on opposite sides
of a lesion.{Schaeffer, 1994 #5354} In good agreement with this model, biochemical and
genetic studies have shown the need of both XPB and XPD ATPase activities to open up
DNA around a damaged site.{Guzder, 1994 #1166; Sung, 1988 #2128} However, recent data
distinguished the function of the ATPase of XPB from that of its helicase.{Lin, 2005
#2614;Coin, 2007 #2751; Richards, 2008 #5357} They suggested that only the ATPase
activity is required for the DNA opening in NER or in transcription, while the helicase would
be devoted to promoter escape in transcription. {Dvir, 1997 #385} On the contrary, the XPD
helicase activity has a minor role in transcription but is necessary for removing DNA
damages.{Guzder, 1994 #1165; Tirode, 1999 #284} In addition to a role in damaged DNA
opening, TFIIH may also have a role in damage recognition. Indeed, bulky DNA lesions
inhibit the helicase activity of Rad3 (the XPD homolog in Saccharomyces cerevisiae)
{Naegeli, 1993 #1735} and a putative damage recognition domain (DRD) has been found in
the structure of a homolog of XPB in the thermophilic organism Archaeoglobus fulgidus.

{Fan, 2006 #2682}

DNA damage recognition: “Please please me”

The broad substrate specificity of NER ranges from gross structural alterations in
DNA to the minimal distortion caused by phosphorothiolate or methylphosphonate backbone

modifications.{Branum, 2001 #748} Thus, the initial recognition of structurally unrelated



damaged sites is a crucial step in DNA repair. In mammalian NER, this key process is
accomplished through the sequential actions of multiple proteins. The hypothesis that several
factors could be involved in DNA damage recognition and verification stems from
biochemical assays showing the preferential binding to damaged DNA of XPC, XPA and
XPE, providing three actors for one role.{Jones, 1993 #1340; Sugasawa, 1998 #2120} This
profusion of factors had boosted research on the recognition of DNA lesions in NER and had
led to the identification of XPC as the first factor that binds the damaged DNA, joined
subsequently by TFIIH and XPA.{Volker, 2001 #148; Riedl, 2003 #68} Further studies,
including structural approaches, have shown that XPC-HR23B preferentially binds not only
DNA lesions that distort the helix, but also mismatched base pairs that destabilize the DNA
duplex.{Min, 2007 #5330; Sugasawa, 2007 #5331} It was then presumed that XPC-HR23B
recognizes the destabilized Watson-Crick double helix induced by the damage rather than
the lesion per se. Therefore, the XPC-HR23B protein can be defined as the initial damage
sensor in human NER. The fact that the lesion does not interact directly with XPC-HR23B
suggests that the lesion is accessible for binding by a second factor to authenticate its
presence {Tapias, 2004 #2173; Min, 2007 #5330} and to further proceed with the reaction.
Among the NER factors, the XPB and XPD polypeptides are the best candidates, since
TFIIH is recruited to the lesion immediately after XPC-HR23B.{Riedl, 2003 #68}

The yeast XPD homologue Rad3 was shown to bind preferentially to UV-damaged
over non-damaged DNA.{Sung, 1994 #2130} Furthermore, the Rad3 helicase activity is
inhibited when it encounters damage in the DNA.{Naegeli, 1992 #1733} It was thus proposed
that the stop of Rad3 in front of a lesion was a checkpoint ensuring that only fragments
containing bona fide bulky adducts, and not mismatches, were excised by NER. However,
and although structural studies identified a B-hairpin motif that participates in damage
recognition by the XPD prokaryotic homologue UvrB {Skorvaga, 2002 #2065}, such motif is
absent from the human protein.{Fan, 2008 #5350; Liu, 2008 #5349; Wolski, 2008 #5348;

Bienstock, 2002 #708} Thus, while much of the evidence points to a key role for the XPD



subunit of TFIIH in damage verification, this remains highly speculative in the absence of the
structure of an XPD-DNA complex containing a lesion.

