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2 Résumé de these

La découverte de 'ubiquitine en 1975 (Goldstein et al.,, 1975) et la compréhension de
son rodle essentiel pour la régulation protéolytique des protéines a entrainé un
engouement considérable au sein de la communauté scientifique. Cependant, au cours
des derniéres années, il est devenu clair que l'ubiquitination des protéines n’a pas pour
seule conséquence la dégradation de celles-ci, mais permet aussi de réguler leur
signalisation cellulaire. En effet, 'attachement d’ubiquitine peut aussi influer sur la
localisation des protéines, 'assemblage de complexes protéiques et les activités
enzymatiques (Li and Ye, 2008). Les E3-ubiquitine ligases sont les membres les plus
critiques de la machinerie de conjugaison de I'ubiquitine car elles sont responsables de
la spécificité vis-a-vis du substrat. Nos propres études, dans les cellules de mammiferes,
ont permis d’identifier les E3-ubiquitine ligases a sous-unité de type Cullin3 en tant que
nouveaux et importants régulateurs de la mitose (Maerki et al., 2009; Sumara and Peter,
2007; Sumara et al,, 2007). Ainsi, notre laboratoire a caractérisé plusieurs complexes a
sous-unité Cullin3 qui sont requis pour la progression mitotique et plus
particulierement pour la coordination entre l'alignement des chromosomes, leur
ségrégation et 'achévement de la cytokinese. De plus, nous avons identifié la protéine a
domaines BTB et Kelch, KLHL21, en tant qu'important facteur fonctionnel spécifique de
la régulation par CUL3 de la localisation de la kinase Aurora B et de 'accomplissement
de la cytokinese (Maerki et al., 2009).

Le travail de recherche effectué décrit le role d'une E3 a CUL3 comprenant une autre
protéine adaptatrice a domaine BTB, KLHL22, dans la régulation de la kinase mitotique
Polo-Like Kinase 1 (PLK1). En effet, la déplétion de KLHL22 induit de séveres défauts
mitotiques et fréquemment une mort cellulaire en prométaphase. Apres des expériences
de criblage haut-débit, de co-immunoprécipitation et d’interaction in vitro, nous avons
identifié PLK1 comme interagissant de maniere directe avec KLHL22. Comme le niveau
de PLK1 dans les cellules déplétées de KLHL22 reste similaire aux conditions sauvages,
I'ubiquitination de PLK1 par CUL3/KLHL22 ne conduit pas a une dégradation de la
protéine. Au contraire, elle semble réguler la localisation de PLK1 : les cellules déplétées
de KLHL22 montrent une localisation plus abondante de PLK1 au niveau des
kinétochores des chromosomes. Celle-ci est corrélée a une augmentation de la

phosphorylation de BUBRI sur sa sérine 676 (S676), préalablement montrée comme



signalant les attachements incorrects entre les kinétochores et les microtubules en
prometa/metaphase (Elowe et al., 2007). Des tests d’'ubiquitination in vitro ont montrés
que PLK1 était mono-ubiquitinée par CUL3/KLHL22 au niveau de sa lysine 492 (K492),
confirmant ainsi I'hypothese d'une régulation spatiale et non protéolytique de PLK1. Le
mutant de PLK1 K492R mimique parfaitement l'inactivation de KLHL22 par ARN
interférence a savoir une rétention de PLK1 au niveau des kinétochores, une
hyperphosphorylation de BUBRI, accompagnée d’une délocalisation du senseur
d’attachement stables entre les kinétochores et les microtubules, RANGAP1. Ainsi nous
concluons que l'addition d’'une molécule d’ubiquitine sur la protéine kinase PLK1 par
I’E3-ubiquitine ligase CUL3/KLHL22 est nécessaire a son retrait des kinétochores
stabilisant leurs contacts avec les microtubules, nécessaires a une ségrégation
chromosomique parfaite (Beck et al., 2013).

Dans la continuité de cette étude, nous avons pu démontré que l'activité catalytique de
PLK1 n’était pas nécessaire a son interaction avec KLHL22. L’expression de mutants
tronqués de PLK1, nous a également permis d’observer que aussi bien son domaine
kinase que son domaine Polo (PBD) étaient suffisants a la co-purification de KLHL22,
aussi bien a partir de protéines exprimées en bactérie et donc probablement sans
modification post-traductionnelle, qu’a partir de cellules mammiferes (Metzger et al,,
2013). De maniere intéressante, le PBD de PLK1 a depuis longtemps été montré comme
essentiel a la localisation de la protéine, de part sa capacité a interagir avec des
protéines-réceptrices phosphorylées (Elia et al., 2003a; Elowe et al., 2007; Goto et al,,
2006; Qi et al,, 2006). Des mutations au niveau des résidus H538A/K540M du PBD sont
connues pour abroger ces interactions phopsho-dépendentes, mais nos récentes
données non-publiées ont pu montrer qu’elles n’'influent pas significativement sur
'interaction avec KLHL22. La mutation du tryptophane 414 (W414F), impliqué dans les
interactions avec des récepteurs non-phosphorylés, réduit quant-a-elle fortement
'affinité de KLHL22 pour PLK1. Au niveau du domaine kinase, mutant au niveau du
motif DFG situé en amont de la boucle d’activation de PLK1 (résidus 194 a 196)
semblent influer sur son interaction avec KLHL22 et nous sommes a I'heure actuelle
entrain de caractériser ces effets in vivo. Désirant comprendre plus en détails les
interactions entre ces deux protéines, nous nous sommes orientés vers des études

structurales du complexe. Cependant, dii au caractere agrégé de KLHL22 ou des



différents mutants tronqués testés, nous avons a I'’heure actuelle dii abandonner cette
approche.

En résumé, notre étude a pu montrer I'importance de l'ubiquination de PLK1 par
CUL3/KLHL22 pour une régulation mitotique parfaite. Bien que les mécanismes sous-
jacents de cette interaction soient encore loin d’étre parfaitement compris, nous avons
ainsi obtenu les premieres indications biochimiques du mode d’interaction des E3-

ubiquitin ligases a sous-unité CUL3 avec des protéines kinases.



3 Summary

The discovery of ubiquitin in 1975 (Goldstein et al., 1975) and the understanding of its
essential role in the proteolytic degradation of proteins generated a great enthusiasm
among the scientific community. Over the last decade, it became clear the ubiquitination
of proteins not only targets them for degradation but also can regulate signalling
pathways. Indeed, ubiquitin conjugation may induce relocalization of substrate proteins,
but also participate in the assembly of macro-molecular complexes and regulate
enzymatic activities (Li and Ye, 2008). E3-ubiquitin ligases are the most critical
members of the ubiquitination machinery as they provide substrate specificity. Our own
studies in human cells identified the CUL3-based ubiquitin E3-ligase as a novel and
important regulator of mitosis (Maerki et al., 2009; Sumara and Peter, 2007; Sumara et
al, 2007). We have characterized several CUL3-based complexes required for mitotic
progression in particular for coordination of chromosome alignment and segregation
with completion of cytokinesis (Maerki et al., 2009).

Moreover, we identified the BTB- and Kelch-domain containing protein KLHL21 as a
functionally important specificity factor for CUL3-dependent regulation of Aurora B
kinase localization and completion of cytokinesis. The research presented here
describes the role of novel CUL3-based E3-ligase, associating with BTB-Kelch adaptor
KLHL22 to regulate major mitotic kinase Polo-Like Kinase 1 (PLK1). Indeed, inactivation
of KLHL22 leads to severe mitotic defects and often to apoptotic death in prometaphase.
Following high-throughput screening, co-immunoprecipitations and interactions tests in
vitro, we identified PLK1 as a direct interactor of KLHL22. KLHL22 inactivation did not
influence the total level of PLK1, suggesting that CUL3/KLHL22 mediated ubiquitination
of PLK1 does not lead to degradation. However, when depleted for KLHL22, we could
observe a more abundant localization of the kinase on kinetochores (KT) of
chromosomes, and consistently an increased phosphorylation of known substrate of
PLK1, BubRI on its serine 676 (S676), which is a marker of unattached kinetochores to
the spindle-microtubules in prometa/metaphase (Elowe et al, 2007). In vitro
ubiquitination tests showed that PLK1 was readily mono-ubiquitinated by
CUL3/KLHL22 on its lysine 492 (K492). Expression of PLK1 K492R mutant resembles
KLHL22 RNAIi phenotype as an increased retention of PLK1 on kinetochores, hyper-

phosphorylation of BUBRI and delocalization of the microtubule-kinetochore



attachment sensor RANGAP1 was observed. We thereby concluded that PLK1
ubiquitination by CUL3/KLHL22 E3-ubiquitin ligase is essential for its removal from
kinetochore to stabilize their interaction with microtubules, that is essential for proper
chromosome segregation (Beck et al., 2013).

Following this study, we could further demonstrate that the catalytic activity of PLK1
was not required for its interaction with KLHL22. Using truncated mutants of PLK1, we
could observe that both the kinase and the Polo-Box Domain (PBD) were sufficient to co-
purify KLHL22 from bacteria, thus presumably without prior post-translational
modification, and from mammalian cells (Metzger et al., 2013). Interestingly, PLK1-PBD
has previously been shown to be implicated in the recruitment of the kinase to specific
subcellular localization during mitosis thanks to its ability to bind phosphorylated
receptor-proteins (Elia et al., 2003a; Elowe et al., 2007; Goto et al,, 2006; Qi et al., 2006).
Mutations H538A/K540M within the PLK1-PBD are known to abrogate phospho-
dependent interactions between PLK1 and its receptors, but did not significantly
influence its affinity towards KLHL22. In contrary, mutation of W414F, responsible for
interactions with non-phosphorylated receptors, highly decreased KLHL22 binding to
PLK1. Within the kinase domain, changes in the DFG-motif, located at the beginning of
the activation loop (amino-acids 194-196) seems to influence KLHL22 affinity and we
are currently characterizing these effects in vivo. In order to understand molecular
interaction between PLK1 and KLHL22 in details, we were interested in pursuing
crystallographic approaches, as they can provide atomic-resolution of multi-protein
complexes. However, due to the aggregated state of KLHL22 and the different truncation
mutants tested, we were unable to reconstitute a soluble complex in quantity and
quality sufficient for structural studies.

As a summary, our research could demonstrate the importance of PLK1 ubiquitination
by CUL3/KLHL22 for faithful completion of mitosis. Although the molecular mechanisms
underlying this process are still far from being uncovered, we obtained first biochemical

insights into the mode of interaction between CUL3-complexes and kinases.



4 Introduction

Cell reproduction is essential for all living organisms. The highly regulated series of
events that mediates cell proliferation is called cell cycle. Its role is to ensure that
replicated copies of the genome are properly segregated to the daughter cells. First, DNA
is duplicated in synthetic or S phase and then the two copies are equally distributed
between the two daughter cells in mitosis or M phase (Fig. 1). Both are separated by so-
called gap phases: G1 takes place before S phase, which is followed by G2. Both are
mostly preparative stages, in which cells grow in size and produce proteins essential for
the following steps. During G1, cells lacking optimal growth conditions can also exit
temporarily the cell cycle and reach a quiescent stage, GO, in which they are neither
dividing, nor preparing to divide, but only fulfill their main metabolic functions. Often

terminally differentiated cells also reach GO, but those hardly re-enter the cell cycle.

' Duplication of .

cell content

Preparative
phase

Preparative
phase

GO

Equal distribution
between daughter
cells

Figure 1. Simplified scheme of the cell cycle. The different phases G0, G1, S (synthetic), G2

and M (mitosis) are represented.



4.1 Progression through mitosis

At the end of S phase, duplicated chromosomes assemble pairs of so-called sister
chromatids that are maintained together by a Cohesin complex made of specialized
proteins called cohesins. In the first stage of mitosis, prophase, condensation of sister
chromatids into chromosomes and breakdown of the nuclear envelope take place.
Duplicated centrosomes separate and migrate towards opposite poles of the cell. From
them microtubules start to nucleate, that constitute the mitotic spindle. Subsequently,
these microtubules attach to specific proteinous structures, called kinetochores,
assembled on centromeres of all sister chromatids. This bipolar attachment allows to
move and maintain each chromosome to the metaphase plate during prometaphase and
metaphase stages. When all chromosomes are correctly attached and aligned, cells can
enter anaphase: cohesins are cleaved allowing the paired chromatids to segregate
towards opposite poles of the cell. Once chromatids reach centrosomes, cell enters
telophase stage, in which nuclear envelope is re-formed around decondensing
chromosomes. Cytokinesis then starts, separating the cytoplasm into two daughter cells
thanks to formation of the cleavage furrow in the equatorial zone of the cell and its

constriction in the midbody (Fig. 2).

INTERPHASE PROPHASE = PROMETAPHASE METAPHASE ANAPHASE TELOPHASE

-

i

Figure 2. Cell cycle stages of human cells from interphase to mitosis (prophase,
prometaphase, metaphase, anaphase and telophase). DNA is represented in blue (DAPI),
tubulin in red and green represents localization of Aurora B kinase, a marker of

centromeres and midzone. (Adapted from (Fournane et al., 2012))



4.2 Control of mitosis

To ensure the precise spatial and temporal coordination of mitotic events, cells have
developed a cell-cycle control system, made of four major checkpoints (Morgan, 1997)
(Fig. 3). The G1/S checkpoint prevents S phase onset as long as environmental
conditions are not optimal. The S-phase checkpoint acts during the whole S phase, when
the progression of the replication fork becomes stalled in response to stresses like DNA
damage or depletion of nucleotides. Its role is to signal and coordinate reparation of the
damage as well to protect the integrity of the replication fork. The G2/M or DNA
damage checkpoint ensures that the whole genome is replicated and undamaged before
mitotic entry, and finally, the Spindle Assembly Checkpoint (SAC), controls the
metaphase-to-anaphase transition by ensuring bipolar attachment of kinetochores of all
chromosomes to the spindle microtubules before anaphase onset. All these checkpoints
are driven by the controlled regulation of major cell cycle protein kinases,
phosphorylation of specific substrates and ubiquitination-dependent degradation of key

components.

S—phase checkpoint

Dupllcatlon of

G1/S checkpoint cell content

Preparative
phase

Preparative
phase

GO

Equal distribution
between daughter
cells

G2/M checkpoint

Spindle assembly checkpoint

Figure 3. Simplified scheme of the cell cycle and its checkpoints. The different phases G0,
G1, S (synthetic), G2 and M (mitosis) are represented in black, whereas red bars mark the
different checkpoints ensuring faithful progression through each stage of the cell cycle: the
G1/S checkpoint, the S-phase checkpoint, the G2/M checkpoint, and the Spindle Assembly
Checkpoint (SAC).
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4.3 Regulation of mitosis by phosphorylation

There are several families of protein kinases involved in faithful progression of mitosis.
While Cyclin-dependent kinases are undoubtedly the master regulators of cell cycle, two
other families of protein kinases have been shown to be essential for progression
through mitosis: the Polo-like kinases and the Aurora kinases (Morgan, 1997; Nigg,
2001)

4.3.1 Cyclin-dependent protein kinases (CDKs)/Cyclins:

CDKs are the central components of the cell-cycle control system. Their levels of
expression are mostly constant during the cell cycle but their activation depends on
association with transcriptionally regulated subunits known as Cyclins. Different
CDK/Cyclin complexes are formed throughout the cell cycle, thereby coordinating
spatio-temporal regulation and ensuring uni-directionality of the cell cycle progression
(Fig. 4). In response to growth factors, Cyclin D is synthetized. It interacts with CDK4/6,
allowing exit from GO and entry into a new cell cycle. This leads to the formation of
active CDK2/Cyclin E complex driving progression through the G1/S checkpoint, entry
into S phase when CDK2 associates with Cyclin A triggering the initiation and
progression of DNA replication. At the S/G2 transition, Cyclin A relocates from the
nucleus to the centrosomes, where it associates with CDK1 which contributes to the
preparation of mitosis. The transcription of Cyclin B is switched on, and concentration of
the protein increases during G2. Perfectly replicated and undamaged chromosomes
trigger association of CDK1/Cyclin B at centrosomes (Jackman et al., 2003), that allows
silencing of the G2/M checkpoint and the cell progression through mitosis. During
mitosis, numerous substrates of CDK1/Cyclin B were described. For instance, the motor
protein EG5 that is essential for proper centrosomes separation (Blangy et al., 1995) and
Lamins important for nuclear envelope breakdown (Liischer et al,, 1991; Peter et al,,
1990). CDK1/Cyclin B is also essential for proper chromosome condensation in
prophase as it phosphorylates Condensin (Abe et al., 2011) and for proper metaphase-
to-anaphase transition by regulation of the Anaphase-Promoting Compex/Cyclosome

(APC/C) (Kraft et al., 2003). Ultimately, activation of APC/C induces Cyclin B destruction,
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and thereby CDKs inactivation. This triggers mitotic exit by disassembling the mitotic

spindle, and initiates cytokinesis.

S-phase checkpoint

Cdk2/

Cyclln A cdk1/

Cyclln A

Dupllcat|on of

G1/S checkpoint cell content

Cdk2/
Cyclin E
Preparative Preparative
phase phase
Cdk{l—6/ cdk1 /
CyclinD Cyclin B

GO

Equal distribution
between daughter
cells

G2/M checkpoint

Spindle assembly checkpoint

Figure 4. Simplified scheme of the cell cycle control by CDK/Cyclin complexes. The
different phases G0, G1, S (synthetic), G2 and M (mitosis) are represented in black, whereas
red bars mark the different checkpoint ensuring faithful progression through each stage of
the cell cycle. The different CDK/Cyclin complexes regulating progression of the cell cycle

are represented in green.

4.3.2 Polo-like kinase family:

Members of the Polo-Like Kinase (PLK) family are defined based on their common
architecture: a N-terminal Ser/Thr kinase domain precedes a regulatory domain called
Polo-Box Domain (PBD), made of one or two polo-boxes (Fig. 5A). To date, it consists of
four members that perform crucial but non-overlapping functions during the cell cycle.
PLK2 is expressed in G1, where it mediates signaling for entry into S-phase (Ma et al,,
2003). During this stage, PLK2 is also required for faithful response to replication stress
and DNA damage (Matthew et al., 2007). PLK3 expression is stable throughout the cell
cycle and has been shown to be involved in mitosis by regulating microtubules dynamics

(Ouyang, 1997; Wang et al,, 2002), in DNA damage response (Xie et al., 2001) and in
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Golgi dynamics (Xie et al., 2004). To date, PLK4 was only described as being essential for
centriole duplication (Habedanck et al.,, 2005). The most characterized member of the
PLK family is PLK1, whose level of expression increases in late G2 and peaks during the
whole mitosis (Golsteyn et al., 1995). It displays a very dynamic localization during
mitotic progression (Fig. 5B). In late G2, PLK1 localizes to centrosomes where it
promotes mitotic entry by phosphorylation of Cyclin B1 and CDC25C, leading to
increased activity of CDK1 (Toyoshima-morimoto et al.,, 2001; Toyoshima-Morimoto et
al, 2002). This induces CDK1-mediated phosphorylation of BORA in complex with
Aurora A (Chan et al,, 2008), which in turn phosphorylates PLK1 in its activation loop
(on T210) (Seki et al., 2008) , resulting in its full activation. PLK1 is also essential for
proper centrosome maturation. Indeed, depletion of PLK1 leads to formation of
monopolar spindles (Sumara et al.,, 2004) by altering the recruitment of the y-Tubulin
ring complex (Lane and Nigg, 1996), and by preventing phosphorylation of key factors:
KIZUNA, responsible for stabilizing centrosomes when the mitotic spindle is formed
(Oshimori et al., 2006), Abnormal Spindle (ASP) (do Carmo Avides et al,, 2001) and
Ninein-Like Protein (NLP)(Casenghi et al, 2005), both involved in microtubule
nucleation, and PERICENTRIN required for the recruitment of y-Tubulin (Lee and Rhee,
2011).

In prometaphase and metaphase stages, PLK1 localizes to kinetochores of
chromosomes, where it regulates their attachment to spindle microtubules. Initial
recruitment and maintenance of PLK1 at kinetochores is mediated via its interaction
with PBIP (Kang et al.,, 2006). Formation of the PLK1/PBIP complex actually induces
degradation of PBIP, but PLK1 is retained in the vicinity of kinetochores, via interactions
with other proteins such as INCENP and components of the SAC BUB1 and BUBRI
(Elowe et al., 2007; Goto et al., 2006; Qi et al,, 2006). Interestingly, the SAC-induced
prometaphase arrest observed in PLK1 depleted cells suggests that PLK1 activity is not
essential for the establishment of SAC signaling. Instead, PLK1 appears to be implicated
in the stable attachment of kinetochores to microtubules, in a process involving PLK1-
dependent phosphorylation of BUBRI and NUDC (Elowe et al,, 2007; Nishino et al,,
20006).

PLK1 also regulates the removal of Cohesin complexes during mitosis. Whereas in yeast,
PLK1 ortholog, CDC5, phosphorylates cohesins to increase their cleavability by separase

at anaphase onset (Alexandru et al., 2001), eukaryotes share two distinct pathways: the
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majority of Cohesin is removed from chromosomal arms during the early stages of
mitosis (prophase/prometaphase) in a PLK1-dependent but separase-independent
pathway (Sumara et al., 2000, 2002). At anaphase onset, only the residual amounts of
Cohesin is then removed from chromosomes in a Separase-dependent manner
(Waizenegger et al., 2000).

After anaphase onset, PLK1 translocates from kinetochores to the spindle midzone via
its interaction with PRC1 (Hu et al,, 2012) and remains in the midbody during telophase
where it is responsible for the formation of the contractile acto-myosin ring. Indeed,
PLK1 phosphorylation of CYK-4 induces recruitment of ECT2 to the CENTRALSPINDLIN
complex (Wolfe et al., 2009). ECT2-CENTRALSPINDLIN complex will promote activation
of the small GTPase RhoA, which drives the assembly of the cleavage furrow (Yiice et al,,
2005)

Decrease in PLK1 concentration occurs in late mitosis and in G1 when the destruction-
box (D-box; amino-acids 337-RKPL-340) of PLK1 is recognized by the E3-ubiquitin
ligase APC/CCdhl, As a consequence, PLK1 is polyubiquitinated, and thereby targeted for

proteasomal degradation (Lindon and Pines, 2004).
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Figure 5. Architecture and localization of PLK1 protein. A. Schematic representation of
PLK1 protein structure. It is composed of a kinase domain at its amino-terminal side,
whereas two polo-boxes constitute the Polo-Box Domain (PBD) at its carboxy-terminus
extremity. Key residues that will be subsequently investigated are shown in red. B.
Localization of PLK1 during mitosis. HeLa cells were fixed, stained with PLK1 and CREST
(a marker of kinetochores) antibodies and DAPI to visualize DNA and analyzed by
immunofluorescence microscopy. PLK1 localizes to centrosomes in prophase and
prometaphase and on kinetochores upon establishment of kinetochore-microtubule
attachments. In metaphase, PLK1 is partially removed from kinetochores, and at anaphase
onset, it relocalizes from kinetochores to the spindle midzone and subsequently to the

midbody during telophase and cytokinesis.
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Interestingly, the recruitment of PLK1 to the different cellular localization during cell
cycle is dependent on its PBD domain. Indeed, it was shown that the PBD of PLK1 can
act as a phospho-peptide binding motif (Elia et al, 2003b) and thereby suggests a
mechanism by which PLK1 can dock to specific phosphorylated targets via its PBD. This
involves key residues H538 and K540, both essential for electrostatic interaction with
the phosphate group, and W414 required for binding the backbone of the
phosphorylated receptor protein (Cheng et al., 2003; Elia et al., 2003a). Interestingly, the
optimal consensus sequence recognized by the PBD, -LHSSp/TpP- (Yun et al., 2009),
shows partial overlap with the phosphorylation sequences generated by mitotic-Proline
directed kinases as CDK1. CDK1 indeed primes early mitotic interactors of PLK1 like
INCENP, BUB1 and BUBR1 (Elowe et al, 2007; Goto et al, 2006; Qi et al., 2006).
However, PLK1 is also able to create its own docking site, like for PBIP (Kang et al,,
2006), or PRC1 (Hu et al,, 2012).

Yet other interactions are completely independent of phospho-priming. For instance,
interactions between D. melanogaster POLO and MAP205 depend on the PBD, but do not
require any phosphorylation. Interestingly, CDK1-mediated phosphorylation of MAP205
inhibits PLK1 binding rather than promoting it (Archambault et al., 2008; Xu et al,,
2013). The binding of PLK1 to BORA has also been suggested to be phospho-
independent, but in this case only the PBD or the kinase domain are sufficient to co-
purify BORA (Seki et al,, 2008). However, recent data from Dr. Pintard’s laboratory
indicate that phosphorylation of BORA orthologue in C. elegans SPAT-1 is required for
interaction with PLK1 and regulation of mitotic entry (Pintard L. personal
communication). This strongly suggests that PLK1 is capable of using several binding
mechanisms to interact with its substrates and receptors. Future studies are needed to

understand these mechanisms.
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4.3.3 Aurora Kinase family:

Another group of kinases essential for mitotic progression is the Aurora family. It is
composed of three members, Aurora A, B and C, all sharing the same organization: a
highly conserved catalytic domain, associated to a more divergent amino-terminal

extension (Fig. 6A).
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Figure 6. Architecture and localization of Aurora kinases. A. Schematic representation of
the domain organization of Aurora kinase family. Whereas the kinase domain is highly
conserved (more than 70% between Aurora A and B), the amino-terminal extremities
exhibit strong divergence. B. Schematic representation of the subcellular localization of
Aurora A (green squares) and Aurora B (red circles). (Adapted from (Carmena and

Earnshaw, 2003))
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Aurora A expression and activity peak at the G2/M transition after phosphorylation of
its activation loop. This regulation appears to be conferred by its interaction with
binding partners, the most characterized ones being BORA and TPX2. As described
previously, in early mitosis Aurora A localizes at centrosomes (Fig. 6B), where its
association with BORA is responsible for PLK1 activation (Toyoshima-morimoto et al.,
2001; Toyoshima-Morimoto et al., 2002), and is also important for the recruitment of
peri-centriolar material, essential for centrosome separation and maturation (Berdnik
and Knoblich, 2002; Hannak et al., 2001). It also phosphorylates CDC25B phosphatase,
thereby ensuring faithful mitotic entry (Dutertre et al., 2004). In mitosis, PLK1 mediates
degradation of BORA via the E3-ubiquitin ligase SCF (Chan et al., 2008) and Aurora A
can subsequently interact with its co-activator TPX2, which drives the complex to the
mitotic spindle (Eyers and Maller, 2004). While its function there is not completely
understood, its role in the maintenance of stable kinetochore-microtubule (KT-MT)
interactions is firmly established, as its inhibition leads to chromosome misalignments
and thereby defective chromosome segregation (Lioutas and Vernos, 2013) and its over-
expression bypasses SAC-dependent arrest induced by the microtubule-stabilizating
drug Taxol (Anand et al, 2003). Aurora A is degraded in an APC/CCdhl dependent
manner in late anaphase and this has been shown to be an important event for
reorganization of microtubules during interphase stage (Floyd et al., 2008). However, in
human cells, over-expression of GFP-Aurora A leads to a reminiscent pool of the kinase
localizing to midbody in late mitosis (Sugimoto et al., 2002), the function of which still
has to be understood.

Aurora B expression is similar to the one of Aurora A. It is part of the so-called
Chromosomal Passenger Complex (CPC), which includes the proteins INCENP, SURVIVIN
and BOREALIN. Upon binding to INCENP, Aurora B is primely activated. It then
phosphorylates both INCENP (Bishop and Schumacher, 2002) and the T-loop of its
kinase domain (Yasui et al., 2004) in trans, resulting in full activation of Aurora B (Sessa
et al,, 2005). Aurora B and the entire CPC display a very dynamic localization, moving
from chromosomes and inner centromeres from prophase to metaphase to the central
spindle during anaphase and finally to the midbody during telophase and cytokinesis
(Fig. 2 and 6B). In early mitosis, two histone phosphorylations, H3T3 and H2AT120
catalyzed by HASPIN and BUB1 respectively, are required for accumulation of the CPC at

inner centromeres (Wang et al., 2010; Yamagishi et al., 2010), where its major role is to
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control kinetochore-microtubule (KT-MT) attachments. Indeed, incorrect attachment of
microtubules to kinetochores of chromosomes (i.e. not bi-oriented) triggers Aurora B
phosphorylation of components of the KMN complex (NDC80, MIS12 and KNL1) and of
the kinesin-motor MCAK (Lan et al., 2004; Zhang et al., 2007). This induces a decrease in
their affinity towards microtubules, destabilizing wrong attachments, and thereby
promoting novel, accurate interactions of the mitotic spindle to chromosomes
(Cheeseman et al., 2006; Welburn et al., 2010). Aurora B is also required to actively
signal the Spindle Assembly Checkpoint (SAC) as, similarly to Aurora A, Aurora B
inhibition induces a SAC over-ride in Taxol-treated cells (Hauf et al., 2003). It was shown
to be required for the accurate recruitment of the key SAC components (Vigneron et al.,
2004). This recruitment, combined to its functions in creating unattached kinetochores
makes Aurora B a central player in SAC signaling in mitosis.

Following SAC silencing upon accurate kinetochore-microtubule attachments, cells enter
anaphase, where H3T3 is dephosphorylated. This facilitates CPC relocalization to the
central midzone, where it mediates, indirectly via phosphorylation of MKLP1, the
recruitment of CENTRALSPINDLIN, which contributes to the stabilization of the central
spindle (Douglas et al., 2010; Guse et al., 2005). Thereby, by promoting the recruitment
of CENTRALSPINDLIN to the midzone, the coordinate action of Aurora B with PLK1 will
allow formation of the ECT2- CENTRALSPINDLIN complex, essential for the activation of
RhoA GTPase and subsequent ingression of the cleavage furrow, after which, both the A-
box and the D-box of Aurora B are recognized by APC/CCdhl which subsequently
catalyses degradation of the kinase (Stewart and Fang, 2005a).

Aurora C is the third and last member of the Aurora family and its functions are to-date
only poorly understood. Interestingly, it is only highly expressed in the embryonic
stages and in cancer cells, where, like other members of the family, it peaks during G2/M
phases. It has been shown to be associated with centrosomes (Induced et al.,, 2005;
Kimura, 1999), but has also been suggested to be a CPC-associated protein (Li et al,,
2004; Sasai et al., 2004; Yan et al., 2005), where it can complement Aurora B functions

(Sasai et al,, 2004; Slattery et al., 2009).
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4.4 Regulation of mitosis by protein ubiquitination

4.4.1 The ubiquitin-proteasome system

Progression through mitosis is not only regulated by protein phosphorylation and
dephosphorylation, but also by ubiquitin-mediated proteolysis of specific substrates,
thereby ensuring uni-directionality of the cell cycle. Ubiquitin is a small 8.5 kDa protein
that is covalently attached to lysine residues of other proteins through the sequential
actions of three enzymes. E1, the ubiquitin-activating enzyme, which, in an ATP-
dependent process, activates ubiquitin by covalently linking its carboxy-terminal glycine
to cysteine residue in the active site of the E1. The E1 subsequently transfers the
activated ubiquitin to a cysteine residue within the active site of the E2-ubiquitin
conjugating enzyme. Finally, ubiquitin is transferred from the E2 to the lysine residue of
the substrate protein in an E3-depedent manner (Fig. 7). In case of HECT family of E3-
ubiquitin ligases, this involves binding of ubiquitin to a cysteine within the active site of
the ligase and then this ubiquitin molecule is covalently linked to the substrate, whereas
in case of the RING family, there is a direct transfer of ubiquitin from the E2 to the
substrate. In most organisms, specificity towards the substrate is provided by the E3-
ubiquitin ligase as there is a single E1, several types of E2 enzymes and multiple families
of E3 ligases, which are often multiprotein complexes. Substrates can be modified by a
single ubiquitin on one or more sites (mono and multi-ubiquitination, respectively) or
poly-ubiquitination can occur, in which substrates are modified with chains of ubiquitin
thanks to the seven internal lysines within the ubiquitin itself (K6, K11, K27, K29, K33,
K48, K63) (Fig. 7). This creates of huge plethora of possible ubiquitin signals, all of
which appear to have very distinct functions. For instance, while K-11 and K-48 poly-
ubiquitinated proteins are usually recognized and degraded by the proteasome (Chau et
al, 1989; Jin et al, 2008), K-63 linkage was shown to be important for signal
transduction in DNA damage (Spence et al, 1995) and in stress response pathways
(Wang et al., 2001). Mono-or multi-ubiquitination serves as a targeting signal in major
cellular processes like DNA repair, transcription, endocytosis but also in mitosis
(reviewed in (Welchman et al., 2005)). Increased complexity arises from the ability of
the Ubiquitin-Domain Binding (UBD) proteins to interact specifically with ubiquitinated

proteins, regulating their functions. Also, ubiquitin modifications are counteracted by
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specific deubiquiting enzymes (DUBS), which can thereby rescue substrate proteins
from degradation (Rumpf and Jentsch, 2006), allow ubiquitin recycling (Yao and Cohen,
2002) and regulate transcription by altering chromatin structure (Joo et al., 2007; Zhang

et al,, 2008) and mitosis (reviewed in (Fournane et al., 2012)).
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Figure 7. The ubiquitin conjugation pathway. Conjugation of ubiquitin to substrate
proteins involves three enzymes, E1, E2 and E3. Ubiquitination can lead to mono- or
polyubiquitination. The latter is more characterized for its proteolytic roles, but may also
mediate major signaling functions, similar to mono-ubiquitination. Different types of
modifications are recognized by distinct Ubiquitin-Binding Proteins (UBPs). Ubiquitination

can be removed from the substrate protein by DeUBiquitinating enzymes (DUBs).

4.4.2 Cullin-RING E3-ubiquitin ligases

The human genome encodes seven members of the Cullin family: CUL1, CUL2, CUL3,
CUL4A, CUL4B, CUL5 and CUL7 and one more distant member, APC2. All of them
harbour a very specific architecture: the amino-terminal domain of the Cullins binds
substrate adaptor proteins (either directly, or indirectly through a linker), which
mediates interaction with the substrate (Fig. 8). On the other hand, the carboxy-
terminal part of Cullin protein binds a RING-finger protein, usually RBX1, which ensures
the recruitment of the E2 enzyme conjugated to ubiquitin, and positions it near the
substrate (reviewed in (Sumara et al, 2008)). CRL activity is mostly regulated via

neddylation/deneddylation cycles, activating (Duda et al., 2008; Pintard et al., 2003a;
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Sakata et al,, 2007; Wu et al., 2000) or inhibiting (Cope et al., 2002; Lyapina et al., 2001)
CRLs respectively.

To date, three major CRL complexes have been shown to be essential for faithful
progression of mitosis: one based on CUL1 or so-called the SCF complex, one based on
APC2 and called Anaphase-Promoting Complex/Cyclosome(APC/C), and the one based
on CUL3.
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Figure 8. A. Schematic representation of the global architecture of Cullin-RING E3-
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ubiquitin ligase complexes. Cullin (light grey) binds through its carboxy-terminus to the
RING-finger protein (black). Its amino-terminus mediates interaction with the substrate
recognition module, composed of a linker (dark blue) and an adaptor (light blue) that
recognizes the substrate (yellow) to be modified by ubiquitin (orange). Cullin’s activity is
regulated by neddylation (NED8). B. Specificities of CRLs. Only SCF (or CUL1-based E3-
ubiquitin ligases) requires previous phosphorylation of substrates to allow interaction with
the WD40 domain of its adaptor protein. APC/C (based on APC2) is the most divergent
member of the CRL family, composed of at least 13 core-subunits. It binds the RING-finger
protein APC11, instead of RBX1 in case of other members, and neddylation does not appear
to be required for its activity. In CUL3-based E3-ubiquitin ligases, a single protein acts as
the linker and the adaptor. It contacts CUL3 via its BTB-domain, whereas another domain
mediates contacts with the substrate, usually a MATH or a Kelch domain. Examples of

adaptor proteins and specific substrates for each of the E3 ligase complexes are shown.

22



4.4.2.1 The SCF complex

Human SCF complex is composed of three subunits: CUL1, RBX1 and SKP1. SKP1 is a
linker protein, bridging CUL1 thanks to its F-box domain to the adaptor that will contact
the substrate to be ubiquitinated. Several functional complexes of CUL1-RBX1-SKP1 can
thereby be formed, based on the adaptor protein used: SCFNPA mediates Cyclin Bl
degradation in interphase, preventing premature mitotic entry (Bassermann et al,,
2005). In late G2, CyclinB1/CDK1 actively regulates its own activation by
phosphorylating NIPA, which induces its dissociation from SCF and thereby increases
CyclinB1/CDK1 concentration (Bassermann et al., 2007) . Upon dissociation of NIPA,
SCFTome-1 and SCFB-TrCP1 gre formed and promote mitotic entry by ubiquitination-
dependent degradation of CDK1 inhibitor WEE1 (Ayad et al., 2003; Watanabe et al,,
2004). In prophase, SCFF-TrCP1 induces degradation of APC/C inhibitor EMI1, resulting in
increased activation of the E3-ubiquitin ligase. Interestingly, the interactions between
SCF adaptors and their respective substrates are known to require phosphorylation of
the substrates. While this dogma still has to be confirmed for Cyclin B1 recognition by
SCFNPA ‘hoth PLK1 and CDK1 phosphorylations of WEE1 and PLK1 phosphorylation of
EMI1 are essential for their degradation (Watanabe et al., 2004).

4.4.2.2 The APC/C

Despite following the same global organization like other members of the CRL family,
the Anaphase-Promoting Complex/Cyclosome (APC/C) functions quite differently.
Firstly, it is a 1.5MDa multiprotein complex, made of at least 13 core subunits (reviewed
in (Thornton and Toczyski, 2006) ) organized around the Cullin-homology domain of
APC2. The latter binds RING-finger protein APC11 (instead of RBX1 in other CRLs) and
its activity has not been shown to be dependent on neddylation. It mostly contacts its
substrates in a phosphorylation-independent manner, via the WD40 domains of only
two distinct adaptors: CDC20 and CDH1.

Upon degradation of Emil by SCFF-TrCP1 in prophase (see above), APC/C becomes active
and associates with co-activator CDC20 to degrade Cyclin A, allowing progression to the
later stages of mitosis (Geley et al., 2001; Kikuchi et al., 2013), and NEKZ2A initiating

centrosomes separation (Hames et al,, 2001).
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However, the most characterized role of APC/CCd<20 js to drive the metaphase-to-
anaphase transition upon SAC inactivation. Indeed, spindle microtubules not correctly
attached to kinetochores induce series of phosphorylations leading to SAC activation. In
this case, CDC20 catalytic activity is inhibited because of its interaction with the Mitotic
Checkpoint Complex (MCC, composed of MAD2, BUB3 and BUBRI) and thereby can not
target Cyclin B and SECURIN for degradation, both necessary steps for anaphase onset.
When chromosomes become bi-oriented thanks to the action of Aurora B (see part
3.3.3) and its counteracting phosphatase B56-PP2A, SAC is inactivated in a process
probably involving phosphatase PP1 recruitment and activity on kinetochore. The MCC
releases CDC20, which subsequently becomes active and targets for degradation both
Cyclin B and SECURIN. This leads to CDK1 inactivation and activation of separase,
resulting in proteolytic cleavage of the Cohesin complex allowing sister chromatids
segregation in anaphase (reviewed in (Foley and Kapoor, 2013)). Decrease in Cyclin B
concentration leads to inactivation of CDK1, which induces the replacement of CDC20 by
CDH1 in anaphase. APC/CCdhl js responsible for initiating mitotic exit, by degrading
major mitotic proteins, including CDC20 itself (Huang, 2001), PLK1 (Lindon and Pines,
2004), Aurora kinases (Littlepage et al., 2002; Stewart and Fang, 2005a) and spindle
associated proteins TPX2 and ANILLIN to promote spindle reorganization and
contractility of myosin during cytokinesis (Stewart and Fang, 2005b; Zhao and Fang,
2005).

4.4.2.3 CUL3 E3-ubiquitin ligases

The first CUL3-based E3 ubiquitin ligase complex was identified in C elegans, where
CUL3 was shown to interact with MEL26 and to be required for degradation of the
microtubule-severing protein MEI-1 at the meosis-to-mitosis transition (Pintard et al,,
2003b). The global architecture is quite similar to the one of SCF E3-ubiquitin ligase,
except that in case of CUL3 family, a single protein is acting as both the linker and the
adaptor. Indeed, CUL3 interacts with adaptors containing a BTB/POZ domain (for Bric-
a-brac, Tramtrack and Broad Complex/Pox virus and Zinc finger) associated to a 3-box
motif (herein referred as BTB domain) (Canning et al., 2013; Xu et al., 2003; Zhuang et
al, 2009). The adaptor contains another protein-protein interaction domain that

mediates contacts with the substrate, like a MATH domain in case of CUL3/MEL26 E3-
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ubiquitin ligase. Regulation of the activity of CUL3-based E3-ubiquitin ligases is
dependent on two distinct mechanisms: like most of the CRLs, CUL3 activity relies on its
neddylation state (see above) and secondly, the BTB domain of the adaptor protein
provides a plateform for complex dimerization (Ahmad et al, 1998; Canning et al,,
2013). Interestingly, increasing evidence suggests that this dimeric CUL3/BTB-adaptor
binds a single substrate on two distinct sites, like in case of CUL3/KEAP1 complex
binding transcription factor NRF2 (McMahon et al, 2006; Tong et al, 2006), or
CUL3/SPOP binding to PUC (Zhuang et al., 2009). The functions of CUL3-based E3-
ubiquitin ligases are very versatile and are not restricted to mitosis (reviewed in
(Genschik et al., 2013)). Interestingly, also during mitosis, depletion of CUL3 by RNAi
leads to a whole plethora of phenotypes spanning from chromosome alignment defects
to chromosome segregation defects but also to cytokinesis defects (Sumara et al., 2007).
During mitosis, CUL3 was shown to interact with BTB-Kelch domain containing proteins
via their BTB domains, whereas their Kelch domains act as adaptors to mediate
interactions with essential mitotic kinases. Kelch domains adopt a 3-propeller domain
fold, in which each blade of the propeller is formed from a four-stranded antiparallel (3-
sheet fold (Fig. 9A). All mitotic BTB-Kelch identified to date contain six of these (3-sheet
modules, which arrange radially around a central axis to form the 3-propeller domain

(Fig. 9B).
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Figure 9. A. Structure of a Kelch-repeat propeller blade. Four [-sheets (named A,B,C and
D) constitute one blade. The N- and C-termini loops join the adjacent blades. The depicted
blade corresponds to the modelled third blade of KLH22 using PhyreZ2 software. B. Mitotic
BTB-Kelch adaptors are composed of six blades connected by inter-blade loops. They adopt
a typical B-propeller domain fold. This structure represents the modelled Kelch domain of

KLHZ22 using PhyreZ software.

While structural elements constituting the blades are quite conserved, intra and inter-
blade loops show strong divergence in length and amino-acid composition (Fig. 10A).
This influences the surface properties of individual propeller and thereby contributes to
increased specificity of each Kelch domain towards its physiological substrates (Fig.
10B and 10C). During mitotic progression, CUL3/KLHL18 is essential for mitotic entry
as depletion of KLHL18 delays this process. It ubiquitinates Aurora A at centrosomes,
which seems to proceed activation of the kinase (Moghe et al, 2012). During
prometaphase, CUL3 association with adaptors KLHL9 and KLHL13 targets Aurora B
kinase for ubiquitination, which serves as a signal for its removal from chromosomal
arms of condensed chromosomes and correct localization to the spindle midzone
(Sumara et al., 2007). At anaphase onset, adaptor KLHL21 localizes to the midzone and
interacts with CUL3 to ubiquitinate Aurora B, stabilizing its localization in this location

(Maerki et al., 2009), which is required for proper cytokinesis (see part 3.3.3).
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Figure 10. A. Multiple sequence alignment of the Kelch domain of BTB-Kelch proteins
involved in mitosis (KLHLY9, KLHL13, KLHL18, KLHL21 and KLHLZ22). Black shading
indicates identical amino-acids whereas grey shading indicates amino-acids similar in all
five Kelch domains. The alignment was obtained using ClustalW. B. Cartoon and surface
representations of the Kelch domains of KLHLY, KLHL13, KLHL18, KLHL21 and KLHLZ22.
While all five proteins fold into B-propellers, they however exhibit strong divergence in
their surface potentials. Carbon and hydrogen atoms are shown in grey, nitrogen in blue,
oxygen in red and sulphur in yellow. C. Structural superimposition of these Kelch domains.
p-sheets display a strong structural conservation but loops appear to be more divergent
and might thereby be involved in specificity of substrate recognition. All structures were

modelled using Phyre2 and structurally aligned using Coot software.
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5 Aim of the thesis

The goal of my thesis is to understand the molecular requirements for substrate
recognition by CUL3 E3-ubiquitin ligases. A very significant number of papers shows
that protein kinases constitute targets of CUL3/BTB-Kelch E3-ubiquitin ligases (Metzger
et al,, 2013). Indeed, during mitosis, data already published from our lab as well as from
others identified several complexes essential for faithful completion of this process:
CUL3/KLHL18 regulating Aurora A, CUL3/KLHL9-KLHL13 and CUL3/KLHLZ21 acting on
Aurora B. Moreover, our work recently identified a novel complex, CUL3/KLHL22
regulating PLK1 during mitosis (Beck et al., 2013). We thereby hypothesized that there
must be a common conserved mechanism for kinase recognition by BTB-Kelch proteins.
However some molecular determinants must exist in each case to ensure formation of
specific complexes in vivo.

We used CUL3/KLHL22 complex interacting with PLK1 substrate as an experimental
model to gain insights into the detailed molecular mechanisms regulating this
interaction. We then planed on extending our knowledge to other complexes, in order to
understand what are the common and specific features of kinases binding to BTB-Kelch

adaptors.
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6 Results

Results are divided in three parts. The first one corresponds to our manuscript
published in Nature Cell Biology describing identification of PLK1 as a direct target of
the E3-ubiquitin ligase CUL3/KLHL22. The second part focuses on the molecular
requirements for PLK1 recognition by adaptor protein KLHL22, and includes one
manuscript published in Cell Cycle and several unpublished results. The third and last
part shows unpublished results on characterization of novel components of

PLK1/KLHL22 pathway.
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6.1 Results part 1: Manuscript: Ubiquitylation-dependent localization

of PLK1 in mitosis.

Sarah Maerki et al identified the ubiquitin ligase complex CUL3/KLHL22 as a novel
component of the complex regulatory system that ensures faithful progression through
mitosis (Maerki et al,, 2009). In the study presented here, the regulation of PLK1 by
CUL3/KLHL22 was investigated in depth to understand the underlying biochemical and
cellular processes. The results were published as an article in Nature Cell Biology (Beck

etal, 2013).

Author contributions of experimental data:

Sarah Maerki and Jochen Beck, under supervision of Izabela Sumara at the ETH Ziirich,
jointly characterized KLHL22 as an adaptor of CUL3. They observed chromosome
alignments defects in KLHL22 depleted cells, quantified the mitotic delay and frequency
of apoptosis in these cells and found that these phenotypes are linked to the SAC. They
identified and confirmed PLK1 as a CUL3/KLHL22 substrate. They found that KLHL22
depletion leads to PLK1 accumulation at mitotic kinetochores and BubR1
hyperphosphorylation, but does not affect the total protein levels of PLK1. They
generated the GFP-PLK1 and His-PLK1 cell lines. They characterized the GFP-PLK1 cell
lines and quantified mitotic defects such as mitotic delay, frequency of apoptosis, PLK1
accumulation and BUBRI phosphorylation at kinetochores in cells expressing only the
ectopic version of PLK1. They documented the accumulation of endogenous PLK1 at
kinetochores at different mitotic stages and confirmed that the PLK1 K492R mutant
does not cause centrosome maturation defects, exerts normal kinase activity and is
degraded at the same rate as endogenous PLK1. Furthermore, they recorded the
localization of GFP-KLHL22, in the stable cell line. In the laboratory of Izabela Sumara at
the IGBMC Strasbourg, Thibaud Metzger and Izabela Sumara performed experiments
and quantifications showing RANGAP1 localization defects in KLHL22 depleted cells or
in cells expressing the non-ubiquitylatable PLK1 mutant. They quantified PLK1 and
RANGAP1 signals in the His-PLK1 cell line and showed that PLK1 binding to BUBRI and
other phospho-receptors is negatively regulated by CUL3/KLHL22 and that this

regulation is depending on the tension between sister chromatids upon attanchement of
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Results part 1

spindle microtubules to kinetochores of chromosomes. They bacterially expressed and

purified recombinant PLK1 and KLHL22 and showed that the two interact with high
affinity.
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Ubiquitylation-dependent localization of PLK1

in mitosis

Jochen Beck!®, Sarah Maerki®®°, Markus Posch?, Thibaud Metzger®, Avinash Persaud?, Hartmut Scheel®,
Kay Hofmann®, Daniela Rotin®, Patrick Pedrioli’, Jason R. Swedlow?, Matthias Peter"'° and Izabela Sumara’*'°

Polo-like kinase 1 (PLK1) critically regulates mitosis through its dynamic localization to kinetochores, centrosomes and the
midzone. The polo-box domain (PBD) and activity of PLK1 mediate its recruitment to mitotic structures, but the mechanisms
regulating PLK1 dynamics remain poorly understood. Here, we identify PLK1 as a target of the cullin 3 (CUL3)-based E3
ubiquitin ligase, containing the BTB adaptor KLHL22, which regulates chromosome alignment and PLK1 kinetochore localization
but not PLK1 stability. In the absence of KLHL22, PLK1 accumulates on kinetochores, resulting in activation of the spindle
assembly checkpoint (SAC). CUL3-KLHL22 ubiquitylates Lys 492, located within the PBD, leading to PLK1 dissociation from
kinetochore phosphoreceptors. Expression of a non-ubiquitylatable PLK1-K492R mutant phenocopies inactivation of
CUL3-KLHL22. KLHL22 associates with the mitotic spindle and its interaction with PLK1 increases on chromosome
bi-orientation. Our data suggest that CUL3-KLHL22-mediated ubiquitylation signals degradation-independent removal of PLK1
from kinetochores and SAC satisfaction, which are required for faithful mitosis.

Mitotic division is instrumental for the development of all organisms
and defects in its regulatory systems lead to aneuploidy, which is linked
to cellular transformation?. PLK1 is a critical regulator of mitotic
division and an attractive candidate for anticancer drugs®. It controls
chromosome alignment, centrosome function and spindle assembly
through its dynamic localization to kinetochores, centrosomes and the
midzone?. Downregulation of PLK1 or pharmacological inhibition
of its kinase activity leads to mitotic defects ultimately leading
to activation of the SAC and apoptotic death®®. However, recent
data suggest that a fine balance of PLK1 protein levels and its
kinase activity is required for chromosome alignment and faithful
mitotic progression’ . First, PLK1 accumulates at the kinetochores
during the prometaphase stage to establish kinetochore attachments
and subsequently most PLK1 protein has to be removed from
kinetochores during metaphase to allow for the maintenance of stable
kinetochore-microtubule interactions, SAC silencing and anaphase
onset’®. The PBD and autocatalytic activity of PLK1have been
implicated in its targeting to different mitotic structures, including
kinetochores!®'%, but the mechanisms regulating PLK1 dynamics
remain poorly understood.

Post-translational modifications including phosphorylation and
acetylation ensure correct expression and activity of key mitotic
factors'*!>. Moreover, covalent conjugation of ubiquitin to specific
lysine residues of target proteins emerged as a critical regulatory signal
in cellular physiology, mediating both proteolysis-dependent and
-independent mechanisms'®!7. Ubiquitin is attached to a substrate by
coordinated cycles of three enzymatic reactions, ubiquitin activation
(E1 enzyme), ubiquitin conjugation (E2 enzyme) and ubiquitin ligation
(E3 protein ligase). Previous studies in human cells identified critical
roles and substrates of cullin-RING E3 ubiquitin ligases (CRL) in cell
proliferation and tumour progression'®'. In particular, CUL3 seems
to regulate several aspects of mitosis by assembling E3 ubiquitin ligase
complexes with specific Bric-a-brac/Tramtrack/Broad complex (BTB)
adaptor proteins?®22,

In this study, we identify PLK1 as a target of CUL3, which in
complex with the BTB-adaptor protein KLHL22 regulates chromosome
alignment and PLK1 kinetochore localization but not PLK1 stability.
In the absence of KLHL22, PLK1 accumulates on mitotic kinetochores,
resulting in hyperphosphorylation of its target BUBRI, inhibition
of stable kinetochore-microtubule interactions and activation of the

!nstitute of Biochemistry, ETH Zurich, Schafmattstrasse 18, 8093 Zurich, Switzerland. 2Wellcome Trust Centre for Gene Regulation and Expression, College of Life
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Figure 1 The BTB adaptor protein KLHL22 regulates SAC-dependent
chromosome alignment during mitosis. (a) Hela cells expressing
H2B-mRFP were treated with the indicated siRNAs for 48h and
analysed by live-cell microscopy. Asterisks indicate misaligned and lagging
chromosomes. Scale bar, 10um. (b) The percentage of cells that complete
mitosis normally or with a delay from prophase to anaphase (>50 min) or that
undergo apoptosis during prometaphase was quantified (n = 50). (c) The
percentage of cells that undergo normal mitosis, become multinucleated
or die during mitosis was quantified (n=50). (d) HeLa cells were treated

SAC. CUL3-KLHL22 directly binds PLK1 and ubiquitylates Lys 492,
located within the PBD, leading to PLK1 dissociation from kinetochore
phosphoreceptors. Indeed, expression of a non-ubiquitylatable
PLK1-K492R mutant phenocopies inactivation of CUL3-KLHL22.
Interestingly, KLHL22 associates with the mitotic spindle and its
interaction with PLK1 increases as cells achieve chromosome bi-
orientation. Together, our data suggest that CUL3-KLHL22-mediated
ubiquitylation signals degradation-independent removal of PLK1 from
kinetochores and SAC satisfaction, which are required for faithful
progression through mitosis.

RESULTS

The CUL3-KLHL22 E3 ligase regulates SAC-dependent
chromosome alignment during mitosis

The BTB-Kelch protein KLHL22 interacts with CUL3 (Supplementary
Fig. Sla) and is required for mitotic division?, but its molecular
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with the indicated siRNAs for 48h and analysed by immunofluorescence
microscopy for MAD2 and kinetochores. The percentage of prometaphase
and metaphase cells that contain one or more MAD2-positive kinetochores
was quantified (n=30). Example images are shown in Supplementary Fig.
Slc. (e) Hela cells expressing H2B-mRFP were treated with the indicated
mixtures of siRNAs for 48 h and analysed by live-cell microscopy. The
percentage of cells that die in prometaphase was quantified (n=50). Bars
represent the mean of three independent experiments. Error bars indicate
+s.d.

function and critical ubiquitylation substrates remain unknown.
KLHL?22 is expressed throughout the cell cycle with levels moderately
increasing during mitosis (Supplementary Fig. S1b). Live-cell
microscopy of HeLa cells stably expressing the histone marker
H2B-mRFP revealed that KLHL22-depleted cells show severe
chromosome alignment defects, with 27.9% (+5%) of cells dying
after a prolonged prometaphase-like arrest without anaphase initiation
(Fig. 1a,b). However, unlike CUL3 depletion, KLHL22 RNA-mediated
interference (RNAi) did not lead to an increased occurrence of
micronuclei or multinucleated cells (Fig. 1c). To assess whether
activation of the SAC causes the observed prometaphase arrest,
KLHL22-depleted cells were arrested in mitosis by addition of
the proteasome inhibitor MG132, and the protein mitotic arrest
deficient 2 (MAD2) was visualized as a marker for unattached
kinetochores?® by immunofluorescence microscopy. In contrast to
RNAI controls, MAD2-positive kinetochores could be detected in
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96.7% of the mitotically arrested KLHL22-depleted cells (Fig. 1d).
The presence of unaligned but MAD2-negative kinetochores in
CUL3-depleted cells (Supplementary Fig. S1c) could be explained by
pleiotropic effects including SAC slippage?* or incorrect kinetochore
attachments, accounting for the fact that CUL3 forms functional
complexes with several substrate adaptors?. Importantly, simultaneous
inactivation of KLHL22 and MAD2 rescued the KLHL22 mitotic-
cell-death phenotype (Fig. 1e and Supplementary Fig. S1d). KLHL22
depletion did not impede bipolar spindle formation, loading of
condensin on chromosomes (data not shown) or kinetochore assembly
(Supplementary Fig. Sle-h). However, 57.5% of the KLHL22-depleted
cells failed to form proper metaphase plates in the presence of
MG132, compared with 22.1% of control cells, suggesting that the
CUL3-KLHL22 E3 ligase regulates SAC-dependent processes required
for efficient chromosome alignment during mitosis.

The CUL3-KLHL22 E3 ligase targets PLK1 and regulates its
kinetochore localization during mitosis

The KLHL22 RNAi phenotype suggests that CUL3-KLHL22 targets
proteins with essential functions during mitosis. To identify these
substrates, we probed protein microarrays containing ~8,300 human
proteins for their binding to AlexaFluor647-labelled KLHL22, and for
their in vitro ubiquitylation by reconstituted CUL3-RBX1-KLHL22
complexes in the presence of FITC-labelled ubiquitin. As expected,
MBP-KLHL22 interacted with GST-CUL3-RBX1, but not with
GST controls, and reconstituted CUL3-RBX1-KLHL22 complexes
promoted autoubiquitylation of GST-CUL3, but not GST- or MBP-
tagged negative control substrates (Supplementary Fig. S2). We
identified 93 proteins that specifically interacted with MBP-KLHL22
and 30 of these were also ubiquitylated by CUL3-RBX1-KLHL22,
suggesting that they may be substrates of this E3 ligase (Supplementary
Tables S1 and S2). Interestingly, in our list of candidates we found a
ninefold and sixfold over-representation of protein kinases, respectively.
Among them was PLK1, which is well known to regulate several
processes in mitosis® including chromosome alignment, centrosome
function and spindle assembly through its dynamic localization
to kinetochores, centrosomes and the midzone region®. Consistent
with the protoarray results, endogenous PLK1, but not PLK2, co-
immunoprecipitated with FLAG-tagged KLHL22 in extracts prepared
from mitotically synchronized cells (Fig. 2a). Likewise, endogenous
KLHL22 was efficiently co-immunoprecipitated with endogenous
PLK1 from mitotic-stage cells (Fig. 2b). Accordingly, recombinant
KLHL22, but not KLHL21, strongly bound purified PLK1 in vitro and
this interaction was established through the Kelch domain of KLHL22
(Fig. 2¢,d). Together, these data suggest that PLK1 is indeed a specific
and direct target of CUL3-KLHL22.