XPB is the second candidate for the verification of DNA lesions. A putative DRD was
found in a homolog of XPB from the thermophilic organism Archaeoglobus fulgidus. {Fan,
2006 #2682} To determine if this putative DRD had a role in the function of TFIIH in NER, we
introduced two mutations to this domain at position E253 and R283 (Figure 2A and Table 1).
These residues are positioned in two of the three hairpins that were suggested to be involved
in DNA binding.{Fan, 2006 #2682} However, we detected no effect of these mutations on
either NER or transcription both in vivo and in vitro.{Oksenych, 2009 #5384} Similarly, we did
not detect preferential binding of an XPB(1-320) fragment, encompassing the DRD, to
damaged versus non-damaged DNA (Unpublished data). Although we cannot exclude that
XPB, or any other subunits of TFIIH, are involved in damage verification, it seems more
plausible to assign this role to the XPA factor, which is recruited just before the arrival of the

two endonucleases (XPG and XPF) that will generate irreversible cuts in the DNA.

Role of XPB and XPD in damaged DNA opening: “Come together”

DNA helicases are motor proteins that can transiently catalyze the unwinding of the
stable duplex DNA molecules using NTP hydrolysis as the source of energy. They are
characterized by seven “helicase motifs” (walker motif I, Ia, II, Ill, IV, V, and VI), constituted
of conserved amino-acid sequences {Tuteja, 1996 #2244}. The helicases are then classified
into three superfamilies (SF), SF1, SF2 and SF3, based on the extent of similarity and
organization of these conserved motifs {Tanner, 2003 #5498}. One of the paradoxes of the
NER pathway is the need of two helicases belonging to the SF2 (XPB and XPD) to open an
asymmetrical (20nts in 5’ and 5nts in 3’) DNA bubble of 25 nucleotides around the damage.
Indeed, most of the helicases are highly processive enzymes able to open hundreds of
nucleotides in a short time. However, biochemical data clearly demonstrated that a mutation

in the motif | (responsible for ATP binding) of either XPB or XPD totally abolished the



formation of the open DNA structure during NER.{Coin, 2006 #5355} Such observations
indicate that the hydrolyse of ATP by XPB and XPD is essential for the function of TFIIH in
NER, but do not demonstrate that the helicase activities of these proteins are required. It
raises the possibility that the ATPase activity is not only a provider of energy for the helicase
action but that it also displays another independent function. To understand if the helicase
activities of XPB or XPD are important in NER, we introduced mutations directly in some of
the helicase motifs of these enzymes. Surprisingly, our study demonstrated that the helicase
activity of XPB was not crucial for NER since mutations in the motif Il (T469) and VI (Q638A)
that impair the helicase activity of XPB, do not inhibit NER in vivo (Table 1).{Coin, 2007
#2751} This supports the idea that XPB does not act as a conventional helicase in NER, but
gives no explanation for its indispensable ATPase activity. We focused our attention on this
question in our recent work and showed that a mutation in the motif | (K346R), which
abolishes the ATPase activity of XPB, inhibits NER since it thwarts the accumulation of TFIIH
to the damaged sites (Figure 2A and Table 1).{Oksenych, 2009 #5384} This implies that the
recruitment of TFIIH to sites of damage is not due to a simple association of TFIIH to
XPC.{Riedl, 2003 #68} Instead, it is an active process requiring ATP hydrolysis undertaken
by XPB.

In addition to the aforementioned ATPase motif, we found that the highly conserved
R-E-D and ThM motifs, which were identified in the structure of the homolog of XPB in
Archaeoglobus fulgidus, were also required for the recruitment of TFIIH to the damaged
sites. Indeed, mutations in the R-E-D (E473A) or in the ThM (A516-526) domains show
similar biological defects than the K346R mutation in the motif | of XPB (Figure 2A and
Table 1).{Oksenych, 2009 #5384} How the R-E-D and ThM motifs participate in the
anchoring of TFIIH? The structure of XPB and our biochemical data suggest that the energy
furnished by the ATP hydrolysis is used to induce a flip of 170° of the helicase domain 2
(HD2) following the binding of XPB to DNA.{Fan, 2006 #2682} The R-E-D and the ThM are
then in close vicinity and are used to stabilize TFIIH on the DNA by introducing a wedge (the

E473 residue) in the double stranded DNA, gripped by the ThM motif (Figure 2B). We



obtained experimental evidence for this model when we compared the ATPase activities of
the WT and mutated complexes with or without DNA. In the presence of DNA, mutations in
the R-E-D and ThM motifs induce a 50% inhibition of the ATPase activity compared to
TFIIH(WT). In the absence of DNA, the ATPase activity of these three TFIIH complexes (WT,
mutated in R-E-D or in ThM) are strictly identical and are still slightly higher than the ATPase
activity of the TFIIH complex mutated in the motif | (K346R).{Oksenych, 2009 #5384} These
data support the model of conformational change proposed above, since they demonstrate
that the R-E-D and the ThM are functional only in the presence of DNA. Interestingly enough,
the ThM domain is missing from other helicases, including XPD {Fan, 2008 #5350; Liu, 2008
#5349; Wolski, 2008 #5348; Bienstock, 2002 #708}, but a similar helical protrusion has been
observed between the helicase domains Il and IV of the Sulfolobus solfataricus SWI2/SNF2
ATPase Rad54 (ssRad54).{Durr, 2005 #5360} In ssRad54, the ThM like domain, called
domain 2B, contacts DNA and is supposed to help to translate ATP-driven conformational
changes between domains 1A and 2A (similar to HD1 and HD2 in the SF2) (Figure 3). These
similarities, together with the fact that XPB displays a very low helicase activity in vitro {Coin,
1998 #306}, prompted us to propose that the mode of action of XPB is closer to the members
of the SWI2/SNF2 family than to the SF2 helicases.

The anchoring of TFIIH through the conformational change in XPB may also induce a
reorganization of the protein-DNA complexes in transcription and repair that will allow new
protein-protein or protein-DNA contacts. Indeed, using photocrosslink experiments, we have
shown that addition of ATP in NER induced a re-positioning of XPC on the damaged DNA
that was dependant on TFIIH.{Tapias, 2004 #2173} In our model, following the anchoring of
TFIIH by XPB, DNA opening around the lesion is performed by the helicase activity of XPD.
As a matter of fact, we showed that a mutation in the ATPase or helicase activities of XPD
still allowed TFIIH to bind to the damaged DNA in vivo but hampered the opening of the DNA

around the lesion {Dubaele, 2003 #77} (Unpublished Data).

XPB and XPD regulation: “With a little help from my friends”



In agreement with a fundamental role of the ATPase activity of XPB and the helicase
activity of XPD in the removal of DNA lesions, these activities are the targets of multiple
regulations. TFIIH is recruited to the damaged DNA through direct interaction with the
damage recognition factor XPC-HR23B.{Riedl, 2003 #68} Recently, we found that the
recruitment of TFIIH to XPC-damaged DNA involves the XPB subunit of TFIIH. The binding
of TFIIH to XPC-HR23B stimulates XPB ATPase activity that eventually leads to a
conformational change fixing XPB to the DNA. A mutation found in XP-C patients abolishes
the interaction between XPC-TFIIH and the stimulation of the ATPase.{Bernardes de Jesus,
2008 #5361}

We also showed that TTDA, a subunit mutated in some TTD patients, participates to
the regulation of the ATPase activity of XPB within the TFIIH complex, even though these
two subunits do not interact directly. However, TTDA interacts with the p52 subunit of TFIIH
and may play a role in the stimulation of the ATPase activity of XPB through this direct
interaction.{Coin, 2006 #5355} Indeed, we demonstrated that p52 was a regulatory subunit of
the ATPase activity of XPB within TFIIH.{Coin, 2007 #2751} In addition, Giglia-Mari et al.
previously demonstrated in an elegant paper that free TTDA exist in the cell and can shuttle
between the cytoplasm and nucleus to associate with TFIIH when NER-specific DNA lesions
are produced.{Giglia-Mari, 2004 #40} We then proposed that the recruitment of TTDA to the
core TFIIH, bound to XPC-damaged DNA, regulates the XPB/p52 interaction within the
complex and ensures a correct stimulation of the ATPase activity (Figure 4). In this model,
the binding of TTDA to TFIIH serves as an important NER checkpoint regulating the
conformational change of XPB described above and leading to the stable anchoring of TFIIH
to the damaged DNA. Identically to XPC, a mutation (F99S) found in XP-B/CS patients
impairs the interaction between XPB and p52 and the aforementioned ATPase stimulation,
explaining the NER defect harbored by the patients (Table 1).{Coin, 2007 #2751}

On the other hand, several studies have shown that the helicase (and not the ATPase)
activity of XPD was regulated through an interaction between the p44 subunit of TFIIH and

the C-terminal end of XPD (Figure 4).{Coin, 1998 #306; Dubaele, 2003 #77} Most of the



mutations found in XP-D patients are located in the C-terminal domain and do not abolish the
helicase activity of XPD per se, but prevent interaction with p44.{Coin, 1998 #306; Dubaele,
2003 #77} Altering this interaction in XP-D patients results in a decrease of the XPD helicase

activity within TFIIH and consequently in NER defect.