To understand the physiological consequences of KLHL22-
mediated ubiquitylation of PLK1, we compared its abundance and
subcellular localization in control and CUL3-KLHL22-depleted
cells using PLK1-specific antibodies. We were unable to detect
significant differences in total cellular levels of PLK1 in the
presence or absence of KLHL22 (Fig. 3c). Consistent with published
results*”®, we observed that kinetochore-associated PLK1 levels
were markedly reduced as chromosomes become bi-oriented in
metaphase (Supplementary Fig. $3a,b). Interestingly, downregulation
of KLHL22 or CUL3 led to a striking increase in the level

ARTICLES

of PLK1 on kinetochores during prometaphase when compared
with control short interfering RNA (siRNA)-treated cells (Fig. 2e,f
and Supplementary Fig. S3c), whereas its levels on centrosomes
were slightly decreased (Supplementary Fig. S3d,e). In contrast,
KLHL22 depletion did not alter the localization of any other
kinetochore protein we tested (Fig.2g and Supplementary Fig.
Sle-h). Importantly, PLK1 levels on kinetochores also increased
in CUL3- or KLHL22-depleted cells arrested with the microtubule-
depolymerizing drug nocodazole (Fig. 2e,f), excluding the possibility
that this effect was indirectly caused by the prolonged prometaphase
arrest. Consistent with this notion, downregulation of the previously
described CUL3 adaptor KLHL21 (ref. 22; Fig. 2e,f) or drug-induced
arrest in different mitotic stages (Fig. 2h) did not result in PLK1
accumulation on kinetochores. Taken together, we conclude that
the CUL3-KLHL22 E3 ligase may act to remove PLK1 from
kinetochores before chromosomes achieve bi-orientation in metaphase,
without affecting total PLK1 levels or other subcellular pools of
kinetochore proteins.

CUL3-KLHL22 regulates maintenance of stable
kinetochore-microtubule interactions

To determine whether CUL3-KLHL22 regulates PLK1 activity, we
analysed the phosphorylation state of the kinetochore protein BUBRI.
PLK1-mediated phosphorylation of BUBRI occurs at several sites
and has been correlated with stability of kinetochore-microtubule
interactions”?. Whereas total, kinetochore-associated BUBRI levels
were unaffected (Fig. 2g), inactivation of KLHL22, but not KLHL21,
in mitotically arrested cells led to a threefold to fourfold augmented
phosphorylation of BUBRI on Ser 676, consistent with the observed
increase of PLK1 on kinetochores (Fig. 3a—c). Accordingly, Ser 676
phosphorylation of BUBRI was abolished on treatment with the PLK1
inhibitor BI 2536 (ref. 6; Fig. 3d). In contrast, PLK1-activity-dependent
accumulation of y-tubulin on centrosomes was normal in mitotic
cells (Supplementary Fig. S3e). Together, these results suggest that
inactivation of CUL3-KLHL22 leads to increased PLK1 levels and
sustained kinase activity specifically at kinetochores, causing an
increased level of BUBR1 phosphorylation. As BUBRI phosphorylation
was reported to regulate stable kinetochore-microtubule interactions,
we monitored kinetochore localization of RANGAP1, which depends
on stable kinetochore-microtubule interactions®. To this end, we
arrested control and KLHL22-depleted cells with monastrol, and
released them into MG132-containing media to achieve a highly
synchronous population of cells with bi-oriented chromosomes. In
contrast to control-depleted cells, RANGAPI failed to efficiently
localize to kinetochores and mitotic spindles in the absence of KLHL22
(Supplementary Fig. S3f) and this defect could be reversed by treatment
with the PLK1 inhibitor BI 2536 (Fig. 3e). Together these results
suggest that in the absence of KLHL22, cells fail to establish stable
kinetochore-microtubule interactions because PLK1 accumulates on
kinetochores leading to hyperphosphorylation of BUBRI and, as a
consequence, defects in chromosome alignment.

CUL3-KLHL22-mediated ubiquitylation of PLK1 within the
PBD regulates faithful chromosome alignment during mitosis
To examine whether PLK1 ubiquitylation is indeed critical for
mitotic progression, we next determined the sites ubiquitylated by
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Figure 2 The CUL3-KLHL22 E3 ligase interacts directly with PLK1

and regulates its kinetochore localization during mitosis. (a) Hela cells
inducibly expressing FLAG-KLHL22 were treated with doxycycline (Dox),
synchronized by double thymidine block release and collected in mitosis by
mitotic shake-off. Cell extracts were immunoprecipitated with anti-FLAG
antibodies and analysed by western blotting. The asterisk indicates the
band corresponding to PLK2. (b) Hela cells were synchronized as in a and
extracts were immunoprecipitated with control (IgG IP) or anti-PLK1 (PLK1
IP) antibodies and analysed by western blotting. (¢) Recombinant GST or
GST fused to full-length PLK1 (GST-PLK1) was incubated with recombinant
MBP, MBP fused to full-length KLHL21 (MBP-KLHL21) or KLHL22
(MBP-KLHL22), and immunoprecipitated using glutathione-Sepharose
beads. Immunoprecipitates (GST-IP) were washed in low- and high-salt
conditions and analysed by Coomassie blue staining and western blotting.
(d) Recombinant GST, GST fused to the Kelch repeats (GST-6K) of
KLHL21, KLHL22 or KLHL9 were incubated with recombinant PLK1,

+DMSO +DMSO

immunoprecipitated using glutathione-Sepharose beads and analysed by
western blotting. (e) HelLa cells were treated with the indicated siRNAs
for 48h, arrested in mitosis with nocodazole for 14 h and analysed

by immunofluorescence microscopy. Scale bar, 5um. Insets show x4
magnifications of selected kinetochores. (f) Quantification of relative
intensity ratios of PLK1/CREST staining on individual kinetochores (KTs;
from 10 cells) from unsynchronized (as in Supplementary Fig. S3c, light
grey) and nocodazole (NOC) synchronized cells (as in e, dark grey). The ratios
of control siRNA-treated cells were set to 1. (g) Quantification of intensity
ratios of different kinetochore markers normalized to the corresponding

CREST signals in control (light grey) and KLHL22-depleted (dark grey) cells.

(h) The relative kinetochore intensities of PLK1 were quantified as in f from
cells treated with indicated siRNAs and nocodazole (NOC), Taxol (TAX),
monastrol (MON), MG132 or dimethylsulphoxide (DMSO). Bars represent
the mean of three independent experiments. Error bars indicate +s.d.
Uncropped images of blots/gels are shown in Supplementary Fig. S6.
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Figure 3 KLHL22 regulates PLK1-mediated phosphorylation of BUBR1 and
stable kinetochore-microtubule attachments. (a) HelLa cells were treated
with the indicated siRNAs for 48 h, arrested in mitosis with nocodazole for
14 h and analysed by immunofluorescence microscopy. Scale bar, 5pum.
(b) Quantification of the relative intensity ratios of pS676-BUBR1/CREST
on individual kinetochores (KTs; n=10) from a. Bars represent the mean
of three independent experiments. Error bars indicate +s.d. (c) HeLa cells

CUL3-KLHL22 complexes in vitro. GST-CUL3-RBX1 complexes
purified from Sf9 cells reconstituted with MBP-tagged KLHL22
purified from Escherichia coli were able to mainly mono-ubiquitylate
recombinant PLK1, whereas multiple sites were used with lower
efficiency (Fig.4a). Mass spectrometry analysis identified lysine
residues 492 and 19 as ubiquitin acceptor sites. Interestingly, Lys 492
resides in the PBD of PLK1, is conserved from fission yeast to humans
(Fig. 4b,c) and was confirmed as a ubiquitin acceptor site in vivo in two
independent proteomic studies?”2%.

As the PBD mediates recruitment to mitotic structures including
kinetochores''”* we examined whether ubiquitylation by the
CUL3-KLHL22 E3 ligase may regulate PBD-mediated PLK1 function
at kinetochores. To this end, we generated HeLa cell lines that
allow doxycycline-inducible expression of GFP-fused wild-type
(WT) PLK1 or a version of PLK1 with Lys 492 mutated to a
non-ubiquitylatable arginine residue (KR). Expression of PLK1""
was able to rescue the mitotic defects induced by 3'UTR-directed
siRNA targeting endogenous PLKI, including the delay at the

metaphase—anaphase transition and induction of apoptosis (Fig. 4d—f).

In contrast, expression of the PLK1¥® mutant resulted in severe mitotic
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were treated as in a, collected by mitotic shake-off and analysed by western
blotting. (d) HeLa cells were treated as in ¢, incubated with Bl 2536 as
indicated and analysed by western blotting. (e) HelLa cells were treated
with the indicated siRNAs for 24 h, synchronized in metaphase and treated
with Bl 2536 or dimethylsulphoxide (DMSO) as described and analysed by
immunofluorescence microscopy. Scale bar, 10 um. Uncropped images of
blots are shown in Supplementary Fig. S6.

defects leading to prometaphase delay that was often followed by
apoptotic death (36%). Moreover, kinetochore localization of the
PLKI*® mutant was augmented and these cells showed increased
levels of phosphorylated BUBR1 and decreased levels of RANGAPI on

kinetochores (Fig. 4g), thus resembling the KLHL22 RNAi phenotype.

These results were confirmed in HeLa cell lines expressing HIS
tag-fused PLK1W" or PLK1*® (Fig. 5a,b). As expected, centrosome
maturation and bipolar spindle formation were not perturbed under
these conditions (data not shown), implying that the PLK1¥® mutant
is specifically defective for its kinetochore function. Importantly,
no significant difference in kinase activity could be detected when

comparing PLK1"" and the PLK1**® mutant (Supplementary Fig. S4a).

Moreover, the interaction of PLK1 with the APC/C activator CDH1

was not affected by the K492R mutation (Supplementary Fig. S4b).

Accordingly, the PLK1¥® mutant was efficiently degraded at the end
of mitosis with kinetics comparable to PLK1"" or endogenous PLK1
(Supplementary Fig. S4c), implying that the K492R mutation does
not influence APC/C“""!-mediated ubiquitylation and subsequent
proteasomal degradation of PLK1. Together, these results suggest that
the accumulation of PLK1 at kinetochores and resulting mitotic defects
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Figure 4 CUL3-KLHL22-mediated ubiquitylation of PLK1 within the

PBD domain regulates faithful chromosome alignment during mitosis.

(a) Recombinant PLK1 was added to in vitro ubiquitylation reactions
containing GST-CUL3-RBX1 complexes purified from Sf9 cells. Reactions
were incubated for 1 h with MBP or MBP-KLHL22 purified from E. coli and
analysed by western blotting. Note that PLK1 was mainly mono-ubiquitylated
(asterisk) under these conditions, but multiple sites were used with lower
efficiency. (b) Schematic representation of PLK1. The ubiquitin acceptor
lysine Lys 492 is indicated in blue; residues required for PBD phosphosite
targeting are indicated in grey. (c) Alignment of PLK1 regions containing the
identified ubiquitin acceptor site Lys 492 from different species. (d) HelLa
cells inducibly expressing GFP-PLK1"" were treated with doxycycline
(£Dox) and transfected with control or PLK1 3'UTR siRNA. Cell extracts
were analysed by western blotting. (e) Hela cell lines inducibly expressing
GFP-PLK1"T or the KR mutant were transfected with PLK1 3'UTR
siRNA and analysed by live-cell microscopy 24-48h after transfection.
Minutes before and after mitotic entry are indicated. Scale bar, 10pum.

(f) Quantification of cells from e that complete mitosis (green and yellow)
versus cells that undergo apoptosis during prometaphase (red) (total numbers
of cells analysed: n'""=312, n® =235). For the cells that complete mitosis,

can be linked to CUL3-KLHL22-mediated ubiquitylation of Lys 492
located in the PBD of PLKI.

The PBD promotes phospho-dependent interactions of PLK1 with
its target proteins®. On the basis of structural predictions, Lys 492 is
in close proximity to the four key residues involved in phosphosite
binding (Trp 414, Leu 490, His 538 and Lys 540; Figs 4b and 5c), raising
the possibility that ubiquitylation by the CUL3-KLHL22 E3 ligase
may regulate PBD-mediated interactions of PLK1 at kinetochores.
Thus, we examined the interaction of PLK1"" and PLK1¥® with
the phosphoreceptor proteins INCENP and BUBRI in mitotically
synchronized cells. Remarkably, the level of PLK1¥} binding to
these kinetochore phosphoreceptors was increased as compared with
PLK1%" (Fig. 5d,e). Furthermore, KLHL22 overexpression reduced
the interaction between BUBRI and PLK1" but not PLK1X® (Fig. 5e¢),
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the duration from prophase to anaphase was quantified and the fraction of
cells exhibiting a normal (green) or delayed (yellow) anaphase onset was
calculated. Delay is defined as: duration longer than WT average + 1x
standard deviation. Duration values were quantified from n%" =80, n** =78
cells. (g) Cells expressing GFP-PLK1"" (light grey) or GFP-PLK1*® (dark
grey) were transfected with PLK1 3'UTR siRNA, fixed 36 h after transfection
and analysed by immunofluorescence microscopy. GFP-PLK1 was visualized
by GFP microscopy; pS676-BUBR1, RANGAP1 and CREST were stained
using the corresponding antibodies. To quantify kinetochore-associated
GFP-PLK1, GFP at individual kinetochores (n =322 kinetochores in total
from 3 independent experiments) was normalized both to cytoplasmic
GFP and to the corresponding CREST signal at kinetochores using the
following equation: GFP(kinetochore)/GFP(cytoplasm)/CREST(kinetochore).
pS676-BUBR1 signals of individual kinetochores (n= 36 kinetochores
from 1 experiment) were normalized both to the corresponding

CREST and GFP-PLK]1 signal intensities using the following equation:
(pS676-BUBR1/CREST)/(GFP/CREST); RANGAP1 intensities on individual
kinetochores (n=322 kinetochores in total from 3 independent experiments)
were normalized to CREST staining. Error bars indicate +s.d. Uncropped
images of blots are shown in Supplementary Fig. S6.

suggesting that ubiquitylation of Lys 492 inhibits PBD-mediated
phospho-interactions of PLK1 at kinetochores.

KLHL22 accumulates at the mitotic spindle and its association
with PLK1 increases on chromosome bi-orientation

To understand the spatio-temporal regulation of CUL3-KLHL22
E3 ligase, we generated a doxycycline-inducible cell line express-
ing GFP-KLHL22 and assayed its localization throughout mitosis.
GFP-KLHL?22 efficiently interacted with endogenous CUL3 (Supple-
mentary Fig. S5a) and PLK1 (Supplementary Fig. S5b), suggesting that
the GFP fusion does not affect the function of KLHL22 as a CUL3
adaptor in vivo. Whereas GFP-KLHL22 was mostly visible as a diffuse
cytoplasmic signal in prophase and prometaphase, it associated with
the mitotic spindle as the cells reached chromosome bi-orientation
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Figure 5 Ubiquitylation of PLK1 by CUL3-KLHL22 regulates PBD-mediated
phospho-interactions at kinetochores and stable kinetochore-microtubule
attachments. (a) Hela cells inducibly expressing HIS-PLK1"" or the

KR mutant were transfected with PLK1 3'UTR siRNA and analysed

by immunofluorescence microscopy. The images on the right show 5x
magnifications of the area outlined in the left image. Note that expression
of the PLK1¥® mutant leads to increased kinetochore association of

PLK1 and a decrease in RANGAP1 at kinetochores but not at the nuclear
envelope (arrows) in interphase cells. Scale bars, 5um. (b) Cells expressing
HIS-PLK1"T (light grey) or HIS-PLK1*® (dark grey) were treated as in Fig. 4g
and kinetochore-associated HIS-PLK1 (n= 150 kinetochores in total from

(Fig. 6a), consistent with the reported localization of CUL3 (ref. 30).
Interestingly, live-cell video microscopy revealed that GFP-KLHL22
localized to the centrosomes shortly before cells entered anaphase
(Fig. 6a and Supplementary Fig. S5¢ and Videos). After anaphase
onset, GFP-KLHL22 was predominantly associated with the polar
microtubules connecting the two opposing centrosomes and gradually
diffused into the cytoplasm during telophase. Thus, KLHL22 may use
the mitotic spindle compartment to remove PLK1 from kinetochores.
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3 independent experiments) and RANGAP1 (n= 170 kinetochores in total
from 3 independent experiments) were quantified. Error bars indicate +s.d.
(c) Model of the PLK1 crystal structure®® highlighting the relevant residues
of this study. The ubiquitin acceptor lysine Lys 492 is shown in blue, the
residues required for phosphopeptide targeting are shown in grey. (d) Cells
expressing GFP alone, GFP-PLK1"" or GFP-PLK1*® were synchronized in
mitosis, immunoprecipitated using GFP-Trap beads and analysed by western
blotting. (e) Cells expressing GFP alone, GFP-PLK1"" or GFP-PLK1*% were
transfected with either HA alone or HA-KLHL22 and immunoprecipitated
using GFP-Trap beads and analysed by western blotting. Uncropped images
of blots are shown in Supplementary Fig. S6.

+
+
+
+

To determine whether the interaction of CUL3-KLHL22 with
PLK1 is regulated by chromosome bi-orientation, we investigated
if KLHL22-PLK1 binding was influenced by the status of
kinetochore-microtubule interactions. To this end, PLK1 was
immunoprecipitated from cells arrested with monastrol, and
released into media containing MG132 to accumulate cells in
metaphase. On chromosome bi-orientation, cells were treated
with either dimethylsulphoxide, nocodazole or Taxol, to alleviate
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Figure 6 KLHL22 accumulates at the mitotic spindle and its
association with PLK1 peaks with chromosome bi-orientation.

(a) Immunofluorescence microscopy was performed using a
doxycycline-inducible GFP-KLHL22 cell line, which was synchronized
in mitosis by RO3306 block and release, fixed and stained with CREST
and a-tubulin using specific antibodies. GFP-KLHL22 is visualized only
by its GFP fluorescence. Images are maximum-intensity projections
through Z-stacks spanning a total depth of 12 um in 0.5 um increments.
Scale bar, 10 um. (b) Workflow for synchronizing cells in metaphase and
addition of dimethylsulphoxide (DMSO0), the microtubule-stabilizing
drug Taxol (TAX) or the microtubule-depolymerizing agent nocodazole
(NOC). Note that Taxol allows microtubule attachment without
tension being exerted on kinetochores, whereas kinetochores in
nocodazole-treated cells are not attached to microtubules. (c) HelLa
cells expressing HA-KLHL22 and GFP-PLK1 were treated as outlined
in b, collected and GFP-PLK1 was immunoprecipitated and analysed
by western blotting. (d) Hela cells expressing HA-KLHL22 were

kinetochore attachments and/or tension exerted on kinetochores’
(Fig. 6b). As expected, BUBR1 was mostly dephosphorylated in
dimethylsulphoxide controls whereas after Taxol or nocodazole
treatment BUBR1 was predominantly found in its slow migrating,
phosphorylated form. Interestingly, under these conditions

b Monastrol
Monopolar spindle
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Stable kinetochore-microtubule interactions

treated as outlined in b, collected and endogenous PLK1 was
immunoprecipitated and analysed by western blotting. (e) Model
for ubiquitylation-dependent regulation of PLK1 in mitosis by
CUL3-KLHL22. PLK1 (green) localizes to kinetochores (dark blue)
and phosphorylates (P) the key SAC component, BUBR1 kinase
(beige) to control chromosome alignment during prometaphase and
metaphase stages. Following the establishment of stable attachments
of kinetochores by microtubules (black bars), CUL3 (red) together
with the substrate specific adaptor protein KLHL22 (light blue)
binds and ubiquitylates PLK1 (Ub, yellow) within the PBD domain,
leading to its dissociation from phosphoreceptor proteins and thereby
efficient removal from kinetochores, allowing for silencing of SAC and
chromosome segregation. This process may occur dynamically during
prometaphase stages to provide a precise correction mechanism sensing
stable microtubule—kinetochore interactions and microtubule-exerted
tension and satisfaction of the SAC. Uncropped images of blots are
shown in Supplementary Fig. S6.

the interaction of GFP-PLK1 with HA-KLHL22 was clearly
reduced when compared with dimethylsulphoxide-treated cells,
in which the attached microtubules exert tension across the
kinetochores (Fig. 6¢c). Likewise, interaction of the endogenous
PLK1 with HA-KLHL22 was reduced on Taxol treatment (Fig. 6d).
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These results suggest that chromosome bi-orientation and the
concomitant structural changes in kinetochores may be a prerequisite
for efficient binding of CUL3-KLHL22 to PLKI. This mechanism may
thus allow for a spatio-temporal control of PLK1 ubiquitylation on
Lys 492, which in turn may trigger its dissociation from kinetochores
and anaphase onset.

DISCUSSION

In summary, our results strongly suggest that PLK1 is a direct target of
the CUL3-KLHL22 E3 ligase complex and that its ubiquitylation within
the PBD regulates PLK1 localization at kinetochores, chromosome
alignment, SAC satisfaction and ultimately cell survival during
metaphase. Defects in PLK1 ubiquitylation result in enhanced
interaction with phosphoreceptor proteins and consequently in
sustained kinase activity towards its kinetochore substrate BUBR1,
which in turn interferes with stable kinetochore-microtubule
interactions. PLK1 dissociation from kinetochores has been correlated
with bipolar attachment of chromosomes to the mitotic spindle”®,
but the mechanism of its removal was unknown so far. Our data
suggest that the CUL3-KLHL22 interaction with PLK1 increases as
chromosomes become bi-oriented, leading to PLK1 ubiquitylation and
dissociation from kinetochores, thus providing a plausible mechanism
of PLK1 removal from kinetochores on bi-orientation and consequently
satisfaction of SAC signalling (Fig. 6e).

Versatile functions of CUL3-based ligases

Previous studies established CUL3 as a critical regulator of cellu-
lar physiology by assembling E3 ubiquitin ligase complexes with
specific BTB adaptor proteins®. CUL3 complexes ubiquitylate and
target substrates for proteasomal degradation, thereby regulating
cellular homeostasis™>** and development of disease***>. Impor-
tantly, several CUL3 complexes were also shown to regulate cell-
cycle progression?® 220,

Our results suggest that the CUL3-KLHL22 E3 ligase ubiquitylates
PLK1 at Lys 492 and regulates its localization specifically at kinetochores
but does not regulate PLK1 protein stability. Importantly, this
site was demonstrated to be ubiquitylated in vivo in two recent
proteomic studies?”?®. Although we were unable to demonstrate
the specific type of ubiquitin conjugation to PLK1 catalysed by
CUL3-KLHL22 in cells, our in vitro ubiquitylation data strongly
suggest that PLK1 is modified by attachment of a mono-ubiquitin.
It is also possible that only a small fraction of PLK1, associated with
kinetochores specifically when chromosomes achieve bi-orientation,
gets modified. This modification is likely to be dynamic and rapidly
reversed by the activity of an unknown deubiquitylase. Thus, both
the temporal and spatial restriction make biochemical detection
of such a modification very difficult with conventional methods.
However, in light of the available evidence, and because expression
of a PLK1 K492R mutant strikingly mimics the mitotic defects
observed on downregulation of KLHL22 in cells, and conversely
overexpression of KLHL22 reduces the interaction of PLK1 and BUBR1
in a Lys-492-dependent manner, we believe that CUL3-KLHL22
may directly mono-ubiquitylate this site to promote removal
of PLK1 from kinetochores on bipolar microtubule attachment.
Interestingly, other CUL3-based complexes were recently shown
to catalyse mono-ubiquitylation®¥. These findings significantly

ARTICLES

expand the versatility and possible functions of CUL3-based ligases,
and imply that they not only target substrates for proteasomal
degradation, but also regulate reversible processes by regulating
subcellular localization and possibly the activity and/or interactions of
substrates in space and time.

Spatio-temporal regulation of CUL3/KLHL22

We demonstrate that KLHL22 associates with the mitotic spindle and
its interaction with PLK1 increases on chromosome bi-orientation.
As CUL3 was previously found to associate with mitotic spindles®,
these results may provide insight into how physical attachment of
microtubules may convert to a biochemical signal that silences the
SAC at kinetochores. Although GFP-KLHL22 did not accumulate
at kinetochores, it is known that several dynamic kinetochore
components are transported towards the spindle poles following
checkpoint inactivation by the dynein/dynactin pathway*®*’. Indeed,
CUL3 was previously reported to interact with components of the
dynein complex®>*!, suggesting that CUL3-KLHL22 may use the
microtubule-spindle compartment to ubiquitylate and remove PLK1
from kinetochores on chromosome bi-orientation.

CUL3-KLHL22 regulates the kinetochore activity of PLK1

and SAC signalling

We demonstrate that PLK1 ubiquitylation specifically regulates its
function at kinetochores. This is achieved by ubiquitylation of a
conserved lysine residue (Lys 492) within its PBD. PBD-dependent
localization of PLK1 in mitosis is needed for the function of PLK1
only on kinetochores and not on centrosomes', which explains
why no defects in bipolar spindle assembly could be observed
following the inactivation of CUL3-KLHL22. These findings thus
not only provide surprising insights into the temporal and spatial
regulation of PLK1, but also suggest that regulated removal of PLK1
from kinetochores is an important process monitoring chromosome
alignment. Available evidence suggests that a single pathway may link
error correction to SAC activation®?. Our data support this notion in
that the KLHL22-ubiquitylation pathway regulates phosphorylation
of BUBRI (Ser 676) by PLK1 and at the same time is sensed by a
MAD2-dependent SAC mechanism. Importantly, both inactivation
of KLHL22 and expression of the PLK1-K492R mutant lead to
delocalization of the microtubule—kinetochore attachment sensor
RANGAPI. Our results thus confirm that the establishment of
stable kinetochore—microtubule interactions is tightly regulated®® and
identify a mechanism leading to SAC satisfaction at the metaphase
to anaphase transition. Indeed, KLHL22-mediated ubiquitylation
of PLK1 prevents the molecular interaction of the PBD with its
kinetochore receptor proteins. Thus, the CUL3-ubiquitylation path-
way may provide a mode of substrate regulation by affecting the
local concentration of essential enzymatic activities. As KLHL22
preferentially interacts with a subset of protein kinases in our
protoarrays, it is conceivable that CUL3-KLHL22 complexes may
also regulate the activity and/or localization of other protein kinases.
Interestingly, previous studies demonstrated the role of a different
CUL3-based complex in localization of aurora B kinase?"?. It will
therefore be interesting to study whether CUL3 complexes more com-
monly orchestrate localized kinase activities through non-degradative
ubiquitylation. O
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METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary Information is available in the online version of the paper
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METHODS

Cell lines. The FLAG-KLHL22 and GFP-KLHL22 cell lines were created using the
Flp-IN-T-Rex cell line (Invitrogen) and GFP-PLK1 and HIS-PLKI1 cell lines using a
HeLa FRT/To host cell line kindly provided by U. Kutay (ETH Zurich, Switzerland).
The HeLa cell line expressing H2B-RFP (ref. 44) was kindly provided by D. Gerlich
(ETH Zurich, Switzerland). The HeLa cell line expressing three GFP tags in tandem,
fused to a NLS signal® was kindly provided by P. V. Lidsky (Russian Amdemy

METHODS

slides (Invitrogen) were rinsed briefly with 0.5% PBS-T and then blocked at room
temperature for 1h in blocking buffer (50 mM HEPES at pH 7.5, 200 mM NaCl,
0.08% Triton X-100, 25% glycerol, 20 mM glutathi 1 mM dithiotk land 1%
BSA). Meanwhile, 10.2 ug of CUL3-RBX1-His-KLHL22 E3 ligase complex was in
vitro-neddylated with 2.5 g human Nedd8-activating enzyme E1 (APPBP1-Uba3),
2.5ug human E2 (UbcHI2), 10ug human Nedd8, 1x energy regeneration
solution (ERS) and 1x ubiquitylation buffer (45 mM HEPES, 2mM NaF, 0.6 mM

of Medical Sciences, Russia). HeLa Kyoto and HEK293T cells were maintained as
previously described?!. Antibiotics for selection were used as follows: hygromyci

dithiothreitol) at room ure for 15 min. The slides were then rinsed gently

(Invitrogen) 100 ugml~", bl din (Invitrogen) 15 pgml~' and puromycin (Sigma
Aldrich) 0.5pugml~". Doxycycl.ine (Sigma) for induction of protein expression was
used at 1 pgml~' or 0.1 pgml~".

Chemicals (Slgrna) were used as follows: Taxol (paclitaxel) 1 uM (or as indicated),
nocodazole 2pM, I y 2mM, idine 2mM, MGI132 50uM and
monastrol 100 pM. The PLK1 inhibitor BI 2536 (Axon Medchem) was used at
100 nM and the deubiquitylase inhibitor PR-619 (TebuBio) at 20 uM.

Complementary DNAs and siRNAs. cDNA (RZPD) transfections were per-
formed using Lipofe 2000 (Invitrogen) and siRNA transfections using
Oligofectamine (Invitrogen) at a final concentration of 100nM siRNA. The
following siRNA oligonucleotides (Mi h) were used: non-silencing con-
trol: 5-UUCUCCGAACGUGUCACGU-3'; for KLHL22 3 siRNAs were pooled:
5'-GCAACAACGAUGCCGGAUA-3; 5'-CCUAUAUCCUCAAAAACUU-3; 5'-
GGACUGGCUCUGUGAUAAA-3'; CUL3: 5'-CAACACUUGGCAAGGAGAC-3';
MAD2: 5'-GAGUCGGGACCACAGUUUA-3; for PLK1 3'UTR RNAi 3 siRNAs
were pooled: 5'-CCAUAUGAAUUGUACAGAA-3; 5-GGGUUGCUGUGUAA-
GUUAU-3; 5-GGGGUUGCUGUGUAAGUUA-3".

PLK1 mutagenesis. Point mutants of PLK1 were generated using pfu Turbo
DNA Polymerase (Stratagene). Primers used for mutation of K492R were: 5'-
GAGCACTTGCTGAGGGCAGGTGCCAAC-3' and 5'-GTTGGCACCTGCCCTC-
AGCAAGTGCTC-3'.

Microscopy. Live-cell microscopy was carried out using a LSM510 Screening Con-
focal Laser Scanning microscope (Zeiss) or a Nikon Eclipse Ti. Immunofluorescence
microscopy of fixed cells was performed as previously described?'* using either a
Delta Vision personalDV (Applied Precision) or a Leica DM6000B.

Western blotting and i ipitation. Prep of HeLa cell extracts
was described prekusly21 PLAG mggcd KLHL22 was immunoprecipitated usmg
anti-FLAG M2-agarose beads (Sigma). GFP-fused proteins were immunoprecipi-
tated using GFP-Trap agarose beads (Chromotek). Beads were incubated with cell
extracts for 2h at 4 °C under constant rotation. Before elution, beads were washed
5x with TBS-T.

For detection of PLK1 interaction with KLHL22 and with the phosphoreceptors,
cells were synchronized by Taxol for 13h and subsequently treated with PR-619
for 1h. Expression of PLKI"" and PLKI*® was induced for 24h. To detect the
interaction of PLK1 with KLHL22 in resp to ch bi-ori ion, cells
were synchronized by treatment with monastrol for 16 h and released into MG132-
containing media for 1.5h to establist hase plates. Subsequently, cells were
treated with Taxol (10 uM) to abrogate microtubule-exerted tension, nocodazole
(10uM) to depolymerize microtubules or solvent control (dimethylsulphoxide)
for a further 1.5h. For i ipitation of endog PLK1, 10 ug of PLK1
rabbit polyclonal antibody (Abcam) or IgG control was coupled to protein A beads
(Biorad).

In vitro kinase assay. For in vitro kinase assays GFP-PLKI" ¥} was first
immunoprecipitated using GFP-Trap beads as described above but in the presence
of 100 nM okadaic acid. After the final wash with immunoprecipitation buffer, the
beads were washed 3 x with kinase buffer (20 mM Tris at pH 7.0, 50 mM KCl, 10 mM
MgCl, supplememed with 20 mM 8-glycerophosph 1mM Na orth

2mM NaF, 1pugml™' Pepstatin, 1ugml~" leupeptin, 1mM dithiothreitol, 1x
Complete Protease Inhibitors and 100 nM okadaic acid). Casein (100 ug) was added
and reactions were started by adding 400 uM ATP and 0.5 MBgq [y —**P]ATP.

Protein microarray experiments. For control protein microarrays, control
proteins were spotted at decreasing concentrations onto PATH nitrocellulose slides
(Gentel Biosciences) using a Piezoarray platform (Perkin-Elmer). GST-aurora B
was purchased from Lucerna-Chem and GST-LAPTMS5 and GST-xHect were
kindly provided by D. Rotin (The Hospital for Sick Children, Toronto, Canada).
Ubiquitylation microarray screens with CUL3-RBX1-KLHL22 were done in
duplicates. For ubiquitylation assays, Human ProtoArray PATH V.4 microarray

in 1x ubi lation buffer for 5min following incubation with the reaction
mixture (270 ul containing the mixture after CUL3-neddylation and in addition
8 ug FITC-ubiquitin, 7.5 ug rabbit E1 (UBEL), 7.5 pg rabbit E2 (UbcH5c), 12.5mM
Mg-ATP and 1x ubiquitylation buffer) in the dark for 2h. Slides were washed
3x in 0.5% PBS-T for 10 min and then dried by centrifugation at 1,000g at room
temperature for 5 min. Slides were scanned using a 488 nm laser on a ProScan Array
HT (Perkin-Elmer).

For binding assays, Human ProtoArray PATH V.4 microarray slides were
washed, blocked and rinsed gently in 1x ubiquitylation buffer (45mM HEPES,
2mM NaF and 0.6mM dithiothreitol) for 5min following incubation with
binding mixture (300 ul 1x ubiquitylation buffer containing 3 pg Alexa647-MBP
or Alexa647-MBP-KLHL22; final concentration: 10 ngpul~') in the dark for 1h.
The slides were washed 2x 5min and 1x 10min in 0.1% PBS-T and then dried
by centrifugation at 700g at room temperature for 5min. Slides were scanned
using a 633 nm laser on a ProScan Array HT (Perkin-Elmer). Binding microarray
screens with Alexa647-MBP-KLHL22 were done in duplicates whereas a single
binding microarray screen was performed with Alexa674-MBP. Spot fluorescence
intensities from the microarray screens were quantified using the ProScan Array
HT (Perkin-Elmer) soft Protein P Anal (Invitrogen) was used
to compare duplicate screens. Proteins were scored as hits if 50% of the pixels of
the corresponding spots of both duplicates on both replica slides showed a signal
stronger than 2x s.d. values above background.

Ubiquitylation assays and identification of ubiquitylated peptides by
mass spectrometry. For in vitro ubiquitylation assays, 1pg S®-purified
GST-CUL3-RBXI1 (ref. 22) mixed with 2 ug MBP or MBP-KLHL22 purified from
E. coli was used as E3 ligase. The E3 ligase complexes were mixed with 0.5pg
recombinant PLK1 (Cell Signaling), 15ug ubiquitin, 550 ng rabbit E1 (UBE1),
850 ng rabbit E2 (UbcH5b), 12.5mM Mg-ATP and 1x ubiquitin reaction buffer,
and incubated at 30 °C for 1 h. Reagents were from Boston Biochem. Reactions were
terminated by boiling at 95 °C with SDS buffer for 5 min and analysed by western
blotting.

For in vitro ubiquitylation of PLK1 for mass spectrometry (MS) analysis, the
double amount of each reaction component was used in the reaction. After
incubation at 30 °C for 1 h, unreacted free ubiquitin was removed by centrifugation
in an Amicon Ultra-15 centrifuge filter (cutoff: 30 kDa; Millipore). Dithiothreitol
(5mM) was added and reduction was allowed to proceed at 45°C for 1h. After
cooling the sample, 15 mM iodoacetamide (Sigma) was added and alkylation was
allowed to proceed for 1h. The sample was digested overnight with sequencing-
grade modified trypsin (Promega) in the presence of 0.05% RapiGest (Waters) at
37°C. Before MS analysis a microspin column packed with C-18 material (The
Nest Group) was used for sample clean-up. Briefly, the sample was acidified with
0.1% TFA (Promega), loaded onto the reverse-phase column, washed 3x with
0.1% TFA in water, eluted with 0.1% TFA in 80% acetonitrile (Sigma) and dried
in a SpeedVac system (Thermo Scientific). Before MS, samples were resuspended
in high-performance liquid chromatography (HPLC) buffer A (0.1% formic acid
in water) and the peptides were separated on a self-packed 100x 0.075 mm C-18
(Michrom Bioresources) micro-capillary fused-silica column (BGB Analytik AG)
using a multi-step linear gradient: 2-10% HPLC buffer B (acetonitrile) in 1 min;
10-45% in 120 min; 45-98% in 3 min generated by an Agilent 1100 series HPLC
(Agilent). MS and MS/MS data were acquired on a Thermofinnigan LTQ using a
top three data-dependent acquisition method. The raw data were converted to the
mzXML format* and analysed using version 4.3.1 of the Trans Proteomics Pipeline.
X!Tandem with the comet score plug-in*’ was used for the MS/MS assignment.
The protein database used was ipi. HUMAN.v3.41.fasta. The condition files allowed
for a variable modification of 114.1 Da at lysine residues, a static modification
of 57 Da at cysteine residues and tryptic peptides with a of 2 missed
cleavages.

Antibodies. The following antibodies were used: mouse monoclonal BUBR1 (BD
Biosciences 612502, 1:1,000), pSer676 BUBRI (kind gift from E. A. Nigg, University
of Basel, Switzerland, 1:2,000), CREST (Antibodies Incorporated, 15-234, 1:250),
rabbit polyclonal CUL3*!, mouse monoclonal FLAG (Sigma Aldrich F3165, 1:3,000),
mouse monoclonal GST (Labforce B-14, 1:4,000), rabbit polyclonal HA (Covance
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HA.11, 1:3,000), rabbit polyclonal KLHL22 and KLHL21 (ref. 22), rabbit polyclonal
KLHL9 and 13 (ref. 21), rabbit polyclonal Mad2 (Bethyl Laboratories A300-301A,
1:5,000), mouse monoclonal MBP (Abcam ab49923, 1:1,000), rabbit polyclonal
PLK1 (Abcam ab70697, 1:1,000), mouse monoclonal PLK1 (Abcam ab17057, 1:500),
rabbit polyclonal PLK2 (kind gift from I. Hoffmann, DK.FZ Heidelberg, Germany),

DOI: 10.1038/ncb2695

(Abcam ab3242, 1:500) and mouse monoclonal HIS (IGBMC antibody facility, clone
1G4, 1:250).

protects against

44. Stelgemann P. et al. Aurora B-
1. Cell 136, 473-484 (2009).

mouse monoclonal atubulin (Sigma T5169, i
1:5,000, western blotting 1:10,000), rabbit polyclonal ytubulin (Sigma T3559,

45. Belov, G. A et al. Bidirectional lncrease in permeability of nuclear envelope upon

1:1,000), mouse monoclonal cyclin A (Sigma C 4710, 1:2,000), mouse

cyclin Bl (Santa Cruz GSNI, 1:5,000), rabbit polyclonal phospho histone H3
(Upstate 06-570, 1:500), mouse monoclonal aurora B (BD Biosciences 611082/3,
1:250), mouse monoclonal HEC1 (GeneTex, 1:2,000), rabbit polyclonal pericentrin
(Abcam ab4448, 1:2,000), mouse monoclonal GFP (Abcam ab3277, 1:1,000), mouse
monoclonal RANGAP1 (Invitrogen 330800, 1:250), mouse monoclonal CDH1

and i of nuclear pores. J. Virol. 78,
10166-10177 (2004).
46. Pedrioli, P. G. et al. A open of mass sp: y data and

its application to proteomics research. Nat. Biotechnol. 22, 1459-1466 (2004).

47. MaclLean, B., Eng, J. K., Beavis, R.C. & Mcintosh, M. General framework for
developing and evaluating database scoring algorithms using the TANDEM search
engine. Bioinformatics 22, 2830-2832 (2006).
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6.2 Results part 2: How does KLHL22 interact with PLK1 and what

about other KELCH/Kinase complexes ?

6.2.1 Manuscript: CUL3 and protein kinases: insights from PLK1/KLHL22

interaction.

Jochen Beck et al. identified the mitotic kinase PLK1 as a direct target of the CUL3 E3-
ubiquitin ligase complex containing BTB-KELCH adaptor protein KLHL22. In this study,
we aimed at analysing the mechanisms of interaction between PLK1 and KLHL22. These

results were published as a report in Cell Cycle.

Author contributions of experimental data:

Thibaud Metzger designed, cloned and expressed all constructs. He showed that the
catalytic activity of PLK1 is not required for its interaction with KLHL22 and that
bacterially expressed KLHL22 interacts with at least two distinct sites of PLK1.

Charlotte Kleiss performed experiments in mammalian cells.
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CUL3 and protein kinases
Insights from PLK1/KLHL22 interaction

REPORT

Thibaud Metzger, Charlotte Kleiss and Izabela Sumara*

Institute of Genetics and Molecular and Cellular Biology (IGBMC); lllkirch, France

Keywords: CUL3, BTB proteins, KLHL22, ubiquitin, kinases, PLK1

Abbreviations: PLK1, Polo-like kinase 1; DUBs, deubiquitinating enzymes; CRLs, cullin ring ligases; CUL, cullin;
APC/C, anaphase promoting complex/cyclosome; PBD, polo box domain

Posttranslational mechanisms drive fidelity of cellular processes. Phosphorylation and ubiquitination of substrates
represent very common, covalent, posttranslational modifications and are often co-regulated. Phosphorylation may
play a critical role both by directly regulating E3-ubiquitin ligases and/or by ensuring specificity of the ubiquitination
substrate. Importantly, many kinases are not only critical regulatory components of these pathways but also represent
themselves the direct ubiquitination substrates. Recent data suggest the role of CUL3-based ligases in both proteolytic
and non-proteolytic regulation of protein kinases. Our own recent study identified the mitotic kinase PLK1 as a direct
target of the CUL3 E3-ligase complex containing BTB-KELCH adaptor protein KLHL22." In this study, we aim at gaining
mechanistic insights into CUL3-mediated regulation of the substrates, in particular protein kinases, by analyzing
mechanisms of interaction between KLHL22 and PLK1. We find that kinase activity of PLK1 is redundant for its targeting
for CUL3-ubiquitination. Moreover, CUL3/KLHL22 may contact two distinct motifs within PLK1 protein, consistent with
the bivalent mode of substrate targeting found in other CUL3-based complexes. We discuss these findings in the context

of the existing knowledge on other protein kinases and substrates targeted by CUL3-based E3-ligases.

Introduction

Posttranslational mechanisms drive fidelity of cellular processes.
Phosphorylation and ubiquitination of substrates represent very
common, covalent, and reversible, posttranslational modifica-
tions. Human genome encodes for about 600 protein kinases
that phosphorylate specific substrates and thereby critically regu-
late various signaling pathways including cell cycle progression.?
Attachment of the small molecule ubiquitin to other proteins is
conducted by a coordinated action of different E1, E2, and E3
enzymes.’> There are predicted 600-1000 different E3-ubiquitin
ligases in human cells, suggesting huge complexity and specific-
ity of these enzymes. Indeed, unlike most E1 and E2 enzymes,
E3 ligases provide substrate specificity, often by association with
the adaptor proteins. For different members of the Cullin ring
ligases (CRLs), substrate selection is insured by specific protein
families, like, for example, F-box protein family members con-
stitute the SCF complexes (Cullin 1 [CULI1]-based), or BTB
domain-containing proteins build functional CUL3 E3-ligases.*
Given a high number of the substrate-specific adaptor proteins
found in humans (i.e., 200 different BTBs’), numerous ubiqui-
tination targets of these E3-complexes can be predicted. Indeed,
recent mass spectrometry approaches suggest existence of about
5000 different ubiquitination substrates in human cells.® On the

*Correspondence to: Izabela Sumara; Email: Izabela.Sumara@igbmc.fr
Submitted: 06/05/13; Accepted: 06/11/13
http://dx.doi.org/10.4161/cc.25369
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other hand, another important cell cycle E3-ligase, the anaphase-
promoting complex/cyclosome (APC/C) utilizes only two dis-
tinct adaptor proteins (CDC20 and CDH1) that are each able
to bind and target for ubiquitination and subsequent proteolysis
many different substrates.”

Interestingly, phosphorylation and ubiquitination pathways
are often interconnected. Phosphorylation may play a critical role
both by directly regulating E3-ligases and/or by ensuring sub-
strate specificity. For example, the APC/C subunits and the sub-
strate adaptors are differentially phosphorylated during mitosis
and mitotic exit, regulating activity of these enzymes.*” On the
other hand, the substrates of the SCF E3-ligases need to be phos-
phorylated, creating a so-called “phosphodegron”, in order to
be efficiently targeted for ubiquitination'® (Fig. 1). Importantly,
many kinases are not only critical regulatory components of these
pathways but also represent themselves the direct ubiquitination
substrates. In many cases, ubiquitination of the kinases may lead
to their subsequent proteasomal degradation, ultimately attenu-
ating their enzymatic activity, as has been demonstrated for some
mitotic kinases targeted by the APC/C E3-ligase."" However,
ubiquitination may also serve non-proteolytic functions, lead-
ing to regulation of subcellular localization, binding affinities,
or even enzymatic activities.'> Recent data suggest the role of
CUL3-based ligases in both proteolytic and non-proteolytic reg-
ulation of protein kinases (Table 1 and references therein). Our
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Figure 1. Two common models of substrates recognition by E3-ligase
complexes. SCF ligases interact with the phosphorylated residues

on the substrates, which create a so-called “phosphodegron”. The
APC/C complex recognizes specific short motifs within the amino acid
sequence of the targeted proteins, and its activity is regulated by phos-
phorylation. Little is known about mechanisms of substrate targeting
by CUL3-based E3-ligases.

own recent study identified the mitotic kinase PLK1 as a direct
target of the CUL3 E3-ligase complex containing BTB-KELCH
adaptor protein KLHL22.! CUL3/KLHL22-mediated ubiquiti-
nation serves a non-proteolytic function and regulates the sub-
cellular localization of PLKI1 specifically at the kinetochores.
Dissociation of the ubiquitinated PLK1 from kinetochores and
thereby reduction of its localized kinase activity is an essential
event for the anaphase onset in human cells.!

In this study, we aim at gaining mechanistic insights into
CUL3-mediated regulation of the substrates, in particular pro-
tein kinases (Fig. 1). By analyzing mechanisms of interaction
between KLHL22 and PLKI, we conclude that kinase activity
of PLK1 is redundant for its targeting for CUL3-ubiquitination.
Moreover, we find that CUL3/KLHL22 may contact at least two
distinct motifs within PLK1 protein. We discuss these findings
in the context of the existing knowledge on other protein kinases
(Table 1) and substrates targeted by CUL3-based complexes.

Results and Discussion

Postranslational modifications of substrates and recognition
by CUL3 E3-ligases. Several substrate-binding mechanisms
were identified within the Cullin-RING E3-ligases family. For
instance, the SCF E3-ligases require previous phosphorylation
of targeted proteins to create a phosphodegron necessary for
accurate binding between both components.*!® In contrast, the
APC/C binds to short specific motifs (D-Box, A-box, KEN-
box)” (Fig. 1). The existing data on the regulation of the CUL3
substrate, transcription factor Nrf2, suggest that Nrf2 may not
require prior postranslational modification for its binding to
CUL3/KEAP1'*" and is constitutively targeteted for ubiquiti-
nation under non-stressed cellular conditions. However, little
is known about the recognition mechanisms by CUL3-based

2292 Cell Cycle

ligases toward other reported substrates (Fig. 1) in particular
protein kinases (Table 1). In order to gain insights into molec-
ular basis of the kinases binding by CUL3, we have tested if
the kinase activity of the recently reported substrate PLK1' is
required for its binding to CUL3 adaptor KLHL22. For this
purpose, GFP tag-protein alone or GFP-tagged PLK1 were
expressed in HeLa cells. Subsequently, cells were synchronized in
the mitotic stage by addition of Taxol or specific small-molecule
inhibitor of PLK1, BI2536," and GFP proteins were immunopre-
cipitated (Fig. 2). As expected, the treatment with BI2536 abol-
ished the phosphorylation-dependent mobility shift of the PLK1
substrate, kinetochore protein BubR1' (Fig. 2A), and reduced
amount of the autophosphorylated form of PLK1 (Fig. 2B). In
contrast, the HA-tagged KLHL22 (Fig. 2A) and the endog-
enous KLHL22 (Fig. 2B) efficiently co-immunoprecipitated
with PLK1 under these conditions, suggesting that kinase activ-
ity of PLK1 is redundant for its recognition by CUL3/KLHL22
E3-ligase. These data are consistent with the fact that strong,
salt-resistant interaction was observed in vitro between PLK1 and
KLHL22 expressed in bacterial cells, and that downregulation
of CUL3/KLHL22 did not modulate kinase activity of PLKI.!
Interestingly, a number of studies suggest that unlike for many
SCF E3-ligases,*'® there is no evidence that posttranslational
modifications are required for substrates interactions with CUL3
E3-ligases. Intriguingly in the case of two BTB adaptor proteins,
KEAP1" and SPOP,'® substrate phosphorylation inhibits rather
than promotes their recruitment. Also, regulation of IKKB by
KEAPI appears to be independent of IKK activity,” and the
kinase-dead mutant of PIPKIIB was more efficiently ubiquiti-
nated, and this CUL3/SPOP-mediated ubiquitination was fur-
ther enhanced by expression of specific phosphatases.?® A similar
situation was observed for DAPK, as the kinase-defective and
kinase-active mutants bound KLHL20 as effectively as the wild-
type DAPK.?' During mitotic entry, Aurora A kinase is regu-
lated by the CUL3/KLHL18 E3 ligase,?? and this ubiquitination
event seems to proceed the activation of Aurora A, suggesting
that KLHLI18 interacts with an inactive, unmodified kinase.
Taken together, all these findings are in a sharp contrast to SCF-
mediated mechanisms, in which substrate modification induced
by a stimuli switches on the ubiquitination event. One could
speculate that for CUL3-mediated ubiquitination events, some
specific extra- or intracellular factors generate an “off” signal for
substrate targeting. Indeed, Nrf2 is constitutively recognized and
ubiquitinated by CUL3/KEAPI, and oxidative stress conditions
interfere with E3-ligase activity.'*' Similarly, DAPK is consti-
tutively targeted to the CUL3-based ligase under basal condi-
tions.?" In both cases, regulation of the substrate ubiquitination
occurs at the level of the substrate-specific adaptor rather than
substrate itself. While KEAPI is oxidized on the specific cysteine
residues,'? KLHL20 is sequestered away from the substrate into
PML nuclear bodies under IFN-stress conditions.?' Interestingly,
subcellular localization of other mitotic BTB-Kelch proteins
involved in CUL3 complexes appears to be regulated in a timely
manner during cell cycle progression. 22242

Insights into molecular architecture of CUL3 ligases. Unlike
SCEF ligases that interact with the phosphorylated residues on the
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Results part 2

Table 1. The list of protein kinases that are direct substrates of CUL3-based E3-ligases in mammalian cells

b specific adap k Processes Functions References

KLHL9/13/21 Aurora B Mitosis and cytokinesis Non-proteolytic 24and 35

KLHL18 Aurora A Mitotic entry Non-proteolytic 22
KLHL22 PLK1 Chromosome segregation Non-proteolytic 1

SPOP PIPKIIB Phosphoinositide signaling Non-proteolytic 20

KEAP1/KLHL19 IKKB NF-kB signaling Proteolytic 19and 34
KLHL20 DAPK IFN-induced cell death Proteolytic 21

KLHL3 WNK1, WNK4 Blood pressure Proteolytic 33and 36

The table summarizes the current knowledge of the kinases, which were identified as the ubiquitination substrates of CUL3-based E3-ligases in mam-
malian cells. The identity of the substrate specific adaptor proteins, the roles in the physiological process as well as the function of the ubiquitination

events are depicted.
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Figure 2. Catalytic activity of PLK1 is not required for its interaction with KLHL22-adaptor protein. (A) Cells expressing GFP alone and GFP-PLK1 were
transfected with HA-KLHL22 and synchronized in mitosis using Taxol or PLK1 inhibitor BI2536. Extracts were immunoprecipitated using GFP-Trap
beads. Inputs and immunoprecipitates were analyzed by western blot. (B) Cells expressing GFP alone and GFP-PLK1 only were synchronized and

analyzed as in (A). The short (SE) and long (LE) exp of the rep!

ive blots are shown.

substrates, the APC/C complex recognizes specific short motifs
within the amino acid sequence of the targeted proteins. Recent
studies offer an insight into molecular architecture of the CUL3-
based E3-ligase complexes'®? and suggest a quaternary assembly
model, where dimers of BTB-adaptor proteins are engaged in a
single complex, supporting a bivalent mode of interaction with
the substrate proteins. Indeed, it has been demonstrated that two
specific acidic motifs within Nrf2 protein are in a direct con-
tact with the B-propeller constituted of the Kelch repeats within
KEAP protein,”?” and the SPOP adaptor is also able to engage
multiple-binding sites in one substrate, which could be explained
by complex structural flexibility and ability to dimerize.”®
However, little is known about the molecular basis of interaction
between CUL3-complexes and protein kinases. Interestingly,
mutagenesis of the A-box and D-box for APC/C-dependent deg-
radation within Aurora A kinase did not interfere with CUL3-
mediated ubiquitnation.??

Therefore, we aimed at understanding if a bivalent mode of
substrate-CUL3 interaction is also utilized by PLKI. To this

www.landesbioscience.com

end, we expressed and purified the GST-tagged fragments cor-
responding to entire kinase domain and the regulatory domain,
the Polo-box domain (PBD) from bacterial cells. Following
incubation with the full-length, bacterially derived MBP-tagged
KLHL22 protein, we immunoprecipitated the complexes using
GSH-Sepharose. As expected, the full-length PLK1 protein
efficiently interacted with the MBP-KLHL22 protein (Fig. 3),
consistent with a redundancy for prior posttranslational modi-
fications for this interaction and with the previous findings.!
Interestingly, both PLK1 fragments were able to interact with
the full-length KLHL22 protein in vitro (Fig. 3). To corroborate
these findings, we expressed the corresponding fragments fused
to the GFP-tag in human cells. Following cell synchronization in
mitosis by Taxol, we immunoprecipitated the complexes formed.
In contrast to the GFP-protein alone, all GFP-fused forms of
PLKI protein were able to efficiently interact with the endog-
enous KLHL22 protein (Fig. 4). These results suggest that PLK1
utilizes at least two distinct binding interfaces located within
two functional domains of the protein (Fig. 5), consistent with

Cell Cycle 2293

48



Results part 2

A Experiment 1 other BTB-KELCH/kinase complexes, interac-
tion with the PBD domain is likely to be more

GST-PLK1-PBD iNPUT r; (iST L3 T specific to the family of Polo kinases. The PBD
GST-PLK1-KIN + + + . can indeed be only found within PLKs from dif-
GST-PLK1-FL  + * * * ferent species and is critically involved in targeting
MBP-KLI-?Lszz * M ., these kinases to specific subcellular localizations,
P+ + + + T P MWkDa | acting as a phosphoreceptor-biding domain.?** It
\ E% is interesting that the CUL3/KLHL22-mediated
MBP-KLHL22 — - ubiquitination takes place at the specific lysine res-
cerrkifisl =  HERERE -~ 7% due (Ké92) located within the PBD domain and
GST-PLK1-KIN = = N ) : : w72 interferes with the phospho-receptor-dependent
GST-PLK1-PBD — -— - P w55 interactions of PLK1 at the kinetochores.'
MBP->~__- While it cannot be rigorously excluded that
postranslational modifications (i.e., phosphoryla-
|36 tion), by yet-to-be-identified factors, play a regula-
tory role for CUL3 complex assembly, our results
GST—+ e - — - 2 are consistent with the possibility that specific
> motifs within substrate proteins exist that medi-
ate their binding to CUL3-complexes (Fig. 5).
KLHL22 q - Indeed, a small acidic region within WNK kinases
’ mediating its interaction with KLHL3 adaptor
wB was recently identified,” and, similar to Nrf2,"7?
IKKR possess an acidic (D/N)XE(T/S)GE motif
B Experiment 2 within its kinase domain that is required for
INPUT GST-IP KEAP! binding.*3¢ Before any general rules can
GST-PLK1-PBD . = " % be formulated, future studies are needed to iden-
GST-PLK1-KIN + + + + tify the sequence motifs involved in the substrate
GSTRLGST L g . . binding to CUL3/KLHL22 and other CUL3-
MBP-KLHL22 based complexes. As many kinases are found to be
MBP + + + targeted by these E3-ligases (Table 1), these stud-
MBP-KLHL22 - ies may also lead to better understanding of the
GST-PLK1-FL—| e general mode of kinase regulation.
GST-PLK1-KIN—+ - v Materials and Methods
GST-PLK1-PBD —|

MBP — 1% o w o cDNAEs. The full-length KLHL22 was cloned into
pMal-C2X (New England BioLabs) and pcDNA3.1
(Invitrogen) in fusion with the N-terminal HA-tag
as described previously.! The full-length PLK1
(1-603), the PLK1 kinase domain (PLKI1-KIN,
1-320), and the PBD domain (PLK1-PBD, 321—
603) were cloned into pGex-6P1 (GE Healthcare)
KLHL22 4- using EcoRI/Xhol restriction sites and into

pEGFP-NI1 (Clontech) using Xhol/Kpnl. The fol-
wB lowing primers were used for cloning into pGex-

6P1: PLK1 N-term (forward): 5-“GCGGAATTCA

Figure 3. KLHL22 interacts with two domains of PLK1 in vitro. (A and B) Recombinant GTGCTGCAGT GACTGCAGG-3'
GST or GST fused to full-length PLK1 (GST-PLK1), kinase domain fragment (GST-PLK1-kIN), | PLK1 C-term  (reverse) 5-CGCCTCGAGT
and PBD fragment (GST-PLK1-PBD) were incubated with recombinant MBP or MBP fused TAGGAGGCCT TGAGACGGT-3%
to full-length KLHL22 (MBP-KLHL22), and immunoprecipitated using glutathione-sepha- PLKI1-KIN (reverse): 5"CGCCTCGAGA
rose beads. Immunoprecipitates (GST-IP) were analyzed by coomassie blue staining and ATGGTCAGGC AGGTGAT-3'; PLKI-PBD
western blot. (A and B) rep two independ xperiments. (forward): 5-GCGGAATTCC CACCAAGGTT

TTCGATTG-3' and for cloning into pEGFP-N1:
the bivalent model of substrate interaction with the KEAP and PLK1 N-term (forward): 5-“CGCCTCGAGA TGAGTGCTGC
SPOP substrate adaptors.”'®? While KLHL22 binding to the AGTGACTGC-3'; PLK1 C-term (reverse): 5-CGGGGTACCC
kinase domain may, in principle, resemble interactions within CGGAGGCCTT GAGACGG-3; PLKI-KIN (reverse):

GST— e
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Figure 5. A hypothetical model of the architecture of CUL3/KLHL22 in
a complex with PLK1. PLK1 interacts with the substrate specific adaptor
protein KLHL22 independent of its kinase activity. It is possible that
specific conformational change or modifications by unidentified fac-
tors, including upstream kinases (Kinase X), regulate affinity of PLK1 to
KLHL22. KLHL22 binds to two distinct domains of PLK1 and may utilize
two similar or different motifs within its primary sequence.

Figure 4. KLHL22 interacts with two domains of PLK1 in cells. Cells
expressing GFP alone, GFP fused to full-length PLK1 (GFP-PLK1), kinase
domain fragment (GFP-PLK1-KIN), and PBD fragment (GFP-PLK1-PBD)
were synchronized in mitosis using Taxol. Extracts were immunopre-
cipitated using GFP-Trap beads. Inputs and immunoprecipitates were
analyzed by western blot. The short (SE) and long (LE) exposures of the
representative blots are shown.

5“CGGGGTACCC CGGTCAGGCA  GGTGATGG-3;
PLK1-PBD (forward): 5“CGCCTCGAGA TGCCACCAAG
GTTTTCG-3.