Conclusion: “Things we said today”

Altogether, these results highlight the complex level of regulation of the enzymatic
activities in TFIIH. They also reveal that mutations found in XP-B and XP-D patients never
affect the activity of the protein per se (helicase for XPD, ATPase for XPB) but rather disturb
the interactions of these enzymes with their regulatory partners (p44 for XPD and p52 for
XPB), explaining how patients with such mutations may exist. Further studies will determine
how these activities are regulated at the structural level. These data will establish if
antagonists or agents targeting p52, p44 or TTDA can be developed to counteract the
resistance of cancer cells to some chemotherapy. Cisplatin and related drugs are widely
used in the treatment of non-small cell lung carcinoma and other late-stage tumors.{Martin,
2008 #5474} However, the high incidence of resistance to DNA-damaging chemotherapeutic
drugs such as cisplatin are directly linked to an increased NER activity in these cells and
have led to the search for molecules that would reduce their DNA repair activity. In the near
future, chemotherapy could take into account not only the recently described circadian
regulation of the NER process {Kang, 2009 #5420} but also the possibility to thwart some

protein-protein interactions in order to increase the efficiency of the treatment.
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Figure 1. The nucleotide excision repair pathway.

Following exposure to a source of DNA lesions (i.e. sunlight), a lesion is created on
the DNA. Then, the damage recognition factor XPC-HR23B interacts with the damaged DNA
structure on the opposite strand of the lesion (black square). TFIIH joins XPC-HR23B on the
damaged DNA. In the presence of ATP, XPB and XPD helicases in TFIIH unwind the
damaged DNA, allowing the stable association of XPA and RPA that help to enlarge the
opened DNA structure {Tapias, 2004 #2173} and drive the dissociation of the CDK activating
kinase (CAK) complex from TFIIH. {Coin, 2008 #5346} This dissociation is a prerequisite for
the enlargement of the DNA opening that favors the arrival of XPG, mediating the release of
XPC-HR23B. {Riedl, 2003 #68} The recruitment of XPF-ERCC1 triggers dual incision and
excision of the protein-free damaged oligonucleotide. The resynthesis machinery fills the gap

and seals the DNA extremities.

Figure 2. Description of the structure and conformational change of XPB.

A. The four classical helicase motifs (I, Ia, II, Ill) of the first helicase domain (HD1) are
indicated in blue. The three helicase motifs (IV, V and VI) of the second helicase domain
(HD2) are indicated in green. The putative damage recognition (DRD), R-E-D and Thumb
(ThM) domains identified in an homolog of XPB from the thermophilic organism
Archaeoglobus fulgidus {Fan, 2006 #2682} are indicated respectively in light blue, red and
purple. The engineered mutations E253A, R283A, K346R, E473A and A516-526 are marked.
The mutations F99S (XP/CS), T119P (TTD) and FS740 (XP/CS) found in XP-B patients are
highlighted in black.

B. In this model, the binding of XPB to DNA triggers the rotation of the second
helicase domain (HD2) together with the ThM domain, facilitated by HD1-mediated ATP
hydrolysis, to form the closed and stable XPB-DNA complex where the R-E-D motif intrudes

between DNA strands.

Figure 3. Model of XPB and ssRad54 bound to a double-stranded DNA.
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Model of XPB bound to a double-stranded DNA fragment (on the left), based on
comparison of the full-length Archaeoglobus fulgidus XPB structure (PDB:2FWR, {Fan, 2006
#2682} with the Sulfolobus solfataricus SWI2/SNF2 ATPase core in complex with double-
stranded DNA (on the right) (PDB:1263, {Durr, 2005 #5360}). Helicase domains 1 and 2
(HD1 and HD2) are in blue and green, respectively. The damage recognition domain (DRD)
is cyan and the Thumb domain (ThM) in magenta. DNA is shown in orange. Af-XPB
(PDB:2FWR) was superimposed onto the SWI2/SNF2 ATPase core of Sulfolobus
Solfataricus in complex with double-stranded DNA (chains A and BC of PDB:1Z63), using the
first helicase domains of both proteins as a guide (Strands Sx-Sy of Af-XPB and Sc-Sv of
SWI/SNF). To model the closed conformation of XPB, HD2 and the ThM domain were
rotated as a rigid using the second helicase domains of Af-XPB and SsRad54 as templates
(Strands Sx-Sy of Af-XPB and Sc-Sv of SsRad54). Superimpositions and graphic analysis
were performed with moleman and o011, respectively. Molecular graphic figures were