Recombi protein exp E. coli BL21 (DE3) bacteria
were transformed with the different pGex-6P1 and pMal-C2X
constructs. Once cultures reached OD,, = 0.4-0.6, they were
cooled down at 20 °C for 30 min. Expression was subsequently
induced overnight at 20 °C with 1 mM IPTG. Cells were har-
vested by centrifugation. GST-fusion proteins were resuspended in
lysis buffer (50 mM NaCl, 10 mM TRIS-HCI pH 8, 1 mM DTT,
Complete Protease Inhibitor Coktail [Roche]), lysed by sonica-
tion, and supernatant was cleared by centrifugation at 40000 rpm
for 1 h using 50.2Ti rotor. The supernatant was incubated for
2 h with 500 pl of Glutathione Sepharose 4B (GE Healthcare)
per 1 liter of culture, previously equilibrated in lysis buffer. Beads
were washed with 50 ml of lysis buffer, and elution was done with
20 mM glutathione. The elution fraction was dialyzed overnight
into lysis buffer to remove glutathione and concentrated using 10
kDa cut-off centrifugal filter units (Amicon). For expression of
the recombinant MBP-KLHL22 the following lysis buffer was
used (PBS-EDTA (0.5 mM), 1 mM DTT, Complete Protease
Inhibitor Coktail [Roche]). The cleared lysate was incubated with

www.landesbioscience.com

2 ml amylose resin (New England Biolabs) per 1 liter of culture.
Elution was performed by supplementing lysis buffer with 15 mM
maltose. The eluate was dialysed in PBS and concentrated using
50 kDa cut-off centrifugal filter units (Amicon).

Cell culture, transfections, and synchronization. HeLa
Kyoto were cultured as previously described” and transfected
using lipofectamine 2000 (Invitrogen), according to the manu-
facturer’s instructions. For mitotic synchronizations, cells were
treated with 200 nM Taxol (paclitaxel) (Sigma) or 100 nM PLK1
inhibitor BI2536 (Axon Medchem) for 13 h before harvesting.

Western blotting, immunoprecipitation, and antibod-
ies. Preparation of HeLa cells extracts, immunoprecipitation,
and western blotting were described previously.! The following
antibodies were used in this study: rabbit polyclonal KLHL22,'
rabbit polyclonal GFP (abcam ab290, 1:2000), mouse mono-
clonal BubRI (BD Biosciences 612502, 1:1000), rat monoclo-
nal HA (Roche 11867423001, 1:1000), and rabbit polyclonal
pThr210PLK1 (Cell Signaling, 1:1000).
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6.2.2 Unbiased approaches

6.2.2.1 Peptide array and truncation experiments

The results from our in vitro binding assay suggest that there are at least two distinct
points of interaction of KLHL22 on PLK1 (Metzger et al.,, 2013). In order to get more
insights into this interaction, we performed peptide array experiments. PLK1 sequence
was divided in 15mer peptides with a shift of four amino-acids and synthesized peptides
were spotted on a nitrocellulose membrane (Intavis CelluSpots™), and incubated with
recombinant KLHL22 proteins and analyzed by western-blot. Whereas no signal could
be detected with MBP and GST controls, we could clearly define three different binding
interfaces using this approach (Fig. 11): one within the kinase domain (peptides C21 to
C23), one in the PBD (peptides F1 to F3) and one in the flexible region between these
two (peptides D12-D13). In contrast, we were unable to detect any interaction with
endogeneous KLHL22 or over-expressed HA-KLHL22 from mitotically synchronized

HelLa cell extracts.
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Figure 11. A. PLK1 was divided in 15mer peptides with a shift of four amino-acids and
spotted on nitro-cellulose membrane. After incubation with MBP-, GST-, and untagged-
KLHLZ22, interactions were detected using anti-MBP, anti-GST and anti-KLHL22 antibodies,
respectively. Three distinct binding interfaces (red rectangles) could be detected. B.

Schematic representation of PLK1 architecture and the potential interaction sites in red.

To confirm the potential sites of interaction lying within the kinase domain (peptides
C21 to C23) and the PBD (peptides F1 to F3), we followed the same approach, i.e.
generating truncation mutant of PLK1 lacking the regions identified by the peptide array
experiments (Table 1). Unfortunately, deletions of these motifs lead to poor expression
and increased instability of the constructs and neither using bacteria nor mammalian
cells could we get enough material to analyze involvement of these sites (Table 1). To
solve this issue, and especially considering that the F1-F3 region of PLK1 has already

been shown to be involved in substrate binding (Xu et al, 2013), we are currently
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performing site-directed mutagenesis of residues within this motif. As for now, Y481A,
F482A and Y485A mutations have been tested (Fig. 29B and data not shown), but
none of them exhibited different affinity towards KLHL22 than the wild-type GST-PLK1

construct.
Name Positions Representation es:])::giiiln ’\éljg;z;;l?:
Full-length 1-603 - KIN —— PBI  — PB2 — + +
Kinase 1-321 + +
Kinase-AC21-C23 1-272
Kinase-N-lobe 1-134 _ + +
Kinase-C-lobe 135-321 —
PBD 322-603 + +
D12-D13 322-374 S + N.D.
PBD-AD12-D13 374 -603 + N.D.
PB1 322-506 _— + +
PB1-AD12-D13 374 -506 _ + +
PB1-AD12-D13-AF1-F3 374 -479 R
PB2 507 - 603

Table 1. Schematic representation of PLK1 and the truncation mutants used, as well as

their expression efficiency in both bacterial and mammalian systems.

Interestingly, D12 and D13 peptides contain the so-called Destruction box (D-box) motif
of PLK1 (337-RKPL-340). This motif was shown to be essential for recognition and
subsequent degradation of PLK1 by the E3-ubiquitin ligase APC/C Cdhl at the end of
mitosis (Lindon and Pines, 2004). To study the involvement of the D-box of PLK1 in
binding to KLHL22, we performed in vitro binding assay with the D12-D13 region fused
to GST (Table 1). However, this construct was unable to co-purify bacterially expressed
KLHL22, suggesting that D12-D13 region is not sufficient to interact with KLHL22 in
vitro (Fig. 12A). Using a shorter construct of our GST-PLK1-PBD, lacking the D12-D13
region (Table 1) and using in vitro binding assay, we observed that the D-box was also
not necessary for the interaction, as KLHL22 co-purified efficiently with both the GST-
PLK1-PBD and GST-PLK1-PBD-AD12/D13 (Fig. 12B).
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Figure 12. A and B. In vitro binding assay KLHL22 with GST-PLK1-D12/D13 (A) and with
GST-PLK1-PBD and GST-PLK1-PBD-AD12/D13 (B). GST was used as a control. The
D12/D13 region does not appear to mediate the interaction with KLHL22. (*) indicates
chaperone co-purifying with GST-PLK1-PBD-AD12/D13.

We then tested whether a GFP-fused D-box mutant of PLK1, previously shown not to be
degraded by APC/CC¢dh1 anymore (R337A, L340A) (Lindon and Pines, 2004), was able to
co-immunoprecipitate KLHL22 in HeLa cells. In contrast to the GFP-protein alone, the
interaction between the D-box mutant and KLHL22 was indistinguishable from that of
PLK1 wild-type (Fig. 13). Taken together, our results show that the D-box region of
PLK1 is not involved in its binding to adaptor protein KLHL22. Thus, peptide array
experiments and truncation approaches proved to be difficult and may not be

appropriate models to study interactions of KLHL22 with PLK1.
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Input GFP-IP

GFP-PLK1-D-box-mutant
GFP-PLK1-D-box-mutant

GFP-PLK1-WT
GFP-PLK1-WT

GFP
GFP

GFP (PLK1)

GFP

KLHL22 (LE)

KLHL22 (SE)

Figure 13. GFP, GFP-PLK1-WT and GFP-PLK1-D-box mutant (R337A, L340A) plasmids
were transfected into HelLa cells. After taxol synchronization, interactions were visualized
by IP-WB analysis with GFP and KLHL22 antibodies. Both the WT and mutant form of
PLK1 efficiently co-purified KLHL22. (SE) and (LE) indicate short and long exposure times,

respectively.
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6.2.2.2 In vitro complex reconstitution of PLK1/KLHL22 and other Kinase/Kelch

adaptor complexes

An increasing number of evidence suggests that protein kinases represent targets of
CUL3/BTB- Kelch E3-ubiquitin ligases (Metzger et al, 2013). Indeed, CUL3/KLHL22
ubiquitinates PLK1 (Beck et al.,, 2013), CUL3/KLHL21 ubiquitinates Aurora B kinase
(Maerki et al, 2009), CUL3/KLHL20 does so with DAPK (Lee et al, 2010), and
CUL3/KLHL18 with Aurora A (Moghe et al., 2012).

Since protein kinases as well as BTB-Kelch proteins are highly conserved (Fig. 10),
there might be a general mechanism for kinase recognition by CUL3 E3-ubiquitin
ligases, which we would like to understand. Slight differences, perhaps only in a few
amino-acids, are however expected, in order to ensure substrate specificity.

We decided to first understand how PLK1 contacts specifically adaptor protein KLHL22,
and then extend our knowledge to the other kinase/adaptor complexes.

In order to get insights into the molecular interactions between these two proteins, and
because our truncation approaches failed (see part 5.2.2.1), we pursued crystallographic
approaches, as they can provide atomic-resolution of multi-protein complexes. Efficient
expression of proteins can be done in several hosts, but to date, bacterial E. coli BL21
(DE3) strain represents the most prominent expression system, mostly because of its
rapid growth and easy manipulation. Our previous results (Beck et al., 2013; Metzger et
al, 2013) indicate that indeed bacterially-derived PLK1 and KLHL22 were able to
interact in vitro. In order to reconstitute a two-protein complex in vitro, two distinct
strategies can be used (Fig. 14). Firstly, both proteins can be co-expressed in the same
bacteria. This technique is widely recognized as a major method for reconstituting
protein complexes mostly because of its inherent ability to increase protein solubility.
Also, because proteins are already in a complex during the affinity-purification step, this
decreases significantly the number of size-exclusion chromatographies, and thereby
increases the quantities of recovered proteins after the different purification processes.
The second approach consists of expressing and purifying both proteins independently
by affinity and size-exclusion chromatography, mixing both proteins and performing

another size-exclusion chromatography to recover only the formed, stable complex.
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In both cases however, one of the major bottlenecks of structural approaches is to obtain
high amounts of homogenous monodisperse samples, otherwise it is very likely that
crystals will not grow or show poor X-ray diffraction.

We used both methods in parallel for PLK1/KLHL22 interactions, to be able to choose

which one give highest quantity and highest quality of a pure complex.
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Figure 14. Schematic representation of the two methods used for PLK1/KLHL22 complex
purification: the co-expression strategy (A) and the separate expression followed by mixing
of individual components (B). Blue and purple rectangles represent both proteins, the

orange circle represents the affinity tag.
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6.2.2.3 Reconstitution of PLK1/KLHL22 complex by coexpression

The co-expression strategy involves cloning of both proteins into two sets of vectors:
one encoding them in fusion with an affinity purification tag (in our case GST-tag), and
one allowing expression under their native form, i.e. without any affinity tag. After co-
transformation of bacteria, protein expression was induced by addition of IPTG. Cells
were subsequently harvested and lysed, and GST-purification was performed. The
retained proteins were analyzed by SDS-PAGE followed by Coomassie staining.

We observed that GST-KLHL22 was unable to co-purify untagged PLK1. However, when
we pulled on GST-PLK1 with untagged KLHL22, a complex could be reconstituted (Fig.
15). Importantly, KLHL22 was not co-purifying with GST alone, meaning that the
complex formed was specific to PLK1. This suggests that the complex could be
reconstituted using co-expression. However, mostly due to the weak expression of
KLHL22, the quantities of recovered complex were too low to fulfill crystallization
criteria. We tried to optimize protein expression by changing temperature and time of

induction, composition of the lysis buffer, but yields of production remained insufficient

(data not shown).
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Figure 15. Small-scale co-expression in E. coli and reconstitution of a stable KLHL22/PLK1
complex. KLHL22 was co-purifying with GST-PLK1 (compare lines 11 and 13), but
inverting the position of the purification-tag (GST-KLHL22/PLK1) was not successful for
complex purification (compare line 12 and 14). Note: in both cases, levels of expression of

PLK1 (*) and KLHL2?2 (=) in crude lysate were low.

6.2.2.4 Reconstitution of PLK1/KLHL22 complex by separate expression

Based on our previous data (Beck et al., 2013; Metzger et al,, 2013), we know that both
proteins PLK1 and KLHL22 can be expressed individually and form a complex in vitro.
We thereby decided to produce them independently and subsequently mix them to try
to recover amounts of complex sufficient for first crystallization screens. As shown in
Fig. 16, using PBS as a purification buffer, we obtained high quantity of GST-PLK1 (4 mg
per litre of culture). However, when loading the sample on size-exclusion
chromatography, only few fractions were composed of monomeric or dimeric GST-PLK1.

The recombinant protein was indeed mostly found in a high-order multimerized state.
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Figure 16. Purification profile of GST-PLK1 in PBS. The upper left part represents the
affinity purification step. GST-PLK1 was highly expressed and purified (4 mg/L of culture).
The upper right part represents the profile of GST-PLK1 after size-exclusion
chromatography on a Superdex S200 16/60 column. Only fractions 47 to 54 contained
mono/dimeric form of GST-PLK1. The lower part represents fractions from size-exclusion

chromatography loaded on SDS-PAGE and stained by Coomassie.

The heterogeneity of such a state is clearly incompatible with crystallographic studies.
To overcome this problem, we performed purification using a high-salt buffer (500mM
NaCl/20mM Tris-HCl/pH 8), hoping that this would decrease electrostatic inter-
molecular interactions. The quantity of recovered protein was similar (4 mg per liter of
culture) (Fig. 17) and we indeed changed the equilibrium towards mono- or dimeric
GST-PLK1. The fractions 23 to 27 contained highly pure GST-PLK1 suitable, in principle,

for interaction studies with KLHL22 and subsequent crystallization assays.
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Figure 17. Purification profile of GST-PLK1 in a high-salt buffer. The upper left part
represents the affinity purification step. GST-PLK1 was highly expressed and purified (4
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mg/L of culture). The upper right part represents the profile of GST-PLK1 after size-
exclusion chromatography on a Superdex S$200 16/60 column. Fractions 23 to 29
contained mono/dimeric form of GST-PLK1. The lower part represents fractions from size-

exclusion chromatography loaded on SDS-PAGE and stained by Coomassie.

The same approach was then used to obtain recombinant purified KLHL22 protein. By
expressing GST-KLHL22 and performing affinity purification followed by size-exclusion
chromatography, we could observe that the protein was eluted just after the void
volume of the column (Ve = 45 mL) (Fig. 18). This is characteristic of soluble aggregates,
as they pass through the column at the same speed as the flow of buffer, without
entering the matrix. By comparing with protein markers, we confirmed the aggregated
state of GST-KLHL22, as it was eluted 10 mL before the marker protein Ferritin of 440
kDa size (Fig. 18)
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Figure 18. Purification profile of GST-KLHLZ2Z2 in PBS. The upper left part represents the
affinity purification step. GST-KLHL22 was highly expressed and purified (4 mg/L of
culture). The upper right part represents the profile of GST-KLHL22 after size-exclusion
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chromatography on a Superdex S200 16/60 column. Note: all the protein was present in a
soluble aggregated form. The lower part represents fractions from size-exclusion

chromatography loaded on SDS-PAGE and stained by Coomassie.

As for purification of PLK1, we subsequently tried to increase the salt concentration of
the purification buffer for KLHL22, hoping that this would lead to multimer dissociation.
However, this did not influence the solubility of GST-KLHL22, as the chromatogram of
size-exclusion is indistinguishable from that of GST-KLHL22 purification in PBS (Fig.
19). Due to the ability of GST itself to dimerize, we assumed that removing the GST-tag
before size-exclusion chromatography of KLHL22 would decrease its aggregated state.
However, after cleavage with PreScission protease, untagged-KLHL22 was still behaving

as soluble aggregates (Fig. 19).
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Figure 19. Purification profile of GST-KLHL2Z2 in different buffers. The protein was only
recovered in an aggregated state, independently of both the purification buffer used and

the presence of the GST-tag.

This result is in accordance with a recent paper focusing on structural approaches of
BTB-BACK-Kelch proteins (Canning et al., 2013). The authors concluded that soluble
expression constructs could only be made of BTB-BACK or Kelch domain only, but not of
BACK-Kelch or BTB-BACK-Kelch. Our previous results (Beck et al., 2013) showed that
the Kelch domain of KLHL22 was sufficient for interacting with PLK1. We thereby
expressed and purified only this domain, but the purified protein remained aggregated
after size-exclusion chromatography (data not shown). As a conclusion, due to the
aggregated character of KLHL22, we were unable to reconstitute the soluble complex

with PLK1 in quantity and quality sufficient to pursue crystallographic studies.

6.2.2.5 Reconstitution of Aurora B/KLHL21 complex by separate expression

Because of the aggregated state of KLHL22, we decided to focus on another
kinase/adaptor complex. Thus, we screened expression of several other CUL3-adaptors,
including KLHL18 and KLHL21. As shown in Fig. 20, after cloning into pGex-6P1 vector,
we performed small-scale expression test in which we observed that the yields of
production of GST-KLHL21 recombinant protein were higher than for KLHL18. This of
course did not insure the quality of the protein, but at least quantities of GST-KLHL21

were sufficient to pursue with further purification processes.
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Results part 2
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Figure 20. Small-scale purification of several CUL3 adaptors. In each case, 5 clones of

each were tested. The yields of purification of KLHL21 were higher than for KLHL18 or

KLHL22.

Thus, we performed ion-exchange followed by gel filtration purifications (Fig. 21). The

full-length KLHL21 protein was clearly not aggregated but most of it was present in a

high-order multimerized state.
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Figure 21. Size exclusion chromatography of purified full-length GST-KLHL21 on a

Superose 6 column. The protein is not aggregating but most of it is in highly multimerizing
state (Ve 10 to 16 mL).

As for GST-PLK1, we tried several purification buffers, hoping that they would change
the equilibirum from multimeric to mono-/dimeric form of GST-KLHL21. Increasing salt
concentration indeed decreased oligomerization of GST-KLHL21, but we could still not

clearly dissociate the peak corresponding to multimers from the one corresponding to
monomers (Fig. 22).
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Figure 22. Purification profile of GST-KLHLZ21 in different buffers. Increasing salt

concentration and adding detergents strongly reduces the high-order multimerized state
of GST-KLHL21
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To solve this problem, and since BTB domains are known to dimerize, we generated
recombinant protein expressing only the Kelch domain of KLHL21. This construct was
highly expressed in E. coli and efficiently purified using GSH-sepharose. The protein was
eluted by cleavage of the GST-tag with PreScission protease. Ion-exchange
chromatography followed by gel filtration resulted in only one sharp peak (Fig. 23).
Comparing with molecular weight markers, KLHL21-Kelch appears to be monomeric.

We are able to obtain a high quantity of highly pure KLHL21-Kelch protein, presumably

suitable with crystallographic studies.

IEX: ReSource Q 1mL

GF: Superdex S200 16/60

Vo N o
Sl S

|

] KLHL21-Kelch
(37kDa)

ya

\/
|

Aldolase
(WSBkai)\ Conalbumin
N (75kDa)

Ferritin
(440kDa)
AN

e T SN IS NN
\”H«H Ml “;;""‘ﬁ “:F i »—r‘]j"‘”"’“"ﬁw e Ol

= Fractions . Fractions
PR st S 5 PR ottt —
E 28 29 30 31 32 33 34 35 MW kDa ;_E;L 38 39 40 41 42 43
. 250 — 250
o= ~ |130 i 130
- w (95 & o5
. w72 - |72
A4 v (55 i
— 55
'.w v |36 w/ t
SE8 - b '_— = 36
- - v |28
|
oy |
17
- =|10

Figure 23. Purification of KLHL21-Kelch on ion-echange chromatogrpahy using ReSource
Q column (A) followed by size exclusion chromatography on S200 16/60 (B). The protein

appears as one single symetrical peak, which may correspond to its monomeric form.

Encouraged by these results, we subsequently attempted to prepare recombinant

Aurora B protein. Neither the full-length His- nor the GST-constructs were soluble
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(Table 2). In accordance with previous data (Elkins et al., 2012), the protein had to be
truncated of 55 amino-acids at its N-terminal side for efficient purification. While the
GST-Aurora B -AN55 was soluble, the His-construct as well as Aurora B -AN55 cleaved-
off GST were strongly aggregating (Table 2). Moreover, even if GST-Aurora B -AN55
was soluble, only a very small fraction was mono/dimeric, most of the protein behaving
more like a high-order multimer (Fig. 24). Increasing salt concentration did not change

GST-Aurora B oligomerization (data not shown).
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Figure 24. Purification of GST-Aurora-B-AN55 on ion-echange using ReSource Q column
(A) followed by size exclusion chromatography on S200 16/60 (B). Only little protein is in a

mono/di-meric form.

Nevertheless, we performed an in vitro binding assay by mixing the monomeric GST-
Aurora B-ANS55 (fraction 34) with the purified KLHL21-Kelch previously obtained. After
incubating both proteins (and corresponding controls) in binding buffer, affinity
purifications on glutathione-beads were performed. Using coomassie staining, we could

observe that KLHL21-Kelch was retained on beads when GST-Aurora B-AN55 was
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present, but not when only GST-tag was used (Fig. 25). Importantly, the same
observation could be made when using the high-order multimerized GST-Aurora B-
ANSS5 (fractions 24 to 30) (data not shown). To monitor the complex stability over size-
exclusion chromatography, we loaded it on a S200 10/30 column. However, mostly due
to the low quantity of GST-Aurora B-AN55 available from the start and the dilution
factor inherent to the column size, the threshold of detection using 0D280 was to high

for detecting any GST-Aurora B-AN55-containing fractions (data not shown).
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Figure 25. In vitro binding assay of GST-Aurora B-AN55 with KLHL21-Kelch analyzed by
coomassie staining KLHL21- Kelch is retained on GST-beads only when Aurora-B- AN55 is

present.

Because of the poor yields of production and solubility of GST-Aurora B-AN55 alone, we
hypothesized that co-expression or co-lysis with KLHL21-Kelch would help to solubilize
the protein. To test this hypothesis, we cloned His-KLHL21-Kelch into pACYC-Duet
vector (Novagen), which is compatible with pGex6P1-Aurora B-AN55 for co-expression.
Unfortunately, co-expression of GST-Aurora B-AN55 with His-KLHL21-Kelch did not
lead to any complex formation. Instead, we could observe a very strong degradation
Aurora B only when co-expressed with His-KLHL21-Kelch (Fig. 26).

Also, when using another construct encoding GST-fusion of Xenopus laevis Aurora B in

fusion with a fragment of Xenopus laevis INCENP known to be essential for the kinase
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Results part 2

activation (Sessa et al.,, 2005), we could not reconstitute a complex with human His-

KLHL21- Kelch (Fig. 26).
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Figure 26. Single and co-expression of GST, GST-Aurora B-AN55 or GST-xAurora
B/INCENP with HIS-KLHLZ21-Kelch. Both Aurora B-encoding constructs were insufficient to
co-purify with His-KLHL21-Kelch. In crude lysate, all GST-fusions are marked with (*) and

His-KLHL21-Kelch (=) to show very low concentrations. (4) on the GST-IP panel represents
degradation of GST-Aurora B-AN55.

Because co-expressing GST-Aurora B-AN55 with His-KLHL21-Kelch seemed to actually

destabilize both proteins, we performed co-lysis experiments. For this purpose, we

expressed proteins separately, mixed and lysed them together. Although protein

induction is good, still no complex could be reconstituted with GST-Aurora B-AN55 and

GST-xAurora B/xINCENP (Fig. 27).
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Figure 27. Co-lysis experiments of GST, GST-Aurora B-AN55 or GST-xAurora B/INCENP
with His-KLHLZ21-Kelch. Despite the presence of all proteins in crude lysate (A), where all
GST-fusions are marked with (*) and His-KLHL21-Kelch (m), no complex could be
reconstituted between Aurora B and KLHL21-Kelch (B).

As a conclusion, it seems that the only potential approach that could be followed in
order to reconstitute the complex is purifying both proteins separately and mixing them.
However, due to the poor quantity and quality of GST-Aurora B-AN55 after purification,
it will, most likely, not be suitable for the crystallographic studies we are aiming at.

However, it was previously shown that the solubility of Aurora B is increased when co-
lysed with the C-terminal part of INCENP (Sessa et al., 2005). It would be interesting to
use this Aurora B/INCENP complex to test its ability to interact with KLHL21-Kelch. In
line with this idea, we performed pulldown experiments using our GST-KLHL21-Kelch
construct, which show that not only endogenous Aurora B, and INCENP co-purified with
KLH21 from HeLa cell extract (Fig. 28). Interestingly, mass spectrometry analyses
confirmed the presence of INCENP, but neither Survivin nor Borealin could be detected
using this method. This suggests that KLHL21, Aurora B and INCENP are likely to
interact in vivo as a complex lacking other canonical members of the Chromosomal

Passenger Complex (Survivin and Borealin).
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Figure 28. GST-pulldowns of mitotic HeLa cells were performed using GST and GST-
KLHLZ21-Kelch. Samples were vizualized by Western-blotting against GST, Aurora B and
INCENP. KLHL21-Kelch appears sufficient to pulldown both members of the CPC.

Protein Construct Domain Tag Solub!e Affinity Cleavage Size-exclusion | Co-expression Mix
number expression
1 FL (1-603) GST OK OK oK OK Low with (6) Low with (6)
PLK1
2 FL (1-603) Untagged Low No with (3) No with (3)
3 FL (1-634) GST OK OK OK No (aggregates) No with (2) No with (2)
4 BTB-BACK GST OK OK No N.D. N.D. N.D.
KLHL22
5 KELCH GST OK OK No No (aggregates) N.D. N.D.
6 FL (1-634) Untagged Low No (aggregates) | Low with (1) Low with (1)
7 FL(1-344) GST/ His No
Aurora B 8 ANS55 (55-344) | His/ Untagged No
9 NS5 (55-344) GsT ok oK No No (mostly No Low with (12)
multimeric)
10 FL (1-597) GsT oK oK oK No (mostly N.D. ND.
multimeric)
KLHL21 11 KELCH GST OK OK OK N.D. N.D. N.D.
12 KELCH His/untagged OK OK OK OK No Low with (9)

Table 2. Summary of all the different constructs tested for reconstituting in vitro

complexes between PLK1 and KLHL22 and between Aurora B and KLHL21. The high-order
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mutimerized states of KLHL22 and Aurora B constituted the major bottleneck of this

approach.

Taken together, our aims to reconstitute Kkinase/adaptor complexes using
PLK1/KLHL22 and Aurora B/KLHL21 as models turned out to be very difficult. In both
cases, number of tested constructs and experimental settings, summarized in Table 2,
did not lead to in vitro reconstitution of complexes of quality and quantity sufficient for

purpose of crystallization.
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6.2.3 Hypothesis-driven approaches
6.2.3.1 How does KLHL22 interact with the PBD of PLK1?

We previously showed that PLK1 utilizes at least two distinct binding interfaces to
interact with adaptor protein KLHL22: one located within its kinase domain, and the
other within its Polo-Box domain (PBD) (Metzger et al,, 2013). To understand if this
phosphopeptide binding module plays a role in KLHL22 recognition, we used the GST-
PLK1-PBD-WT as well as forms mutated within phosphopeptide binding residues
(H538A and K540M) and performed GST-pulldown experiments from mitotic Hela cell
extracts over-expressing HA-tagged KLHL22.

As expected, compared to the wild-type PDB, the double mutant H538A/K540M
abolished binding to BUBRI phosphoreceptor, but showed similar affinity towards HA-
KLHL22. Subsequently, we tested requirement of W414, involved in recognition of non-
phosphorylated receptors. W414F mutation in combination with H538A/K540M (Fig.
29A) and alone (Fig. 29B) dramaticaly decreased the affinity towards HA-KLHL22. In
contrast, mutations of F482 and W514, other residues involved in phosphorylation-
independent binding of MAP205 to PLK1-PBD (Xu et al., 2013), did not affect binding to
HA-KLHL22. Taken together these results suggest a role for the receptor binding motif
of PLK1 in KLHL22 recognition that appears to be dependent on W414 but may not

require residues involved in phosphate-coordination (H538 and K540).
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Figure 29. GST-pulldowns of mitotic HeLa cells over-expressing HA-KLHL22 were

P-4

performed using GST-PLK1-PBD and the indicated mutants. Samples were analyzed by
Western-blotting with GST, HA and BUBRI antibodies. Whereas mutations of H538 and
K540 did not influence the binding, combination with W414F (A), or this mutation alone
(B), significantly decreased the affinity of KLHL22 towards GST-PLK1-PBD. (SE) and (LE)

indicate short and long exposure times, respectively.

In search for PLK1-interacting motifs within KLHL22, we used software prediction
analyses (Liu et al, 2013). KLHL22 contains only two potential phosphopincer
interacting sites: one high-scoring motif, centered around T309 and one lower-scoring,
around T605 (Fig. 30A).

Interestingly, the T309-motif is indeed very similar to the consensus previously
described (Yun et al, 2009). Therefore, we first performed series of mutations of
KLHL22 T-309-motif that could disrupt interaction with PLK1. The Serine in position -1
of the phosphorylated residue was previously shown to be important for the interaction
between PLK1 and its binding substrates (Elia et al., 2003a) . However, mutation of

S308 to Alanine (S308A) did not disrupt the interaction with PLK1 (Fig. 30B). We also
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Results part 2

mutated the presumably phosphorylated residue to Alanine or Asparate (T309A and

T309D, respectively). In both cases however, mutated HA-KLHL22 were pulled-down to
the similar extend as wild-type HA-KLHL22 (Fig. 30B). Thus, we performed mass
spectrometry analysis of GST-PLK1-PBD interacting proteins and their modifications.
These experiments confirmed the absence of phosphorylation of KLHL22 on T309.
Interestingly, the only phosphorylated residue of KLHL22 detected in this analysis was
T605 (Fig. 30C), i.e. the second potential PBD-interacting site highlited in our in silico
test (Fig. 30A). We are currently perfoming site-directed mutagenesis of T605 to
Alanine and Aspartate (T605A and T605D, respectively) to confirm the importance of
this residue for KLHL22 interaction with PLK1.
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Figure 30. A. In silico prediction of the putative PBD-binding sites on KLHL22. B. GST-
pulldowns of mitotic HeLa cells over-expressing HA-KLHL22 and the indicated mutants
were performed using GST-PLK1-PBD. Samples were analyzed by Western-blotting with
GST, HA and BUBRI antibodies. None of the mutations of KLHL22 could significantly affect
its affinity towards GST-PLK1-PBD. C. GST-PLK1-PBD pulldowns samples were analyzed by
mass spectrometry. After phospho-peptide enrichment, only the T605 of KLHL22 was
identified as phopshorylated.