generated using PyMOL (http://www.pymol.org/).

Figure 4. Function of XPB and XPD in damaged DNA opening.

TFIIH is a ten subunit complex composed of a core (In red, XPB, p62, p52, p44, p34
and TTDA) associated to the Cdk-activating-kinase (CAK) (In Blue, cdk7, cyclinH and MAT1)
and XPD (In green). When TFIIH binds to the damaged DNA, two sub-complexes participate
in the stimulation of the XPB ATPase activity; XPC-HR23B and p52-TTDA. These
stimulations help to stabilize TFIIH on the damaged DNA and position XPD. Whether TTDA
is recruited to TFIIH following the association of the complex with the damaged DNA or
comes together with it, is not known. Subsequently, the XPD helicase activity opens the DNA
in the 5" to 3’ direction. The p44 subunit interacts with XPD and stimulates its helicase

activity.
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Mutations | Domain | Phenotype | NER | Recruitment’ | Opening | Helicase | ATPase
F99s' - XPICS - +/- +/- + +/-
T119P - TTD +/- + +/- + +
E253A DRD - + + + + +
K346R la - - - - - -
T469A I - + + + - +
E473A RED - - - - + +/-

A516-526 | Thumb - - - - + +/-
Q638A VI - + + + - +
FS740' - XP/CS - +3 + + +3

Table 1: Mutations in XPB and their consequences on TFIIH repair activity.

This table is a compilation of results obtained in our laboratory.

' Endogenous mutation found in XP-B patients.

2 Recruitment of the TFIIH complex to the local damage sites in vivo.

® Unpublished data
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DOTI1L supports transcription re-initiation after UV irradiation

Results and discussion

Mammalian DOTL1L is required for UV light resistance in mammals

The DOT1 protein is involved into X-ray yeast resistance (Game et al., 2005, Game et al., 2006).
However, almost nothing is known about the role of DOTIL in the UV-induced DNA damage
response in mammals. We exposed mouse embryonic fibroblasts (MEF), either wild type (wt) or
knocked-out (DOT1L™) to different doses of UV-C light (254nm). The survival of DOT1L™ cells
was significantly affected if compare to wild type cells (Figure 1, A). Next, we treated human HeLa
cells with short interference (si)RNA to DOTI1L. Similarly, siDOTI1L treated cells were more
sensitive to UV light, as siXPA cells, if compare with controls (treated with random siCtrl or mock-
treated) (Figure 1, B). As unscheduled DNA synthesis (UDS) had practically the same rate in wt and
knocked-out MEF, the DOTLL is not required for efficient global-genome nucleotide excision repair
(Figure 1, C). However, the recovery of RNA synthesis in the absence of DOTLL is significantly
affected (Figure 1, D). This observation is similar to one obtained for CSB cells (Proietti-De-Santis
et al., 2006). Moreover, after DNA damage, DHFR promoter occupancy by RNA polymerase 1l and
transcription factor Il B (TFIIB) is significantly reduced in the DOT1L” MEF (Figure 2, A, C). It
correlates with decrease of histone H4 acetylation in this cell line (Figure 2, B). Thus, there is
displacement of transcription machinery from the promoter of house-keeping genes, DHFR (Figure
2) and GAPDH (data not shown). Absence of polymerase Il explains reduction of total RNA
synthesis (Figure 1, D) and refers to defect in transcription-coupled repair (Proietti-De-Santis et al.,
2006).

DOT1L is required for efficient transcription activation

As we observed UV-dependent displacement of transcription machinery from house-keeping gene
promoters in the absence of DOTIL, next step was to check transcription activation after DNA
damage. As expected, the activation of p53-dependent genes (p21 and mdm2) was lower in DOT1L"
" cells versus wt (Figure 3, D, E). Surprisingly, the activation of stress-related c-Fos gene was much
stronger in the absence of DOT1L (Figure 3, F).