6.2.3.2 How does KLHL22 interact with the kinase domain of PLK1?

PLK1 is not the only known substrate of CUL3 to use at least two distinct interfaces for
interacting with its adaptor protein. Indeed, the prevalent model of interaction between
transcription factor NRF2 and BTB-Kelch protein KEAP1 involves its dimerization via
the BTB domain. Two sites (the ETGE and the DLG motifs) within the same molecule of
NRF2 mediate interaction with both Kelch domains (McMahon et al., 2006; Tong et al,,
2006). Therefore we analysed PLK1 by bioinformatics and could identify an exact ETGE
motif, located within its PBD (amino-acids 365 to 368). However, mutagenesis of 365-
ETGE-368 to AAGA did not affect KLHL22 binding. Interestingly, despite absence of a
DLG motif within PLK1, the kinase domain contains DFG residues located at the
beginning of the activation loop (amino-acids 194 to 196). DFG motif is very conserved
throughout evolution and present in almost every kinase (Fig. 31) as it is an essential
regulator of their activities. Indeed the aspartate residue coordinates the magnesium ion
(Mg2*) essential for transferring the phosphate from ATP to the substrate. In the DFG-in
conformation, the magnesium ion can be coordinated and the kinase is in its active state,
whereas in DFG-out conformation, the motif is in a position incompatible with proper
catalysis and thereby the kinase is in an inactive state (Bayliss et al., 2012). Because
leucine to phenylalanine substitution is quite neutral, we hypothesized that this motif
could be very similar to the DLG found in NRF2 (McMahon et al,, 2006; Tong et al,,
2006). Indeed, several kinases, including mitotic NEK6, NEK7, BUB1, contain DLG motif
instead of DFG found in PLK1 (Fig. 31A). To test our hypothesis, we mutated PLK1 DFG-
motif into 194-AGE-196 to neutralize charges. After co-transfecting HeLa cells with HA-
KLHL22, cells were synchronized in the mitotic stage by addition of Taxol, and GFP

proteins were immunoprecipitated (Fig. 31B). Surprisingly, in contrast to ETGE-motif
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mutants, both DFG-mutant containing constructs exhibited increased binding of KLHL22
(Fig. 31B), which denotes the potential importance of this site for the interaction.
Interestingly, mutating the DFG-glycine residue to glutamate within B-Raf protein
increased the kinase activity (Moretti et al., 2009), presumably by forcing a DFG-in
conformation. In this sense, our DFG to AGE mutant of PLK1 could act similarly, i.e. over-
activating the kinase, which could explain the increased interaction with KLHL22. To
corroborate these preliminary observations, we are currently analysing mutations
predicted to induce a DFG-out conformation of PLK1, and monitoring whether forced

inactivation of the kinase also influences KLHL22 interaction.
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Figure 31. A. Multiple sequence alignment of protein kinase domains and the NRF2-DLG

motif. DFG/DLG motifs are very conserved among protein kinases as they function as
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essential magnesium coordinators. Black shading indicates identical amino-acids whereas
grey shading indicates amino-acids similarity with a 70% shading-threshold. The
alignement was obtained using ClustalW. B. HeLa cells were co-transfected with HA-
KLHL22 and GFP, GFP-PLK1-WT or the indicated mutants and subsequently synchronized
in mitosis using Taxol. Extracts were immunoprecipitated using GFP-trap beads. Inputs
and immunoprecipitates were analyzed by western-blotting with indicated antbodies.
While no significant different was observed with the ETGE-mutant of PLK1, the DFG-
mutants showed increased affinity towards HA-KLHL22 compared to wild-type PLK1.
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6.3 Results part 3: Identification and characterization of novel

components of PLK1/KLHL22 pathway

In parallel to our studies on the regulation of complex formation between PLK1 and
KLHL22, we were also interested in understanding the complexity of PLK1/KLHL22
pathway. For this purpose, we aimed at identification of novel interacting components.
Having established GST-pulldown strategies between PLK1 and KLHL22 (see part 2.2),
we used these samples to identify novel interactors of PLK1. We expressed and purified
either GST as a control or GST-PLK1-PBD from bacteria, and incubated them with HeLa
cell extracts over-expressing HA-tagged KLHL22 and synchronized in the mitotic stage
by addition of Taxol. We confirmed the pulldown efficiency by monitoring the binding of
two known substrates of PLK1-PBD, BUBRI and KLHL22 by western-blot (see 6.2.3).
Samples were subsequently trypsin digested and analysed on an Orbitrap mass
spectrometer. As depicted in Figure 32, 441 proteins were identified in the GST sample,
compared to 1321 in GST-PLK1-PBD. Among these, 320 proteins were present in both
samples, and 1001 proteins were specific of GST-PBD.

GST GST-PBD 1

Figure 32. Venn diagram representing specific hits of either GST or GST-PLK1-PBD and
their overlap. More than one thousand hits specific of GST-PLK1-PBD were identified.

Performing independent replicates of this experiment gave a high number of confident
hits: more than 600 proteins specific of GST-PLK1-PBD were common to all four
samples (Fig. 33 and Appendix 1). Among them, 108 were identified as cell cycle

regulators by DAVID annotation clustering tool, including major known interactors of
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PLK1 were present, such as CDC25, WEE1, ROCK2, BUB1, BUBR1, and importantly
KLHL22. The complete list is shown in Annexe I.

GST-PBD 2 GST-PBD 3

GST-PBD 1 GST-PBD 4

Figure 33. Venn diagram representing the hits found in each of four GST-PLK1-PBD

pulldowns. 614 hits were common to all experiments.

Interestingly, comparing our results with already published PLK1-PBD proteome using
HeLa cells synchronized in microtubule-depolymerizing drug Nocodazol (Lowery et al,,
2007) revealed 140 hits common to both lists, 35% of which were classified as cell cycle
regulators by DAVID annotation clustering tool.

In this sense, several proteins that never have been correlated with PLK1 or even
mitotic functions were identified in our pulldowns. The protein UBAP2L, also called
NICE-4, focused our attention for several reasons. Firstly, its high-scoring position on
our mass spectrometry data set (between positions 14 and 16 among >1000 proteins)
and its absence in any of our GST control samples (Appendix I). Secondly, a UBA
domain has been identified on the amino-terminal side of NICE-4, which makes it a good
candidate for interacting with PLK1 ubiquitinated by CUL3/KLHL22. Finally, analysing
potential new regulators of mitosis by high-throughput siRNA screening in our
laboratory, NICE-4 was identified as a potential hit. Indeed, analysis of the end-point
phenotype of HeLa cells transfected with Dharmarcon On-Target Plus (OTP) siRNA for
NICE-4 showed an increased number of nuclear-shape defects, as well as an increased

number of mitotic cells (Fig. 34).
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Figure 34. Hela cells were transfected with either non-silencing siRNA (control siRNA) or
OTP pool of siRNA directed against UBAPZ2L/NICE-4. NICE-4 depletion leads to an

increased number of abnormal nuclei.

In collaboration with S. Schmucker from our laboratory, we deconvoluted the effect
observed with the OTP siRNA pool by transfecting independently the four siRNAs. RT-
gPCR confirmed that indeed transfection with all four siRNAs leads to approximately
95% decreased expression of NICE-4 mRNA (Fig. 35A) and this down-regulation
correlated nicely with the protein levels (Fig. 35B).
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Figure 35. HelLa cells were transfected with control or individual NICE-4 siRNAs for 48h.
c¢DNAs and protein extracts were prepared and knock-down was analyzed by qPCR (A) and
western-blotting (B). All four individual siRNAs induce a 95% decrease of Nice-4

expression. (SE) and (LE) indicate short and long exposure times, respectively.

We next confirmed the phenotype observed by immune-fluorescence with the OTP
siRNA pool by synchronizating cells in mitosis using the double thymidine block and
release protocol and simultaneously transfecting them with individual siRNAs. All four
siRNAs confirmed a 35 to 40% increase of abnormal nuclei and an increase of number of
mitotic cells, compared to the non-silencing control (Fig. 36). These results suggest that

NICE-4 might be an important factor for faithful completion of mitosis as its depletion

lead to strong mitotic defects.
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Figure 36. Nice-4 depletion causes mitotic defects. A. HeLa cells were synchronized by
double-thymidine block and release, and transfected with non-silencing (control siRNA) or
individual NICE-4 siRNA for 48h Note: NICE-4 down-regulation leads to an increased
number of polylobed nuclei. B. The percentage of cells that undergo normal mitosis,
become polylobed or multinucleated was quantified (n=100). Bars represent the mean of

three independent experiments. Error bars indicate # s.d.

Because NICE-4 has only been identified as interacting with PLK1 by mass spectrometry,
we wanted to be able to detect this interaction on the protein level, by western-blotting.
To this end, we performed a GST-PLK1-PBD pulldown of mitotic HeLa cells extract, and
immunoblotted with antibodies to NICE-4. In contrast to the GST-control sample, we
observed a significant enrichment of the protein when pulled-down with GST-PLK1-PBD

(Fig. 37), confirming the results obtained by mass spectrometry.
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Figure 37. GST-pulldowns of mitotic HeLa cells were performed using GST and GST-PLK1-
PBD. Samples were vizualized by Western-blotting against GST and NICE-4. The PBD of
PLK1 interacts strongly with NICE-4.

We are currently trying to reproduce this interaction in mammalian cells, by performing
GFP-immuno-precipitation of the full-length GFP-PLK1. Since NICE-4 down-regulation
displays a strong phenotype, characterizing its relationship with PLK1 will undoubtedly

help us deciphering the molecular mechanisms underlying these defects.

As a second line of investigation of PLK1/KLHL22 pathway, we were also interested in
understanding what happens downstream of PLK1 ubiquitination by the E3 ubiquitin-
ligase CUL3/KLHL22. Since this phenomenon is very transient, we actually never
detected biochemically PLK1 ubiquitinated in vivo. We have tried several approaches to
enrich for ubiquitinated PLK1, like preventing its deubiquitination by treatment with
DUB inhibitor PR-619, or overexpressing the component of the ligase CUL3/KLHL22,
but this remained unsuccessful (data not shown). We thereby never could identify the
downstream targets of this modified form of the kinase. Is it deubiquitinated by a DUB
for subsequent recycling, or is it interacting with a UBP to regulate its function after

chromosome congression?
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To answer this question we generated a chimeric construct of PLK1, in which the lysine
previously identified as ubiquitinated by CUL3/KLHL22 (K492) (Beck et al.,, 2013) is
replaced by the sequence of ubiquitin itself (Fig. 38A).

To identify potential interactors of this “ubiquitination mimic” mutant, we cloned the
PBD of PLK1 in fusion with ubiquitin sequence in a pGex6P1 for bacterial expression,
and used this construct to perform GST-pulldowns from mitotically synchronized HeLa
cells, as described previously (see part 6.2.3.1). By comparison with the GST-PLK1-PBD
wild-type, we observed that the presence of the ubiquitination mimic does not disturb
binding of KLHL22, but the binding of BUBRI is greatly reduced in that case, as expected
from our previous findings (Beck et al.,, 2013) (Fig. 38B).
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Figure 38. A. Schematic representation of the chimeric construct of PLK1 in which K492
has been substituted by the sequence of Ubiquitin itself. B. GST-pulldowns of mitotic HeLa
cells were performed using GST and GST-PLK1-PBD and GST-PLK1-PBD-UBI. Samples were
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vizualized by Coomassie staining (CBB) and Western-blotting against GST, HA and BubRI.
No significant difference in KLHL22 binding was observed. In contrast, binding of BubRI
was strikingly reduced with the ubiquitinated mutant of PLK1.(*) indicates the presumable
degradation product of GST-PLK1-PBD-UBI.

We subsequently performed mass spectrometry analysis of these samples, to identify
proteins interacting differentially between GST-PLK1-PBD wild-type and the
ubiquitination mutant. The GST-PLK1-PBD-WT sample contained 1174 interacting
proteins (Fig. 33, red ellipse), the GST-PLK1-PBD-UBI sample was composed of 601
proteins (Fig. 39). When comparing them with the 614 proteins common to all our GST-
PLK1-PBD pulldown experiments, 342 were specific to GST-PLK1-PBD-UBI, whereas
116 were common to both GST-PLK1-PBD wild-type and ubiquitinated mutant (Fig. 39
and Appendix II).

GST-PBD GST-PBD-UBI

498

[N

GST

Figure 39. Venn diagram representing the hits found in GST-PLK1-PBD-WT, GST-PLK1-
PBD-UBI and in GST as a control. 16 hits were specific of the ubiquitinated form, whereas
115 were shared by both the wild-type PBD and the ubiquitination mimick.

We assume that, to ensure some specificity, the potential DUB and UBP of PLK1-

ubiquitinated should to some extent also be able to bind the non-ubiquitinated form of

PLK1-PBD domain. We are thereby currently focusing on finding which proteins among
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the 115 common hits (Appendix III) display a specific binding pattern that would
correspond to low binding of GST-PLK1-PBD-WT but very strong binding GST-PLK1-
PBD-UBI. Interestingly, NICE-4 interaction with PLK1 appeared greatly reduced in case
of the ubiquitination mimic (Appendix III), which suggests that NICE-4 might act with
PLK1 independently of its ubiquitination by CUL3/KLHL22 or protect PLK1 from
ubiquitination by CUL3.

Taken together, these results will allow identification of novel components acting in a
PLK1-dependent manner downstream of the CUL3/KLHL22 pathway. It will create a
basis for future studies aiming at understanding the molecular mechanisms involved in

faithful mitotic progression.
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7 Discussion

7.1 A general mechanism for Kinase recognition by BTB-Kelch

adaptors?

Together with both manuscripts (Beck et al.,, 2013; Metzger et al,, 2013), the results
presented here aim at gaining mechanistic insights into CUL3-mediated regulation of
protein kinases involved in mitosis. Indeed, previous papers from our lab and others
(reviewed in (Metzger et al., 2013) and (Genschik et al., 2013)) identified several protein
kinases as targets of CUL3/BTB-Kelch E3-ubiquitin ligases. We thereby hypothetized
that there must be a global mechanism of interaction between CUL3-based E3-ubiquitin
ligases and their substrates, but that some determinants must exist in order to ensure
specificity in vivo. We decided to use PLK1 interaction with adaptor protein KLHL22 as a
model complex to gain insights into the detailed molecular mechanisms regulating its
formation and to subsequently extend our knowledge to other complexes like Aurora
A/KLHL18 or Aurora B/KLHL21. This will ultimately help us to decipher if any common
mechanism of interaction between kinases and BTB-Kelch adaptors exist.

This idea is however reinforced by the fact that in vitro interactions tests between
mitotic adaptors KLHL9, KLHL13, KLHL21 and KLHL22 and PLK1 showed that all four
BTB-Kelch proteins could reconstitute a complex with the kinase (Beck et al., 2013)
(data not shown). However, in vivo, KLHL21 depletion did not influence PLK1 functions,
in contrast to KLHL22 (Beck et al,, 2013), showing that at least a certain degree of

specificity must exist.

7.2 Post-translational modifications may not be required for

PLK1/KLHL22 interaction

Two major mechanisms have been characterized for substrate recognition by Cullin-
RING E3-ubiquitin ligases. The SCF E3-ubiquitin ligase requires previous
phosphorylation of the substrate for accurate binding between the two components, but
post-translational modifications of substrate do not appear to be involved in case of

APC/C recognition, which targets specific motifs within its substrates (A-box, D-box,
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KEN-box). In the case of Cullin-3, we first showed that inhibiting the kinase activity of
PLK1 does not influence its ability to co-immunoprecipitate KLHL22 (Metzger et al,,
2013). We also demonstrated that bacterially expressed PLK1 and KLHL22 were able to
interact in vitro (Beck et al,, 2013; Metzger et al., 2013) , which excludes the requirement
of the kinase activity of PLK1 as bacterially expressed PLK1 is inactive and the
requirement of many other post-translational modifications, which do not occur in
bacteria. This however does not exclude that post-translational modification(s) might
act in vivo to regulate the interaction but only pinpoints to the fact that, in contrast to
SCF E3-ubiquitin ligase, they are not absolutely required for both proteins to interact. In
this sense, KLHL22 might act similarly to APC/C, by recognizing specific motif(s) within

PLK1 to subsequently target the protein for ubiquitination.

7.3 The DLG/DFG-motif could constitute a common recognition site

between kinases and BTB-Kelch adaptors

To identify these motifs, we performed series of truncations of PLK1, to map the
minimal requirements for its recognition by KLHL22. Interestingly, expression of only
the kinase domain or only the PBD of PLK1 was sufficient to mediate interaction with
KLHL22 (Metzger et al., 2013). This is consistent with previous data showing a bivalent
mode of interaction for CUL3-based E3-ubiquitin ligases. Indeed, in case of CUL3/KEAP1
which regulates transcription factor NRF2, two molecules of CUL3/KEAP1 are brought
together via the dimerization interface of the BTB-domain of KEAP1 and subsequently
contact only one molecule of NRF2 via their Kelch domains, but on two distinct sites:
the ETGE and the DLG motifs. Interestingly, the PBD of PLK1 contains an exact ETGE
motif, but site-directed mutagenesis excluded its requirement for KLHL22 recognition.
Also, although PLK1 does not contain any DLG motif, it harbours a very similar DFG
sequence in its kinase domain. Site-directed mutagenesis showed that DFG to AGE
mutations increased affinity of PLK1 towards KLHL22, in contrast to DLG to AGE
mutations within NRF2 that abrogates its binding to KEAP1 adaptor protein. This
indicates that even if in both cases the DFG/DLG motif is playing a role in the interaction
of PLK1/NRF2 with their respective adaptors, the mechanism by which it is acting must
be different. Importantly, residues of KEAP1 identified as interacting with NRF2 DLG-
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motif (the arginine triad R380, R415 and R483) are not conserved in KLHL22, but
another electropositive patch is present at the surface of KLHL22. Indeed, according to
our structural model of KLHL22 (Fig. 10B), lateral chains of R407, R454, R508 and
R556 point towards the surface of the [B-propeller and could potentially mediate
interactions with the DFG-motif of PLK1.

Interestingly, DFG (or often DLG) motifs are highly conserved among protein kinases, as
they are essential regulator of their activities by coordinating the magnesium ion
required for transferring the y -phosphate from ATP to the substrate. In the absence of
magnesium, DFG motif adopts an out inactive conformation. Mg?* binding induces
structural changes where DFG flips-in (DFG-in conformation), allowing proper ion
coordination and thereby kinase activation. In this sense, altering the DFG motif results
in changes in the activation state of the kinase. It was previously shown that mutating
the glycine residue of B -RAF to glutamate increased its kinase activity, probably by
mimicking the DFG -in conformation. It is likely that our DFG to AGE mutant of PLK1
acts in a similar way, over-activating the kinase on kinetochores. The increased binding
of KLHL22 to the mutated form of PLK1 is consistent with this notion, as cells could use
this mechanism to remove the excess of active PLK1 from kinetochores to allow onset of
anaphase. However, changing DFG to oppositely-charged AGE enhances KLHL22
binding, hence it is likely that KLHL22 does not interact specifically with these amino-
acids, otherwise mutating them should lead to a decreased interaction. It is more
probable that KLHL22 recognizes the active DFG-in conformation induced by these
changes. To test this hypothesis, we are currently mutating the DFG-motif of PLK1 to
VFG. This mutation was previously characterized in B-RAF kinase as forcing an inactive
DFG-out conformation. We thereby expect a decreased affinity of KLHL22 towards this
inactive PLK1. Moreover, we are also monitoring the localization of these mutated forms
by immunofluorescence, to confirm that DFG-in conformation leads to decrease in PLK1
localization on kinetochore, most probably because of its strong interaction with
KLHL22. In addition, we are also using a novel, type Il PLK1 inhibitor called SBE13, that
selectively blocks the kinase activity by freezing it in a DFG-out conformation (Keppner
et al,, 2010, 2011), allowing us to monitor its effect on endogenous localization and
interaction with KLHL22. In summary, the DFG/DLG-motif present within every kinase
could be part of the common mechanism of interaction between protein and CUL3/BTB-

Kelch E3-ubiquitin ligases.
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7.4 The PBD-mediated interaction of PLK1 with KLHL22 might ensure

specificity of this complex

In addition to the kinase domain, PLK1-PBD appeared sufficient for mediating
interaction with KLHL22 (Metzger et al., 2013). The PBD being only present in the PLK-
family of protein kinases, it may provide essential determinants for ensuring specificity
of PLK1 towards KLHL22. Mutations in its phosphopeptide binding module (H538A and
K540M) did not influence KLHL22 affinity (Fig. 29A), reinforcing the hypothesis that
phosphorylation of the adaptor protein may not be involved in the interaction.
Interestingly, mutating W414 to phenylalanine (W414F) within PLK1-PBD was
sufficient to almost completely abolish KLHL22 binding (Fig. 29B). However, this
mutation was also decreasing BUBRI affinity, and has previously been characterized to
disrupt the ability of PLK1-PBD to bind its target proteins (Garcia-Alvarez et al., 2007;
Lee et al,, 1998), probably by increasing internal flexibility and thereby by changing
structural orientation of PLK1-PBD (Kamaraj et al., 2013). Thus, the W414F mutant of
PLK1-PBD constitutes an interesting non-binding control for in vitro interaction studies,

but the physiological relevance of this mutation has to be considered with caution.

7.5 The D-box of PLK1 does not appear to be involved in KLHL22
binding

Following our strategy to narrow down the potential interaction interfaces observed in
both the kinase domain and the PBD we generated shorter constructs (the N-lobe or the
C-lobe of the kinase domain, the first or the second polo-box). Unfortunately, due to the
poor solubility of these truncated forms, we never could test their affinities towards
KLHL22 (summarized in Table 1). Protein solubility was also an issue for confirming
two of the three regions identified by peptide array experiments. Indeed, both the kinase
domain depleted of the C21-C23 peptides and the PBD lacking the F1-F3 region were
insoluble, preventing us from testing their respective interaction with KLHL22. We are
currently performing site-directed mutagenesis of residues located within these motifs,

but so far none of the mutations tested (Fig. 29B) exhibit any significant difference in

92



KLHL22-binding compared to the wild type form. The third region identified in peptide
array (peptides D12-D13) contains PLK1 D-box. D-boxes correspond to RxxL motifs
(where x represents any amino-acid) essential for protein recognition by APC/CCdh1 E3-
ubiquitin ligase and subsequent degradation. Interestingly, the involvement of this site
for KLHL22 recognition could explain why so many substrates of APC/C are also
substrates of CUL3. However, following combination of truncation mutants and site-
directed mutagenesis, we concluded that this site was not a putative recognition motif
involved in PLK1 interaction with KLHL22. Indeed, a truncated form of the PBD lacking
the D-box region was still able to bind KLHL22 in vitro (Fig. 12B). Even if this binding
could be explained by the presence of the F1-F3 region in this construct, we however
expected at least a decreased affinity compared to wild-type PBD. Moreover, a GST-
fusion of this D12-D13 peptide was not able to co-purify KLHL22 in vitro (Fig. 12A) and
mutations of the D-box known to prevent PLK1 degradation by APC/CCdh1 did not show
any differential affinity towards KLHL22 compared to the wild type (Fig. 13), suggesting
that PLK1 D-box is probably not involved in KLHL22 binding. The same observations
were previously made in the lab, where mutations of Aurora B in its APC/C recognition
sites (D-box, A-Box, Ken-Box) did not influence KLHL21 binding (Beck ]., personal
communication)

It is important to mention that in our hands PLK1-D-box mutations also did not
influence the binding of Cdh1 (data not shown). It is thereby likely that the D-box motif,
even if essential for degradation of the kinase, is not the main recognition site for
APC/CCdh1 which might use another, yet unidentified motif to contact PLK1.

In summary, our peptide array strategy identified three potential binding sites of
KLHL22 within PLK1, but so far none of them could be confirmed as a putative
interacting motif, putting into questions the reliability of such an array. Indeed, if
KLHL22 recognition were to depend on the tertiary structure of PLK1, peptide array
technology would not provide any answer, as only 15-mer peptides of PLK1, probably
lacking structural organization, are spotted on the membrane. Also, peptide arrays only
provide limited semi-quantitative results, allowing to distinguish between weak,
medium and strong binding efficiencies. Indeed, the quantity of spotted peptides is
highly dependent on their overall purity, which is a reflection of successful synthesis
based on their amino-acid sequences. A probably good indication is that the quantity of

peptide per spot is approximately 5pmol, and the overall purity of 15-mer peptide
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synthesis is averaging 75%. Last but not least, we could not confirm the positive hits
obtained using recombinant KLHL22 with a preparation obtained from mammalian
cells. We tried to monitor the binding of both endogenous and over-expressed HA-
KLHL22 produced in HeLa cells, but no signal could be detected, which could be due to
two major limitations: firstly, KLHL22 affinity towards 5pmol 15-mer peptides of PLK1
could be below threshold of detection by immuno-blot, which is quite unlikely as our
antibodies gave strong signals in immuno-precipitation experiments. Secondly, the
behaviour of KLHL22 itself could be highly dependent on the expression system used. In
this case two options are to consider: either KLHL22 solubility is highly decreased in
mammalian system, hence no interaction with PLK1 peptides using HeLa extracts, or
KLHL22 purification from bacteria is of poor quality, and the results obtained in our
peptide array experiments are actually false-positives. This last option appears to be the
most likely one as none of the hits identified using bacterially expressed KLHL22 could
be confirmed by other methods. Also, when subsequently loading bacterial KLHL22 on
size-exclusion chromatography, we observed that it was behaving as a soluble aggregate
(Fig. 18-19). This constituted a major bottleneck for interaction studies, as aggregated
proteins do not display physiological biochemical properties, and thereby may question
not only the results obtained from peptide array experiments, but also the rest of our

data using bacterially-expressed KLHL22.

7.6 Poor protein stability prevented structural studies

Undoubtedly, the aggregated state of KLHL22 also prevented us from pursuing our in
vitro complex reconstitution for crystallographic studies. So far structures of the kinase
and the PBD of PLK1 have only been obtained independently, probably because of the
high flexibility between these two domains. We were hoping that the bivalent mode of
interaction of KLHL22, that can contact both domains, would decrease intra-molecular
movements of PLK1, allowing efficient complex purification and subsequent
crystallization assays. Ultimately, this would have allowed us not only to study the
molecular mechanisms of PLK1/KLHL22 interaction but also to obtain the first full-
length structure of PLK1. Even when we could reconstitute a complex between PLK1
and KLHL22 using co-expression strategy (Fig. 15), the quantities obtained were too

low to fulfil crystallization requirements. We thereby opted for independent production
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and purification of PLK1 and KLHL22, followed by in vitro complex reconstitution and
its subsequent isolation. However, despite promising PLK1 purification, we observed a
strong aggregated state of KLHL22. Buffer optimization by changing salt or detergent
concentrations, as well as pH variations had no influence on KLHL22 solubility. As a
consequence, we decided to abort our cristallisation studies on PLK1/KLHL22 complex.

Thus, we obtained our current model of PLK1 recognition by adaptor protein KLHL22

(Fig. 40) using hypothesis-driven approaches (see part 6.2.3).

KINASE X

Figure 40. Hypothetical model of the architecture of CUL3/KLHL22 in a complex with
PLK1. A CUL3/KLHLZ22 dimer contacts one molecule of PLK1 on two distinct sites. The DFG
motif within its kinase domain and the tryptophan W414 within its PBD appears to be
involved in the interaction. PLK1 kinase activity and PLKI1-D-box motif (RKLP) do not
appear to be essential for its recognition by CUL3/KLHL22. Phosphorylation of KLHL22 on
its threonine T605 by an upstream kinase might be important for its interaction with

PLK1. Future studies are needed to validate this model.
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We subsequently focused on Aurora B/KLHL21 complex. Indeed, if a common
mechanism of regulation of kinases by BTB-Kelch adaptors exists, Aurora B association
with KLHL21 could help us identifying it. The purification of GST-KLHL21 appeared
more promising. The protein was highly expressed in E. coli and not aggregating as
shown on the size-exclusion chromatogram (Fig. 20-21). However, a certain degree of
oligomerization was still present, which could be due to the combined ability of GST and
BTB-domains to dimerize. We thereby expressed and purified only the Kelch domain of
KLHLZ21, and this construct appeared stable and monomeric (Fig. 23). The purification
of Aurora B was more challenging, as only a small fraction of a shortened construct of
the kinase was soluble and monomeric (Fig. 24). Even if a complex could be
reconstituted in vitro by mixing this monomeric Aurora B with our KLHL21-Kelch
preparation (Fig. 25), this result has to be considered with caution given the poor state
of Aurora B purification. More compelling are the results obtained when using Aurora B
in fusion with a fragment of INCENP. This construct was indeed previously shown as
well-behaved, soluble and active (Elkins et al., 2012; Sessa et al., 2005). Unfortunately,
by co-expressing or co-lysing it with our KLHL21-Kelch construct, no complex could be
recovered (Fig. 26-27). Several hypothesis can be made: perhaps Aurora B/INCENP
construct, since arising from Xenopus laevis, lacks essential amino-acids that mediate
interactions with human KLHL21 despite the 80% identity between their kinase
domains. In this sense also the Xenopus laevis Aurora B/INCENP construct lacks the first
60 amino-acids of the kinase. This removal is essential to make the protein soluble, but
could be deleterious for the interaction with KLHL21. Indeed, this region contains both
the A-box and the D-box of Aurora B, which was previously shown in human cells to
mediate its faithful ubiquitination and subsequent degradation by APC/CCdhl, Another
hypothesis could be that INCENP inhibits binding of KLHL21 to Aurora B, either by
inducing conformational changes within the kinase that would prevent its recognition
by KLHL21, or by competing for the same residues as KLHL21 for binding to Aurora B.
However, we could observe that GST-KLHL21-Kelch was sufficient to pulldown both
Aurora B and INCENP from HeLa cell extracts (Fig. 28), which suggests that a
heterotrimeric complex made of KLHL21, Aurora B and INCENP could co-exist in vitro. It
is also possible that we are missing a co-adjuvant to the reaction that would be essential
for KLHL21 binding. This could be a post-translational modification of any of the

components of the complex, or simply another, yet unidentified protein that would be
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required for mediating proper interactions. Interestingly, previous unpublished data
obtained in the lab shows that phosphorylation of Aurora B is not involved in KLH21
binding (Beck ], personal communication), and mass spectrometry experiments
revealed that neither Survivin, nor Borealin, both components of the CPC, were pulled-
down from HeLa cells using our GST-KLHL21-Kelch construct (data not shown).