UV-independent transcription activation, induced by vitamin D (Cyp24 gene), also was different in

wt and DOT1L™ cells (Figure 3, A-C). The Cyp24 promoter occupancy by RNA polymerase Il and



acetylation of histone H4 around transcription start region are significantly higher in wt cells. There
was a delay in Cyp24 mRNA accumulation in DOT1L cells after vitamin D induction (Figure 3, A).
Contrary, there was almost no change in the RNA polymerase 11 occupancy of the Cyp24 promoter
in knocked-out cells (Figure 3, B). In addition, acetylation of histone H4 also was stable after

induction of gene expression in the DOTIL™ cells (Figure 3, C).

Accumulation of DOTL1L on the damaged DNA

Next, we irradiated human cells (HeLa) with UV-C light (254nm) through filter with 3 um pores
(Volker et al., 2001). Already 10 minutes after DNA damage, we observed clear DOTLL co-
localization with XPB, a subunit of transcription/repair factor TFIIH (Figure 4, A-D). Then, we
tested DOTLL recruitment in cells expressing short-hairpin (sh)RNA to repair factors XPA and XPF,
which models XP-A or XP-F repair-deficient phenotype. Ten minutes after UV-irradiation, we
observed accumulation of DOTLL protein as efficient as in the HeLa cells (Figure 4, E-H and I-L).
Thus, DOTLL recruitment to the damaged DNA does not depend on the DNA repair complex
assembly, at least after XPC and TFIIH appearance on the chromatin. Still, it is not clear, does
DOTLL require XPC, TFIIH, DDB, CSB or CSA to recruit efficiently on the area of damaged DNA.
Further experiments will be performed to shed light on this question.

DOTL1L methylates histone H3 lysine K79 (Feng et al., 2002; Ng et al., 2002). This histone, when
methylated, attracts other repair and signaling factors, like 53BP1 (Huyen et al., 2004). The last
protein is described in the context of double-strand DNA repair, but we detected it after UV-C
irradiation (Figure 4, M-P) at the same condition, that DOTL1L.

Additional questions

In this study we still have a number of questions to answer. We will identify the context of DOT1L
involvement in the transcription recovery after UV-irradiation. For this, we will apply ChIP
approach, using antibodies to transcription factors and marks of active and silent chromatin (histone
modifications, including methylation of histones H3 K4, H3 K9, H3 K27 and H3 K36;
correspondent histone methyltransferases and demethylases). Then, we will perform total RNA
sequencing following UV-irradiation to compare gene induction in the wild type and DOT1L™ cells.
According to our preliminary data, the answer differs for different gene groups (for instance, p21
and c-Fos, see Figure 3, D-F).



Also, we will generate human model of DOT1L-deficient and rescued cells. For this, we will
transfect and stabilize HelLa cells with vector expressing shRNA to silence DOT1L. To rescue
DOT1L" MEF, we will stably transfect these cells with plasmid expressing DOT1L-GFP (Zhang et
al., 2009).

One more question to solve will be quality of DNA damage after UV-C irradiation. DOT1L and
53BP1 are described mostly in the context of double-stranded (ds)DNA breaks repair, and we detect
them on chromatin after UV-irradiation. So, either these two proteins play role in both kinds of DNA
repair (nucleotide excision repair and repair of double-strand breaks), or except of CPD and 6,4-PP
in our experiments we produce dsDNA breaks. To support or exclude first idea, we will verify the
presence of dSDNA break repair-specific proteins in the locally irradiated foci. To exclude double-
strand breaks, we will repeat experiments in the context of UV-B light (315nm), which will have less

energy and less probability to form other DNA damages, but CPD and 6,4-PP.



Materials and methods

The DOT1L-/- cells were obtained from Vakoc (Steger et al., 2008). Briefly, murine
embryonic stem cell line RRR032, obtained from BayGenomics, contains a gene trap
integration within intron 12 of the Dot1l gene. RRR032 embryonic stem cells were injected
into C57BL/6 blastocysts to generate chimeric mice, which were then bred to obtain
heterozygous Dotll mutant animals. Mouse embryonic fibroblast (MEF) cultures were
derived from embryonic day 13.5 embryos obtained from matings between heterozygous
mice. The genotype of homozygous Dotll mutant MEFs was determined by PCR and
reverse transcription (RT)-PCR, confirming integration of the gene trap between exons 12
and 13. Cells were immortalized by serial passaging.