In summary, our work on Aurora B/KLHL21 interaction did not lead to any significant
conclusion, as no convincing complex could be so far reconstituted between the two
proteins. Given that Aurora B acts in a complex with other members of the CPC in vivo,
this increases complexity of the interaction, as we currently do not know to which
extend each subunit of the CPC contributes to KLHL21 binding. The fact that Aurora
B/INCENP does not interact in vitro with KLHL21 and that Aurora B alone displays very
poor solubility brings huge limitations to our studies. For future studies, it would be
perhaps interesting to focus on another pair of kinase/BTB-Kelch, especially Aurora
A/KLHL18, as the kinase has already been shown to be soluble on its own when
produced in insect cells (Cheetham et al., 2002). In this sense also, expression of all the
previously tested complexes could be monitored in other systems, including insect and
mammalian cells, as they contain specific chaperones and allow post-translational
modifications, both of which can highly influence protein solubility and complex

formation.

7.7 The PLK1-PBD shows mitosis-specific interactions with proteins

involved in cell cycle regulation

In parallel to our studies on the regulation of complex formation between protein
kinases and BTB-Kelch adaptor proteins, we were interested in understanding what are
the other components of the PLK1/KLHL22 pathway, and how its regulation occurs in
vivo. For this purpose we performed GST-pulldowns from our GST-PLK1-PBD construct
using HeLa cell over-expressing HA-KLHL22 and synchronized in mitosis using Taxol.
GST-PLK1-PBD enriched for 1321 proteins and 1001 of them were specific to this
construct since 320 were overlapping with our GST-alone control (Fig. 32). Performing
independent replicates narrowed down 614 proteins specific to GST-PLK1-PBD, among

which 108 were classified as cell cycle regulators by DAVID annotation clustering

97



algorithm (Fig. 33 and Appendix 1). This included proteins previously demonstrated to
associate with PLK1, such as CDC20, CDC25, WEE1, BUB1, BUBR1, ROCK2, KLHL22,
members of the Mini-Chromosome Maintenance complex, Septins,... Some expected
proteins (like Anillin or PRC1) were however absent from our list, which could be
explained in several ways: firstly, all proteins present in both the GST-alone control and
GST-PLK1-PBD sample were excluded, with no regards towards the number of peptides
identified in each condition. This is for instance the case of Anillin, a well-established
substrate of PLK1 (D’Avino, 2009; Straight et al., 2005). Even if 27 peptides were scored
in the GST-PLK1-PBD sample, 2 peptides identified in the GST-control were sufficient to
exclude it from our list. Secondly, the lack of the kinase domain in our GST-PLK1-PBD
construct might prevent the binding of certain substrates, and lastly, the Taxol
synchronization blocks cells in metaphase-like state without functional spindle, thereby
several late interactors of PLK1 might be missing, like for instance PRC1, which is
essential for translocation of PLK1 from kinetochores to the spindle midzone after
anaphase onset (Hu et al.,, 2012).

To understand what happens downstream of PLK1 ubiquitination, we generated a
PLK1-PBD-K492-ubiquitination mimic mutant, by replacing this specific lysine by the
sequence of ubiquitin itself and performed pulldown experiments. Mass spectrometry
analyses allowed identification of 601 proteins in the GST-PLK1-PBD-UBI sample,
among which 143 were also present in the GST sample. 342 were specific of this
construct and 116 were found in both the GST-PLK1-PBD-WT and the ubiquitinated
mutant (Fig. 39 and Appendix 2-3). We could observe that the affinity of KLHL22
towards this ubiquitinated form of PLK1-PBD was not significantly affected, whereas
BUBRI binding was greatly reduced (Fig. 38B), consistent with our previous data
suggesting that K492-ubiquitination inhibits PBD-mediated phospho-interactions of
PLK1 at kinetochores (Beck et al,, 2013).

7.8 NICE-4 interacts with PLK1-PBD and is involved in faithful mitotic

regulation

Our hits from GST-PLK1-PBD pulldowns allowed identification of several proteins that

were never linked to PLK1 pathway or even with mitotic functions. Among them, NICE-4
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(also called UBAP2L), is a UBA-domain containing protein and was detected with high
confidence. Interestingly, we previously identified this protein as a potential mitotic
regulator using high-throughput siRNA screening since its down-regulation in HeLa cells
caused very severe mitotic defects. We indeed observed an increased number of
abnormal nuclear-shape cells, which could be consistent with chromosome segregation
defects downstream of PLK1/KLHL22 pathway (Fig. 34). We confirmed this phenotype
using different siRNAs (Fig. 35-36) and subsequently monitored the presence of NICE-4
in PLK1-PBD pulldowns by western-blot. Surprisingly for a UBA-domain containing
protein, pulldown performed using our chimeric construct of GST-PLK1-PBD-UBI
indicates a significant decrease of NICE-4 affinity towards the ubiqutinated PLK1
compared to GST-PLK1-PBD sample, with a PSM differential of -41 (Appendix 3). This
could indicate that ubiquitination of PLK1 actually inhibits binding of NICE-4, which in
this sense is likely to interact with the kinase independently of its UBA-domain. On the
other hand, we do not know how our chimeric GST-PLK1-PBD-UBI mutant is behaving
compared to endogenously ubiquitinated full-length PLK1 and the fact that our mutant
binds less to NICE-4 actually emphasizes the importance of the region surrounding
K492 of PLK1 for the interaction with NICE-4. We are currently trying to understand
what causes the end-point phenotypes observed upon NICE-4 depletion and preliminary
data obtained by S. Schmucker showed an increased number of lagging chromosomes in
anaphase in these down-regulated cells (Fig. 41). Also, we are trying to confirm the
interaction between PLK1-PBD or full-length and NICE-4 using mammalian cells and
analyse the localization of PLK1 upon depletion of NICE-4. Indeed, if there is no doubt
that NICE-4 down-regulation displays strong phenotype, characterizing its relationship
with PLK1 will undoubtebly help us deciphering the molecular mechanisms underlying

these defects.
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Figure 41. Nice-4 depletion causes lagging chromosomes during anaphase. A. HeLa cells
were synchronized by double-thymidine block and release, and transfected with non-
silencing (control siRNA) or individual NICE-4 siRNA for 48h Note: NICE-4 down-
regulation leads to an increased number of lagging chromosomes in anaphase. B. The
percentage of cells displaying lagging chromosomes in anaphase was quantified (n=24). So

far, the experiment was only performed once, hence the lack of standard deviation.
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8 Materials and methods

Expression vectors

The full-length KLHL22 was cloned into pMal-C2X (New England Biolabs) as described
previously (Metzger et al., 2013). The GST-fusions were all cloned in pGex-6P1 (GE
Healthcare) using EcoRI/Xhol restriction sites except the GST-PLK1-PBD-UBI construct
that required EcoRI/Notl. Untagged proteins were expressed in pnCS vector (kind gift
from C. Romier, IGBMC, Strasbourg, France) and in pACYC-Duet (Novagen). KLHL18
cDNA was obtained from DNASU plasmid repository (HsCD00082252). peYFP-PLK1-WT
and D-box mutant were kindly provided by Jonathon Pines (Gurdon Institute,
Cambridge, United Kingdom) and pGex-Aurora B60-361-K122R-INCENP790-856 by A,
Musacchio (MPI Dortmund, Germany). The 5’-3’ sequence of all primers used for cloning

is presented at the end of this section.

Mutagenesis
Point mutations were generated using the QuickChange site-directed mutagenesis
protocol (Stratagene) with Phusion DNA polymerase (New England Biolabs). The list of

all primers used is presented at the end of this section.

siRNA and qPCR primers

The following siRNAs were used: Control siRNA #1: siGENOME (Dharmacon) non-
targeting pool #1; Control siRNA #2: siGENOME (Dharmacon) individual #2: 5’-
UAAGGCUAUGAAGAGAUAC-3’; NICE-4 #1: 5’-CAACACAGCAGCACGUUAU-3’; NICE-4 #2:
5’-GUGUGGAGAGUGAGGCGAA-3’; NICE-4 #3: 5-CAACAGAACCAGACGCAGA-3’; NICE-4
#4: 5’'CCUGGGAGAUGGUCGGGAA-3’. For NICE-4 OTP pool, all four individual siRNA
were equimolarly mixed. Transfections were perfomed using Oligofectamine
(Invitrogen) at a final concentration of 100nM siRNA. qPCR was performed using using
two distinct pairs of primers: 5-GATTGGATGGCACCAAGAGT-3'with 5’-
AAAGTGGCCAGTGTTGTTCC-3° and 5-TGTGTCTTCAGTGCCTCTGC-3° with 5'-
TGATATGGCAGTCTGCTTCG-3".
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Recombinant protein expression

Protein expression were performed as previously described (Metzger et al, 2013).
Cleavage of the GST purification tag was performed on beads using PreScission protease
(GE Healthcare) over-night at 4°C. The flow-through was recovered and concentrated as

previsouly described (Metzger et al., 2013).

Peptide array

The 15-mer peptides of PLK1 (Intavis) were first blocked in 5% milk-TBS-T for 2 h, and
subsequently incubated for 3 h with recombinant protein diluted in milk-TBS-T at
1pg/mL in a final volume of 2mL. After extensive washing, primary antibodies diluted in
milk-TBS-T were incubated over-night at 4°C. Following washing steps, secondary
antibodies were incubated for 2h and standard Enhanced ChemiLuminescence (ECL)

protocol was used for detecting interactions.

GST-pulldown and mass spectrometry analyses

Protein expression was performed as previously described (Metzger et al., 2013). When
several GST-fusions were used, equal amounts of recombinant protein were determined
empirically by normalizing expression to the ODeoo. Bacterial lysis was performed by
sonication in purification buffer (300mM NaCl /10mM Tris pH 8 / 5% glycerol). After
incubation with 50uL GSH-beads (GE-Healthcare), the excess was removed by extensive
washing, and beads were subsequently washed two times in extraction buffer (100mM
NaCl / 20mM Tris pH 7.5 / 20mM f-glycerophosphate / 5mM MgCl; / 1mM NaF / 1mM
DTT / 0,2% NP-40 / 10% glycerol) supplemented with 3% BSA. During BSA-block, HeLa
cell lysates were prepared by sonicating cultures previously resuspended in extraction
buffer. Lysates were then incubated with GSH-beads for 2 hours at 4° extensively
washed, and the GST-fusion were eluted in 150uL of purification buffer supplemented
with 20mM glutathione. Samples were either supplemented with 75uL of 2x sample-
buffer for western-blot analysis, or shock-frozen in liquid nitrogen for mass
spectrometry analysis. IGBMC’s proteomic plateform subsequently digested samples
using LysC and Trypsin, and after desalting, proteins were analysed using Orbitrap Elite

mass spectrometer.
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Cell culture, transfections and synchronization

HeLa Kyoto were cultured as previously described (Sumara et al., 2007) and transfected
using Lipofectamine 2000 (Invitrogen). For a 80% confluent 10cm culture plate 7500ng
of DNA and 15pL of Lipofectamine 2000 were each incubated in 500uL Opti-MEM. After
5 minutes, both were mixed and incubated for 20 minutes. The 1mL DNA-Lipofectamine
complex was added to cells in a final volume of 9 mL fresh media. For mitotic
synchronization, cells were treated with 200nM Taxol (Paclitaxel) (Sigma) for 13 h

before harvesting.

Western blotting, immunoprecipitation and antibodies

Preparation of HeLa cells extracts, immunoprecipitation and western blotting were
described previously (Beck et al, 2013). The following antibodies were used in this
study: rabbit polyclonal KLHL22 (Beck et al., 2013), rabbit polyclonal GFP (Abcam
ab290, 1:2000), mouse monoclonal BUBRI (BD Bioscience 612501, 1:1000), rat
monoclonal HA (Roche 11867423001, 1:1000), mouse monoclonal Aurora B (BD
Bioscience 611083, 1:1000), rabbit polyclonal INCENP (Sigma 15283, 1:1000), rabbit
polyclonal NICE-4 (Bethyl Laboratories A300-534A 1:2000), mouse monoclonal MBP-
HRP-conjugated (New England Biolabs E8038, 1:1000), mouse monoclonal CDH1
(Abcam ab3242, 1:1000), mouse monoclonal PLK1 (Santa Cruz sc-17783, 1:250), rabbit
polyclonal H3-pSer10 (Millipore 06-570, 1:500) and mouse monoclonal GST was
generated in house (15TF2-1D10, 1:2000).
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Primers for cloning

Listed here are the primers used for generating all the constructs used in this study. All primers were synthetized by Sigma at 0,025umol scale,

purification desalted, with no additional modification. ID indicates internal Sumara group indentifier.

Gene | 1D Name Extra Restr‘lctl Restricti | Fra Annealing Destinatio Name Sigma FL sequence
base on site on Seq me n vector
1 N53 GCG | EcoRl | GAATTC ATGTATGTCGCGGGGC pGEX (8) it';ilea GCGGAATTCATGTATGTGCGGGGCC
TTAAAAGAACTCGTCA (B) PLK1 C305
2 C305 CGC | Xhol | CTCGAG T ARGCAGE pGex ol CGCCTCGAGTTAAAAGAACTCGTCATTAAGCAGC
TTAAAGGAGGGTGAT (B) PLK1 C479
3 c479 CGC | Xhol | CTCGAG Corertcar pGex ol CGCCTCGAGTTAAAGGAGGGTGATCTTCTTCAT
4 | N-term GAGTiT Ndel | CATATG AGTGCTGGCCAGTGACT pNEA-TH PLK1 N-term | GGATATCCATATGAGTGCTGCAGTGACTGC
5 | Cterm | CGC | BamHI | GGATCC TTAGG:(?GGGCTCTTTGAG pNEA-TH PLK1 C-term | CGCGGATCCTTAGGAGGCCTTGAGACGGTT
6 | KinCter | CGC | BamHI | GGATCC ﬂAAﬁ?ﬁggigéAAAc pNEA-TH PLK1 NM1C CGCGGATCCTTAAGCAATCGAAAACCTTGGTGG
GGAT CCACCAAGGTTTTCGA
7 | PBDN-ter | O 70 | Ndel | CATATG eet pNEA-TH PLK1 MINC GGATATCCATATGCCACCAAGGTTTTCGATTGCT
PLK1
ATGAGTGCTGCAGTG
8 | N-term | CCG | Xhol | CTCGAG AcToC peGFP | (M)PLK1 N-term | CCGCTCGAGATGAGTGCTGCAGTGACTGC
GGAGGCCTTGAGACG
9 | Cterm | CGG | Kpnl | GGTACC b PEGFP (M) PLK1 -term | CGGGGTACCGGAGGCCTTGAGACGGTTG
10 | Kin3' CGC | Kpnl | GGTACC CCAGCAATCGAAAACC | Gep (M) PLKI Kin 3' 1 - - GGTACCCCAGCAATCGAAAACCTTGGTG
TTGGTG Kpnl
11 N24 GCG | EcoRl | GAATTC GGAGTTGSAGCTCCC pGEX (8) PLEKCIO; 3324 | GCGGAATTCGGAGTTGCAGCTCCCG
12| 374 CGC | Xhol | CTCGAG GAGGTGGCAGTCGAC | ey (B) PLKL Flex 3" | - 1 GAGGAGGTGGCAGTCGACC
C Xhol C374
B) PLK1 Kinase 1
13 | Kin1C-ter | CGC | Xhol | CTCGAG GCGGCAGAGCTCCA pGEX (8) " Xh'onlase CGCCTCGAGGCGGCAGAGCTCCA
B) PLK1 Kinase 2
14 | Kin2 Nter | GCG | EcoRl | GAATTC CGGAGGTCTCTCCTGG |  pGEX (8) o Ecolglase GCGGAATTCCGGAGGTCTCTCCTGG
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AATGGTCAGGCAGGT

(B)PLK1 Kinase 2

15 | Kin2 Cter | CGC | Xhol | CTCGAG o pGEX S hol CGCCTCGAGAATGGTCAGGCAGGTGAT
Polol CCACCAAGGTTTTCGA B) PLK1 Polo 1 5'
16 o0 GCG | EcoRl | GAATTC pGEX () olo GCGGAATTCCCACCAAGGTTTTCGATTG
Nter TTG EcoRl
Polol B) PLK1 Polo 1 3'
17 Ci gr CGC | Xhol | CTCGAG ceceaceTeatcacet | poex | B Xho‘: ° CGCCTCGAGGGCGAGCTCATCACCT
18 PNOLZrZ GCG | EcoRl | GAATTC ceeeraccctacetac | peex | B PL'éiOPF;b 25" | GCGGAATTCCGGCTGCCCTACCTAC
TTACTTGGGAATACTG (B) PLK1 Kinase C- | CGCCTCGAGTTACTTGGGAATACTGTATTCATTC
19| 272 CGC | Xhol | CTCGAG GEX
° TATTCATTCTTC P 272 Xhol 3' TTC
20| N375 | GCG | EcoRl | GAATTC AGTGACATGCTGCAG pGEX (B)PLKLPBD N- | o G AATTCAGTGACATGCTGCAGCAG
CAG 375 EcoRl 5
21| N-term | GCG | Ecorl | GAATTC AGTGCTGCAGTGACT pGEX (B) PLK1 5" EcoRl | - - GAATTCAGTGCTGCAGTGACTGCAGG
GCAGG pGex6P
TTAGGAGGCCTTGAG B) PLK1 3' Xhol
22| Cterm | CGC | Xhol | CTCGAG pGEX () °' | CGCCTCGAGTTAGGAGGCCTTGAGACGGT
ACGG pGex6P
1 N50 GCG | EcoRl | GAATTC ATGTTC(TBGA;?TTGTGC pGex (B) KLEHC(L;? NSO | GCGGAATTTCATGTTCGATGTTGTGCTGGT
2 C150 CGC | Xhol | CTCGAG TTACTCT;Z?CCACCC pGex (8) KL')"Gij €150 | GCCTCGAGTTACTCTTCGTCCACCCAGG
3 N151 | GCG | EcoRl | GAATTC ATGAACATTCTCGATG pGex (B) KLHL22 N151 | - G AATTCATGAACATTCTCGATGTCTACCG
TCTACCG ECORI
TTAGAAGTCCGACCGC
4 C297 CGC | Xhol | CTCGAG Py pGex (B) KLHL22 C297 | CGCCTCGAGTTAGAAGTCCGACCGCAG
ATGCAGTGCGTTGTG B) KLHL22 N298
KLHL | 5 N298 | GCG | EcoRl | GAATTC oc pGex () e GCGGAATTCATGCAGTGCGTTGTGGGC
22
6 C591 CGC | Xhol | CTCGAG TTAGAGE@EACAGGC pGex (8) KL')"Gij 391 | CGCCTCGAGTTAGAGCACACAGGCCGC
7 | Nterm G;f Ndel | CATATG GCAGAG?’%\SCAGGAG pnEA-tH | KLHL22 N-term | GGATATCCATATGGCAGAGGAGCAGGAGTTC
8 | Cterm | cGC | BamHI | GGATCC CTAGTCTCTTg‘gTGGAG pnEA-tH | KLHL22 C-term | CGCGGATCCCTAGTCCTCACTGGAGTTGTC
TTATGGCCACTGTGTC
9 | NMIC | cGC | BamHI | GGATCC TCARA pnEA-tH | (B) KLHL22 NM1C | CGCGGATCCTTATGGCCACTGTGTCCCTCAAA
10 | MINC | GGAT | Ndel | CATATG TTGAGGGACACAGTG | pnEA-tH | (B)KLHL22 MINC | GGATATCCATATGTTGAGGGACACAGTGGCCA
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ATC GCCA
I N P T GCAGAGGAGCAGGAG | (B)KLHL22 [ GCGGAATTCGCAGAGGAGCAGGAGTTC
TTC pGex6P EcoRI 5
CTAGTCCTCACTGGAG (B) KLHL22
12| ct CGC | Xhol | CTCGAG G CGCCTCGAGCTAGTCCTCACTGGAGTTGTC
erm ° TTGTC plex pGex6P Xhol 3'
13| N283 | GCG | EcoRl | GAATTC CTGCGGTCGGACTTCC |  pGex (E;l) 522 LEZCZO ﬁf'_:,h GCGGAATTCCTGCGGTCGGACTTCC
TTAAAGGAGCAGGGA (B) KLHL22 Kelch
14| 599 CGC | Xhol | CTCGAG oea pGex L oo xhol 3 | COCCTCGAGTTAAAGGAGCAGGGAGCG
I LGN S RN GCAGAGGAGCAGGAG | pcDNA3.1 | (M)KLHL22 N1 | GCGGAATTCATGTACCCATACGATGTTCCAGATT
Tag) TTCACCCAG Zeo + ECORI HA 5' ACGCTGCAGAGGAGCAGGAGTTCACCCAG
CAGTGCGTTGTGGGCT | pcDNA3.1 | (M) KLHL22 N298 | GCGGGAATTCATGTACCCATACGATGTTCCAGAT
16 N298 | GCG | EcoRl | GAATTC TCGG Zeo + ECORIHAS' | TACGCTCAGTGCGTTGTGGGCTTCGG
17 | NIWith 1 ce6 | Ecorl | GAATTC ATGGCAGAGGAGCAG | pcDNA3.L | (M)KLHLZ2ZNL | o o) T ATGGCAGAGGAGCAGG
ATG) G Zeo + EcoRl
C633(HA-
]l o e | wher | ereeac GTCCTCACTGGAGTTG | pcDNA3.1 | (M) KLHL22 C633- | GCGCTCGAGTTAAGCGTAATCTGGAACATCGTAT
o fp) TCAAAC Zeo + HA Xhol GGGTAGTCCTCACTGGAGTTGTCAAAC
ATGTTTGAGATTGGGC B) AurkB N77
1 N77 GCG | EcoRl | GAATTC e pGex (B) E”CroRI GCGGAATTCATGTTTGAGATTGGGCGTCC
TTAGACCCAAGGGTG B) AurkB C327
2 | 327 CGC | Xhol | CTCGAG oA pGex (B) L;(rhol CGCCTCGAGTTAGACCCAAGGGTGGG
CAGAAGGTGATGGAG (B) AurkB N55C
3 N55 GCG | EcoRl | GAATTC et pGex FoRI 5' pGex | GCOGAATTCCAGAAGGTGATGGAGAATAGC
ATGGCCCAGAAGGAG | pACYC/pC | (B) AurkB Nter
4 Nt GCG | EcoRl | GAATTC GCGGAATTCTATGGCCCAGAAGGAGAAC
. er co AAC DFMCS1 | EcoRlI5' MCS1
uro
ATGGCCCAGAAGGAG | pACYC/pC | (B) AurkB Nter
5 Nt GCG | Ndel | CATATG GCGCATATGATGGCCCAGAAGGAGAAC
raB er € AAC DF MCS2 Ndel 5' MCS2
. TCAGGCGACAGATTG | pACYC/pC | (B) AurkB Cter
6 Cter CGC | Hindlll | AAGCTT Yo ees | hassiaee; | COCAAGCTTTCAGGCGACAGATTGAAGG
TCAGGCGACAGATTG | pACYC/pC | (B) AurkB Cter
7 Cter CGC | Xhol | CTCGAG Yo s ol Mcss | COCCTCGAGTCAGGCGACAGATTGAAGG
CAGAAGGTGATGGAG | pACYC/pC | (B) AurkB N55
8 N55 CGC | EcoRl | GAATTC et et | eRi o mces | COCGAATTCTCAGAAGGTGATGGAGAATAGC
9 | N-term | GGAT| Ndel | CATATG GCCCAGAAGGAGAAC | pnEA-tH (B) hAurkB N- | GGATATCCATATGGCCCAGAAGGAGAACTC
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ATC TC term
TCAGGCGACAGATTG B) hAurKA C-
10 C-term CGC BamHI GGATCC pnEA-tH (B) hAur CGCGGATCCTCAGGCGACAGATTGAAGGG
AAGGG term
CTCGAGTTATCAGGCGACAGATTGATTGAAGGG
11 C-term cGe xhol CTCGAG TTATCAGGCGACAGAT Gex ...rkB Xhol 3' for C
TGATTGAAGGGC P pGex
pACYC/pC | (B) K21 N273C5'
1 N273 GCG EcoRl GAATTC TGTCCCCGAATGCG GCGGAATTCTTGTCCCCGAATGCG
co DF MCS1 EcoRI pACYC
N-ter pACYC/pC | (B) K21 Nter Ndel
2 MCS2 GCG Ndel CATATG GAGGCGACCGGCGC DE MCS2 5' MCS2 GCGCATATGGAGCGACCGGCGC
C-ter . CTAGTGCAGCTCATCG | pACYC/pC (B) K21 Cter
3 MCS1 CGC Hindlll AAGCTT GG DF MCS1 Hind3 3' MCS1 CGCAAGCTTCTAGTGCAGCTCATCGGG
(B) KLHL21 N1
4 N1 GCG EcoRl GAATTC ATGGAGCGACCGGC pGex ECORI GCGGAATTCATGGAGCGACCGGC
KLHL 5 C597 CGC Xhol CTCGAG CTAGTGCégCTCATCG pGex (8) KLI;(}ij €597 CGCCTCGAGCTAGTGCAGCTCATCGGG
21 ,
6 N273 GCG EcoRl GAATTC TGTCCCCGAATGCG pGex (B) KZéLCI;l;rSC > GCGGAATTCTGTCCCCGAATGCG
pACYC/pC
7 Nter GCG EcoRl GAATTC ATGGAGCGACCGGLG DF MCS1 (B) KZ:!' Nter GCGGAATTCTATGGAGCGACCGGCGCC
CcC EcoRI 5' MCS1
GGAT B) KLHL21 N-
8 N-term ATC Ndel CATATG GAGCGACCGGCGCCC pnEA-tH (8) term GGATATCCATATGGAGCGACCGGCGCCC
CTAGTGCAGCTCATCG B) KLHL21 C-
9 C-term CGC BamHI GGATCC GGG pnEA-tH (B) term CGCGGATCCCTAGTGCAGCTCATCGGGG
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Listed here are the primers used for performing all mutagenesis described in this study. All primers were synthetized by Sigma at 0,025umol

Primer for mutagenesis

scale, purification desalted, with no additional modification. ID indicates internal Sumara group indentifier.

Gene ID Mutation Sens Sequence
1 Wal4F 5' CATCTTCTGGGTCAGCAAGTTTGCGGACTATTCGGACAAGTACG
2 3 CGTACTTGTCCGAATAGTCCGCAAACTTGCTGACCCAGAAGATG
3 L472A 5' GCCTTGGGTATCAGGCCTGTGATAACAGCG
4 3 CGCTGTTATCACAGGCCTGATACCCAAGGC
5 DEG to AGE 5' GAAAATAGGGGCTGGTGAACTGGCAACCAAAGTCGAATATGAC
o
6 3 GGTTGCCAGTTCACCAGCCCCTATTTTCACCTCCAGATCTTC
7 5' GGCTTGAGGACCCTGCCTGC
T1206C

8 3 GCAGGCAGGGTCCTCAGCC
9 5' GAGGAAGAAGGCCCTGTGTG

T210A
10 3 CACACAGGGCCTTCTTCCTC
11 5' CTTGCTGAGGGCAGGTG

K492R

PLK1 12 3 CACCTGCCCTCAGCAAG
13 K492R 5' GCGAGCACTTGCTGAAGGCAGGTGCCAACATC
14 3 GATGTTGGCACCTGCCTTCAGCAAGTGCTCGC
15 5' CAGGATGCCACCATGCTCATC
H538A/K540M
16 3 GATGAGCATGGTGGCATCCTG
17 H538A/K540M 5' CAGATCAACTTCTTCCAGGATGCCACCATGCTCATCTTGTGCCCACTGATG
18 3 CATCAGTGGGCACAAGATGAGCATGGTGGCATCCTGGAAGAAGTTGATCTG
19 5' GTCAGCAAGTTCGCGGACTATTCGGAC
VA15A (if W414F)

20 3 GTCCGAATAGTCCGCGAACTTGCTGAC
21 WAL4F 5' CTGGGTCAGCAAGTTCGTGGACTATTCGGAC
22 3 GTCCGAATAGTCCACGAACTTGCTGACCCAG
23 Y481A 5' GAAGATCACCCTCCTTAAAGCTTTCCGCAATTACATGAG
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CTCATGTAATTGCGGAAAGCTTTAAGGAGGGTGATCTTC

24 3

25 FA82A 5' CACCCTCCTTAAATATGCCCGCAATTACATGAGCG
26 3 CGCTCATGTAATTGCGGGCATATTTAAGGAGGGTG
27 W514A 5' CTACCTACGGACCGCATTCCGCACCCGCAG

28 3 CTGCGGGTGCGGAATGCGGTCCGTAGGTAG

030S_plkl_Notl_rev

PLK1 Notl C-ter

ATTATTGCGGCCGCTTAGGAGGCCTTGAGACGGTTGCTG

019S_PLK1491ubil_rev

PLK1-PBD-UBI N-ter rev

3!