The site of gene trap integration (intron 12) is expected to truncate Dot1L expression at
amino acid 335, eliminating a critical nucleosome binding region at amino acids 390 to 407

required for full DOT1L methyltransferase activity in vitro.



Figures

Figure 1. DOT1L is required for the transcription recovery in the UV-irradiated cells.

Cell survival after UV irradiation (A, B). A. Mouse embryonic fibroblasts, MEF (wt) and DOT1L
knocked-out MEF (DOT1L™) were plated on 10cm Petri dishes and irradiated with various doses of
254nm UV light. After 96h the cells were stained with crystal violet and counted. Results are
expressed as a ratio between the cells that survived after UV irradiation and the cells that survived
without treatment.

B. HelLa cells mock treated or transfected with si RNA to DOTLL (siDOT1L), XPA (siXPA) or
random si RNA (siCtrl) were irradiated with UV-C light and treated as described in (1, A).

C. DNA synthesis after UV irradiation. Wild type and DOT1L" MEF were irradiated with different
doses of UV light. Unscheduled DNA repair synthesis (UDS) expressed as mean number of
autoradiographic grains per nucleus as described in (Nardo et al., 2009).

D. RNA recovery analysis after UV-C irradiation. DNA in the cells (wt and DOT1L™) was labeled
with [**C]-thymidine during 48h. Mock-irradiated and UV-irradiated (20J/m?) cells were pulse
labeled for 1h with [*H]-uridine at different time points after irradiation, and trichloroacetic acid
(TCA)-insoluble radioactivity was determined. The curves represent relative RNA synthesis.

Figure 2. Transcription machinery at the DHFR promoter after UV irradiation.

MEF wt and DOT1L" cells were irradiated with 20 J/m2 UV light. Soluble chromatin was prepared
from wt and DOT1L” MEFs at indicated time points after UV irradiation. ChIP assays were
performed using the antibodies to RNA polymerase Il (A), acetylated histone H4 (B), and TFIIB
(C). The results are expressed as fold enrichment related to the mock-treated cells.

Figure 3. Gene transactivation is DOT1L-dependent.

A. Cyp24 expression after vitamin D activation. MEF (wt) and DOT1L knocked-out cells (DOT1L"
) were treated with vitamin D (0.1 uM). Level of mRNA was quantified by RT-gPCR. The values
represent the relative Cyp24 mRNA level measured at different time points after vitamin D treatment
compared with mock-treated cells.

B. Recruitment of RNA polymerase Il at the Cyp24 promoter in wt and DOT1L” MEFs after
induction with vitamin D (0.1 uM). ChIP with antibody to RNA polymerase II.

C. Acetylation of histone H4 at the Cyp24 promoter after vitamin D induction. ChIP with anti-
AcH4.



D. p21 and (E) mdm?2 activation after UV irradiation. Wild type and DOT1L” MEF were irradiated
with 20 J/m? UV light or mock-treated. Level of mRNA was quantified by RT-qPCR. The values
represent the relative p21 and mdm2 mRNA level measured at different time points after UV
irradiation compared with mock-treated cells.

F. Fos activation after UV irradiation. Wild type and DOT1L" MEF were irradiated with 20 J/m?
UV light or mock-treated. Level of mMRNA was quantified by RT-qPCR. The values represent the
relative c-Fos mRNA level measured at different time points after UV irradiation compared with
mock-treated cells.

Figure 4. Protein recruitment to the sites of damaged DNA.

Hela cells (A-B, and M-P) and HeLa cells expressing shRNA to XPA (E-H) or XPF (I-L) were
irradiated with UV-C light (100 J/m2) through the 3um pore filter and fixed 10 minutes later.
Immunofluorescent labeling was performed using rabbit polyclonal anti-XPB (A, E, I, M), anti-
DOTI1L (B, F, J) or anti-53BP1 (N). The nuclei were counterstained with DAPI (C, G, K, O) and the
images were merged (D, H, L, P).
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Figure 4
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