GTCAGAGTCTTCACGAAGATCTGCA TCAGCAAGTGCTCGCTCATGTAATTGC

020S_ubi76PLK1493_for

PLK1-PBD-Ubi C-ter Fw

5|

CCTGGTACTCCGTCTCAGAGGTGGG GCAGGTGCCAACATCACGCCGCGCG

021S_ubi_for UBI N-ter Fw 5' ATGCAGATCTTCGTGAAGACTCTGAC
022S_ubi_rev UBI C-ter Rev 3 CCCACCTCTGAGACGGAGTACCAGG
164S;ZLGK: fe-I;IGE to ETGE to AAGA rev 3 CAGTCGACCACCGCACCTGCCGCTCGAACCACTGGTTCTTC
1655&;22;2-:E to ETGE to AAGA Fw 5' CAGTGGTTCGAGCGGCAGGTGCGGTGGTCGACTGCCACCTCAG

166S_PLK1 DFG to AGE
rev

DFG to AGE rev

GGTTGCCAGTTCACCAGCCCCTATTTTCACCTCCAGATC

167S_PLK1 DFG to AGE

DFG to AGE Fw

GAAAATAGGGGCTGGTGAACTGGCAACCAAAGTCGAATATG

fwd

1 5' ACCGCCAGCTTCCATTGGAGA

2 721 3 TCTCCAATGGAAGCTGGCGGT

3 5' CTTCGGGGGCATTCACGCAACGCCGTCCACTGTC

4 >308A 3 GACAGTGGACGGCGTTGCGTGAATGCCCCCGAAG
KLHL22 5 S367E 5' GGATTTCGAGCAGAGGAGCGATGCTGGAGGTATG

6 3 CATACCTCCAGCATCGCTCCTCTGCTCGAAATCC

7 5' GGCATTCACTCCGCGCCGTCCACTG

8 T309A 3 CAGTGGACGGCGCGGAGTGAATGCC

9 5' GGGCATTCACTCCGACCCGTCCACTGTCC

10 73090 3 GGACAGTGGACGGGTCGGAGTGAATGCCC
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Plasmid list

Listed here are all the plasmids used in this study. All were sequenced and validated. ID indicates internal Sumara group indentifier.

Gene Name ID Backbone Resistance Restriction site 5' Restrlc;’l'on site Tag

GFP 1 peGFP-N1 Kan GFP

Controls GST 2 pGex-6P1 Amp GST

MBP 3 pMal-C2X Amp MBP
GST-PLK1-FL 4 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-PLK1-KIN 5 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-PLK1-PBD Texte 6 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-PLK1-KIN-N-lobe 7 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-PLK1-KIN-C-lobe 8 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-PLK1-PBD-PB1 9 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-PLK1-PBD-PB2 10 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-PLK1-KIN-C272 11 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-PLK1-Flex 12 pGex-6P1 Amp EcoRlI Xhol N-t GST
PLKL GST-PLK1-PBD-Aflex 13 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-PLK1-PBD-PB1-Aflex 14 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-PLK1-PBD-PB1-Aflex-AF1F3 15 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-PLK1-PBD-WA414F 16 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-PLK1-PBD-F482A 17 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-PLK1-PBD-W514A 18 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-PLK1-PBD-H538A-K540M 19 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-PLK1-PBD-W414F-H538A-K540M 20 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-PLK1-FL-DFG to AGE 21 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-PLK1-FL-ETGE to AAGA 22 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-PLK1-FL-DFG to AGE - ETGE to 23 pGex-6P1 Amp EcoRI Xhol N-t GST
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Thibaud Metzger
Texte


AAGA

GST-PLK1-PBD-UBI 24 pGex-6P1 Amp EcoRI Xhol N-t GST
GFP-PLK1-FL 25 peGFP-N1 Kan Xhol Kpnl C-t GFP
GFP-PLK1-KIN 26 peGFP-N1 Kan Xhol Kpnl C-t GFP
GFP-PLK1-PBD 27 peGFP-N1 Kan Xhol Kpnl C-t GFP
GFP-PLK1-KIN-N-lobe 28 peGFP-N1 Kan Xhol Kpnl C-t GFP
GFP-PLK1-KIN-C-lobe 29 peGFP-N1 Kan Xhol Kpnl C-t GFP
GFP-PLK1-PBD-PB1 30 peGFP-N1 Kan Xhol Kpnl C-t GFP
GFP-PLK1-PBD-PB2 31 peGFP-N1 Kan Xhol Kpnl C-t GFP
YFP-PLK1-FL 32 peYFP-C3 Kan Nhel Scal N-t GFP
YFP-PLK1-Dbox-mutant 33 peYFP-C3 Kan Nhel Scal N-t GFP
PLK1-FL 34 pnCS Spec Ndel BamHI
GST-KLHL22-FL 35 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-KLHL22-BTB 36 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-KLHL22-BACK 37 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-KLHL22-KELCH 38 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-KLHL22-BTB-BACK 39 pGex-6P1 Amp EcoRI Xhol N-t GST
GST-KLHL22-BACK-KELCH 40 pGex-6P1 Amp EcoRI Xhol N-t GST
HA-KLHL22-FL 41 pcDNA 3.1 Amp N-t HA
KLHL22 HA-KLHL22-FL (my) 42 pcDNA 3.1 Amp EcoRI Xhol N-t HA
HA-KLHL22-FL 43 pcDNA 3.1 Amp EcoRI Xhol C-tHA
HA-KLHL22-BTB-BACK 44 pcDNA 3.1 Amp EcoRI Xhol N-t HA
HA-KLHL22-KELCH 45 pcDNA 3.1 Amp EcoRI Xhol N-t HA
HA-KLHL22-FL-S308A 46 pcDNA 3.1 Amp N-t HA
HA-KLHL22-FL-T309A 47 pcDNA 3.1 Amp N-t HA
HA-KLHL22-FL-T309D 48 pcDNA 3.1 Amp N-t HA
HA-KLHL22-FL-S367E 49 pcDNA 3.1 Amp N-t HA
MBP-KLHL22 50 pMal-C2X Amp EcoRI BamHI N-t MBP

111




pnCS-KLHL22 51 pnCS Spec Ndel BamHI

GST-AurKB-FL 52 pGex-6P1 Amp EcoRl Xhol N-t GST

GST-AurKB-N55 53 pGex-6P1 Amp EcoRlI Xhol N-t GST
Aurora B GST-xAurKB(60-361)-

K122R/xINCENP(790-856) 54 pGex-2RBS Amp N-t GST

His-AurkB 55 pACYC-Duet Cm EcoRl Hindlll N-t HIS

His-AurKB-N55 56 pACYC-Duet Cm EcoRlI Hindlll N-t HIS

MBP-KLHL21 57 pMal-C2X Amp EcoRlI BamHI N-t MBP
KLHL21 GST-KLHL21-FL 58 pGex-6P1 Amp EcoRlI Xhol N-t GST

GST-KLHL21-KELCH 59 pGex-6P1 Amp EcoRlI Xhol N-t GST

His-KLHL21-KELCH 60 pACYC-Duet Cm EcoRlI Hindlll N-t HIS
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9 Abbreviations

APC/C: Anaphase-Promoting complex / Cyclosome
ATP: Adenosine triphosphate

BTB: Bric-a-brac, tramtrack and broad complex
CDK: Cyclin-dependent kinase

CPC: Chromosomal Passenger complex

CRL: Cullin-RING E3-ubiquitin ligase

CUL3: Cullin-3

D-box: Death-box

Da: Dalton

DNA: Deoxyribonucleic acid

DUB: Deubiquitinase

GF: Gel filtration

GFP: Green fluorescent protein

GST: Glutathione S-transferase

HA: Hemagglutinin

HECT: Homologous to the E6-AP carboxy terminus

IGBMC: Institute of genetics and molecular and cellular biology

[P: Immuno-precipitation

IPTG: Isopropyl B-D-1-thiogalactopyranoside
KT-MT: Kinetochore-microtubule
MATH: Meprin and TRAF homology
MBP: Maltose-binding protein

MCC: Mitotic Checkpoint complex
OTP: On-target plus

PBD: Polo-box domain

PBS: Phosphate-buffered saline
PLK: Polo-like kinase

RING: Really interesting new gene
RNA: Ribonucleic acid

SAC: Spindle-Assembly Checkpoint
SCF: Skp1-Cullin 1-F-box
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‘Material and methods

siRNA: Small-interfering ribonucleic acid

TBS-T: Tris-buffered saline - tween
TBS: Tris-buffered saline

Ub: Ubiquitin

UBP: Ubiquitin binding protein
WB: Western-blot

WT: Wild-type
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11 Appendix

11.1 Appendix I. List of the 614 hits found in each of four GST-PLK1-
PBD pulldowns.

Hits were sorted by decreasing number of peptide spectrum mass (PSM). Coverage, number

of peptides identified and number of PSM are shown for each protein identified. In blue are

depicted the 108 proteins classified as cell cycle regulators by Functional Annotation

Clustering using DAVID Bioinformatics Resources 6.7 from NIAID, NIH.

Coverage
Uniprot ID Protein names Gene names Length | Score # Peptides | # PSM
(%)
Poly(rC)-binding protein 1 (Alpha-CP1)
Q15365 (Heterogeneous nuclear ribonucleoprotein E1) | PCBP1 356 | 402,88 68,26 14 100
(hnRNP E1) (Nucleic acid-binding protein SUB2.3)
DNA replication licensing factor MCM2 (EC
MCM2 BM28 CCNL1
P49736 3.6.4.12) (Minichromosome maintenance protein 904 | 387,65 | 49,45 32 90
CDCL1 KIAA0030
2 homolog) (Nuclear protein BM28)
DNA replication licensing factor MCM4 (EC
P33991 MCM4 CDC21 863 | 362,73 46,58 29 81
3.6.4.12) (CDC21 homolog) (P1-CDC21)
DNA replication licensing factor MCM6 (EC
Q14566 MCM6 821 | 335,62 44,70 32 78
3.6.4.12) (p105MCM)
PALLD KIAA0992 CGI-
Q8WX93 Palladin (SIHO02) (Sarcoma antigen NY-SAR-77) 1383 | 274,22 32,10 30 65
151
HUWE1 KIAAO312
Q72627 E3 ubiquitin-protein ligase HUWE1 (EC 6.3.2.-) 4374 | 265,69 18,50 50 63
KIAA1578 UREB1
DNA replication licensing factor MCM7 (EC
P33993 MCM7 CDC47 MCM2 719 | 254,39 59,81 29 61
3.6.4.12) (CDCA47 homolog) (P1.1-MCM3)
Programmed cell death 6-interacting protein
PDCD6IP AIP1 ALIX
Q8WUM4 | (PDCD6-interacting protein) (ALG-2-interacting 868 | 240,76 | 36,75 23 56
KIAA1375
protein 1) (ALG-2-interacting protein X) (Hp95)
Tubulin beta-3 chain (Tubulin beta-4 chain)
Q13509 TUBB3 TUBB4 450 | 209,48 45,56 16 49
(Tubulin beta-II)
Interferon-induced protein with tetratricopeptide
IFIT2 CIG-42 G10P2
P09913 repeats 2 (IFIT-2) (ISG-54 K) (Interferon-induced 54 472 | 200,03 46,40 19 45
IF154 1SG54
kDa protein) (IFI-54K) (P54)
P23588 Eukaryotic translation initiation factor 4B (elF-4B) EIF4B 611 | 171,31 31,75 15 43
Ubiquitin-associated protein 2-like (Protein NICE- | UBAP2L KIAA0144
Q14157 1087 | 176,04 35,23 21 41
4) NICE4

130




Lipoma-preferred partner (LIM domain-containing

Q93052 LPP 612 | 167,54 47,22 14 38
preferred translocation partner in lipoma)
Ubiquitin-conjugating enzyme E2 O (EC 6.3.2.19)
Q9C0C9 UBE20 KIAA1734 1292 | 152,41 28,48 23 38
(Ubiquitin carrier protein O)
P68366 Tubulin alpha-4A chain (Alpha-tubulin 1) TUBA4A TUBA1 448 | 160,53 45,31 14 37
GTPase-activating protein and VPS9 domain-
GAPVD1 GAPEX5
Q14C86 containing protein 1 (GAPex-5) (Rab5-activating 1478 | 151,31 26,86 25 37
KIAA1521 RAP6
protein 6)
Tubulin alpha-1C chain (Alpha-tubulin 6) (Tubulin
Q9BQE3 TUBA1C TUBA6 449 | 166,53 54,57 15 37
alpha-6 chain)
CDC42EP4 BORG4
Q9H3Q1 Cdc42 effector protein 4 (Binder of Rho GTPases 4) 356 | 166,08 58,71 14 37
CEP4
Protein transport protein Sec31A (ABP125) | SEC31A KIAA0905
094979 (ABP130) (SEC31-like protein 1) (SEC31-related | SEC31L1 HSPC275 1220 | 150,23 30,90 23 36
protein A) (Web1-like protein) HSPC334
Hepatoma-derived growth factor (HDGF) (High
P51858 HDGF HMG1L2 240 | 162,37 55,00 11 36
mobility group protein 1-like 2) (HMG-1L2)
Transcription elongation factor SPT5 (hSPT5) (DRB
000267 SUPT5H SPT5 SPT5H 1087 | 151,40 33,76 23 35
sensitivity-inducing factor 160 kDa subunit)
Q8IWSs0 PHD finger protein 6 (PHD-like zinc finger protein) | PHF6 KIAA1823 365 | 152,64 | 48,77 14 35
PDZ and LIM domain protein 5 (Enigma homolog)
Q96HC4 PDLIMS ENH L9 596 | 142,27 43,79 19 35
(Enigma-like PDZ and LIM domains protein)
DNA replication licensing factor MCM3 (EC
P25205 MCM3 808 | 144,73 43,07 24 34
3.6.4.12)
P49023 Paxillin PXN 591 | 136,84 41,46 15 33
Zinc finger Ran-binding domain-containing protein
095218 ZRANB2 ZIS ZNF265 330 | 142,18 37,88 17 32
2 (Zinc finger protein 265) (Zinc finger, splicing)
Q6XZF7 Dynamin-binding protein (Scaffold protein Tuba) DNMBP KIAA1010 1577 | 139,43 27,52 27 32
Epidermal growth factor receptor substrate 15-like
Q9ouBC2 EPS15L1 EPS15R 864 | 130,81 36,57 21 32
1 (Eps15-related protein) (Eps15R)
DNA polymerase alpha catalytic subunit (EC
P09884 2.7.7.7) (DNA polymerase alpha catalytic subunit | POLA1 POLA 1462 | 134,18 26,61 26 31
p180)
Serine/threonine-protein kinase N2 (EC 2.7.11.13)
Q16513 (PKN gamma) (Protein kinase C-like 2) (Protein- | PKN2 PRK2 PRKCL2 984 | 127,26 34,55 24 31
kinase C-related kinase 2)
C-Jun-amino-terminal kinase-interacting protein 4
SPAGY9 HSS KIAA0516
060271 (JIP-4) (JNK-interacting protein 4) (Cancer/testis 1321 | 121,14 28,39 27 30
MAPK8IP4 SYD1 HLC6
antigen 89) (CT89)
Lymphokine-activated  killer  T-cell-originated
Q96KB5 protein kinase (EC 2.7.12.2) (Cancer/testis antigen | PBK TOPK 322 | 123,54 | 60,25 12 30

84) (CT84)
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Rho-associated protein kinase 2 (EC 2.7.11.1) (Rho

075116 ROCK2 KIAA0619 1388 | 126,06 22,77 22 29
kinase 2)
OTU domain-containing protein 5 (EC 3.4.19.12)

Q96G74 OTUDS5 571 131,83 33,10 13 29
(Deubiquitinating enzyme A) (DUBA)

043719 HIV Tat-specific factor 1 (Tat-SF1) HTATSF1 755 | 127,74 30,99 16 28

Q9Y383 Putative RNA-binding protein Luc7-like 2 LUC7L2 CGI-59 CGI-74 392 | 118,46 33,16 13 28
Mitotic  checkpoint  serine/threonine-protein
kinase BUB1 beta (EC 2.7.11.1) (MAD3/BUB1- | BUB1B BUBR1 MAD3L

060566 1050 | 115,87 30,10 21 27
related protein kinase) (hBUBR1) (Mitotic | SSK1
checkpoint kinase MAD3L)
Catenin delta-1 (Cadherin-associated Src

060716 | substrate) (CAS) (p120 catenin) (p120(ctn)) | CTNND1 KIAA0384 968 | 111,35 | 29,34 19 27
(p120(cas))
Mitogen-activated protein kinase kinase kinase | MAP4K4 HGK

095819 1239 | 108,24 24,54 18 27
kinase 4 (EC 2.7.11.1) KIAA0687 NIK
Tensin-3  (Tensin-like SH2 domain-containing | TNS3 TEM6 TENS1

Q68Cz2 1445 | 121,33 30,17 22 27
protein 1) (Tumor endothelial marker 6) TPP
Lysine-specific demethylase 3B (EC 1.14.11.-) (JmjC | KDM3B C5orf7

Q7LBC6 domain-containing histone demethylation protein | JIDM2B JMID1B 1761 | 111,68 22,71 21 27
2B) (Jumonji domain-containing protein 1B) KIAA1082

Q9UK59 Lariat debranching enzyme (EC 3.1.-.-) DBR1 544 | 105,17 43,75 15 27
E3 ubiquitin-protein ligase HECTD1 (EC 6.3.2.-) (E3

Q9oULT8 ligase for inhibin receptor) (EULIR) (HECT domain- | HECTD1 KIAA1131 2610 | 112,90 15,33 23 27
containing protein 1)
Wings apart-like protein homolog (Friend of | WAPAL FOE KIAA0261

Q775K2 1190 | 105,50 26,13 22 26
EBNA2 protein) WAPL
Regulatory-associated protein of mTOR (Raptor) | RPTOR KIAA1303

Q8N122 1335 | 106,73 21,87 19 26
(p150 target of rapamycin (TOR)-scaffold protein) | RAPTOR
Probable ubiquitin carboxyl-terminal hydrolase

USP9X DFFRX FAM
Q93008 FAF-X (EC 3.4.19.12) (Deubiquitinating enzyme 2570 | 109,28 14,86 23 26
USP9

FAF-X) (Fat facets in mammals) (hFAM) (
DNA replication licensing factor MCM5 (EC

P33992 MCMS5 CDC46 734 | 95,87 38,15 19 25
3.6.4.12) (CDC46 homolog) (P1-CDC46)
Yorkie homolog (65 kDa Yes-associated protein)

P46937 YAP1 YAP65 504 | 107,64 46,03 11 25
(YAP65)

Q53GT1 Kelch-like protein 22 KLHL22 634 | 97,27 35,02 14 25
Kinesin-1 heavy chain (Conventional kinesin heavy

P33176 KIF5B KNS KNS1 963 | 106,95 31,15 22 24
chain) (Ubiquitous kinesin heavy chain) (UKHC)
ATP-dependent RNA helicase DDX39A (EC

000148 3.6.4.13) (DEAD box protein 39) (Nuclear RNA | DDX39A DDX39 427 | 103,08 42,39 12 23

helicase URH49)
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Importin subunit beta-1 (Importin-90)
Q14974 (Karyopherin subunit beta-1) (Nuclear factor p97) | KPNB1 NTF97 876 | 99,08 28,88 16 23
(Pore targeting complex 97 kDa subunit) (PTAC97)
Q15942 Zyxin (Zyxin-2) ZYX 572 | 90,27 26,92 8 23
Q5TDHO Protein DDI1 homolog 2 DDI2 399 | 105,13 47,87 11 23
MAP kinase-activating death domain protein
MADD DENN 1G20
Q8WXG6 | (Differentially expressed in normal and neoplastic 1647 | 101,48 20,52 17 23
KIAA0358
cells)
Epidermal growth factor receptor (EC 2.7.10.1)
EGFR ERBB ERBB1
P00533 (Proto-oncogene c-ErbB-1) (Receptor tyrosine- 1210 | 94,96 23,88 17 22
HER1
protein kinase erbB-1)
Disabled homolog 2 (DOC-2) (Differentially-
P98082 DAB2 DOC2 770 | 100,53 28,70 14 22
expressed protein 2)
AP-3 complex subunit delta-1 (AP-3 complex
014617 subunit delta) (Adapter-related protein complex 3 | AP3D1 PRO0039 1153 | 90,20 17,95 16 21
subunit delta-1) (Delta-adaptin)
Zinc finger BED domain-containing protein 1
ZBED1 ALTE DREF
096006 (Putative Ac-like transposable element) (dREF 694 | 89,73 30,55 12 21
KIAAQ785 TRAMP
homolog)
Eukaryotic translation initiation factor 4 gamma 1 | EIF4G1 EIF4F EIF4G
Q04637 1599 | 82,96 16,39 16 21
(elF-4-gamma 1) (elF-4G 1) (elF-4G1) (p220) EIF4GI
Nuclear-interacting partner of ALK (Nuclear-
ZC3HC1 NIPA
Q86WBO0 | interacting partner of anaplastic lymphoma 502 | 87,74 | 46,22 14 21
HSPC216
kinase) (hNIPA) (Zinc finger C3HC-type protein 1)
Q9BUF5 Tubulin beta-6 chain (Tubulin beta class V) TUBB6 446 | 79,24 33,63 9 21
Q9UGP4 LIM domain-containing protein 1 LIMD1 676 | 97,64 46,01 14 21
Ubiquitin conjugation factor E4 B (Homozygously
UBE4B HDNB1
095155 deleted in neuroblastoma 1) (Ubiquitin fusion 1302 | 87,02 18,97 15 20
KIAA0684 UFD2
degradation protein 2)
Nuclear pore complex protein Nup153 (153 kDa
P49790 NUP153 1475 | 87,42 19,46 15 20
nucleoporin) (Nucleoporin Nup153)
Tumor suppressor p53-binding protein 1 (53BP1)
Q12888 TP53BP1 1972 | 91,08 18,00 19 20
(p53-binding protein 1) (p53BP1)
Protein PRRC2B (HLA-B-associated transcript 2-like | PRRC2B BAT2L
Q51575 2229 | 89,81 11,26 17 20
1) (Proline-rich coiled-coil protein 2B) BAT2L1 KIAAO515
Q86TC9 Myopalladin (145 kDa sarcomeric protein) MYPN MYOP 1320 | 88,08 21,14 15 20
Myotubularin-related protein 14 (EC 3.1.3.-) (HCV
Q8NCE2 NS5A-transactivated protein 4 splice variant A- | MTMR14 C3o0rf29 650 | 85,98 28,92 12 20
binding protein 1) (NSS5ATP4ABP1) (hJumpy)
Q9HOB6 Kinesin light chain 2 (KLC 2) KLC2 622 | 78,73 30,39 14 20
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Suppressor of G2 allele of SKP1 homolog (Protein
Q9Y2z0 SUGT1 365 | 97,65 42,74 11 20
40-6-3) (Sgt1)
Ubiquitin  carboxyl-terminal hydrolase 5 (EC
P45974 3.4.19.12) (Deubiquitinating enzyme 5) | USP5 ISOT 858 | 75,90 27,62 14 19
(Isopeptidase T) (Ubiquitin thioesterase 5)
NGFI-A-binding protein 2 (EGR-1-binding protein
Q15742 2) (Melanoma-associated delayed early response | NAB2 MADER 525 | 74,94 31,24 12 19
protein) (Protein MADER)
DNA excision repair protein ERCC-6-like (EC
Q2NKX8 3.6.4.12) (ATP-dependent helicase ERCC6-like) | ERCC6L PICH 1250 | 79,35 18,88 15 19
(PLK1-interacting checkpoint helicase)
Serine/threonine-protein kinase greatwall (GW)
(GWL) (hGWL) (EC 2.7.11.1) (Microtubule-
Q96GX5 MASTL GW GWL THC2 879 | 79,09 21,73 12 19
associated serine/threonine-protein kinase-like)
(MAST-L)
Nuclear pore complex protein Nup214 (214 kDa | NUP214 CAIN CAN
P35658 2090 | 74,44 14,16 15 18
nucleoporin) (Nucleoporin Nup214) (Protein CAN) | KIAA0023
DNA mismatch repair protein Msh6 (hMSH6) (G/T
P52701 mismatch-binding  protein) (GTBP) (GTMBP) | MSH6 GTBP 1360 | 72,78 | 17,06 14 18
(MutS-alpha 160 kDa subunit) (p160)
Coiled-coil domain-containing protein 6 (Papillary
Q16204 CCDC6 D10S170 TST1 474 | 81,34 20,04 7 18
thyroid carcinoma-encoded protein) (Protein H4)
Transcription elongation factor SPT6 (hSPT6)
SUPT6EH KIAAO162
Q7Kz85 (Histone chaperone suppressor of Ty6) (Tat- 1726 | 81,89 14,83 15 18
SPT6H
cotransactivator 2 protein) (Tat-CT2 protein)
Enhancer of mRNA-decapping protein 3 (LSM16
EDC3 LSM16 YIDC
Q96F86 homolog) (YjeF N-terminal domain-containing 508 | 72,08 37,40 12 18
YJEFN2 PP844
protein 2) (YjeF_N2) (hYjeF_N2)
Oxysterol-binding protein-related protein 9 (ORP-
Qo6SuU4 OSBPL9 ORP9 OSBP4 736 | 76,84 25,95 12 18
9) (OSBP-related protein 9)
Protein SCAF11 (CTD-associated SR protein 11)
(Renal carcinoma antigen NY-REN-40) (SC35- | SCAF11 CASP11
Q99590 1463 | 79,23 14,42 12 18
interacting protein 1) (SR-related and CTD- | SFRS2IP SIP1 SRSF2IP
associated factor 11)
Q9H6Z4 Ran-binding protein 3 (RanBP3) RANBP3 567 | 81,25 25,04 10 18
dCTP  pyrophosphatase 1 (EC  3.6.1.12)
DCTPP1 XTP3TPA
Q9H773 (Deoxycytidine-triphosphatase 1) (dCTPase 1) 170 | 68,51 71,76 9 18
CDAO3
(RS21C6) (XTP3-transactivated gene A protein)
Tight junction protein ZO-2 (Tight junction protein
Q9uDY2 2) (Zona occludens protein 2) (Zonula occludens | TIP2 X104 ZO2 1190 | 76,69 16,64 14 18
protein 2)
Putative adenosylhomocysteinase 2 (AdoHcyase 2)
AHCYL1 DCAL
043865 (EC 3.3.1.1) (DC-expressed AHCY-like molecule) (S- 530 | 69,80| 27,36 9 17
XPVKONA
adenosyl-L-homocysteine hydrolase 2)
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P49454

Centromere protein F (CENP-F) (AH antigen)

(Kinetochore protein CENPF) (Mitosin)

CENPF

3210

70,14

6,20

14

17

P53621

Coatomer subunit alpha (Alpha-coat protein)
(Alpha-COP) (HEP-COP) (HEPCOP) [Cleaved into:

Xenin (Xenopsin-related peptide); Proxenin]

COPA

1224

69,66

20,83

17

17

Q08499

cAMP-specific 3',5'-cyclic phosphodiesterase 4D
(EC 3.1.4.53) (DPDE3) (PDE43)

PDEA4D DPDE3

809

74,44

17,55

10

17

Q8TEU7

Rap guanine nucleotide exchange factor 6 (PDZ
domain-containing guanine nucleotide exchange

factor 2) (PDZ-GEF2) (RA-GEF-2)

RAPGEF6 PDZGEF2

1601

71,87

19,18

17

17

Q8TEWO

Partitioning defective 3 homolog (PAR-3) (PARD-3)
(Atypical PKC isotype-specific-interacting protein)

(ASIP) (CTCL tumor antigen se2-5) (PAR3-alpha)

PARD3 PAR3 PAR3A

1356

69,99

12,24

11

17

095235

Kinesin-like protein KIF20A (GG10_2) (Mitotic
kinesin-like protein 2) (MKlp2) (Rab6-interacting

kinesin-like protein) (Rabkinesin-6)

KIF20A MKLP2

RABG6KIFL

890

69,52

29,55

16

16

P15170

Eukaryotic peptide chain release factor GTP-
binding subunit ERF3A (Eukaryotic peptide chain
release factor subunit 3a) (eRF3a) (G1 to S phase

transition protein 1 homolog)

GSPT1 ERF3A

499

67,84

34,67

11

16

P15923

Transcription factor E2-alpha (Class B basic helix-
loop-helix protein 21) (bHLHb21) (Immunoglobulin
enhancer-binding factor E12/E47)

TCF3 BHLHB21 E2A
ITF1

654

61,97

26,61

16

P49643

DNA primase large subunit (EC 2.7.7.-) (DNA

primase 58 kDa subunit) (p58)

PRIM2 PRIM2A

509

65,29

33,01

11

16

P50542

Peroxisomal targeting signal 1 receptor (PTS1

receptor) (PTS1R) (PTS1-BP) (Peroxin-5)

(Peroxisomal C-terminal targeting signal import

receptor)

PEX5 PXR1

639

79,28

35,05

12

16

Q15398

Disks large-associated protein 5 (DAP-5) (Discs
large homolog 7) (Disks large-associated protein

DLG7) (Hepatoma up-regulated protein) (HURP)

DLGAPS DLG7

KIAAO008

846

64,91

22,93

12

16

Q69YN2

CWF19-like protein 1

CWF19L1

538

70,35

39,78

13

16

Q9BSJ8

Extended synaptotagmin-1 (E-Sytl) (Membrane-

bound C2 domain-containing protein)

ESYT1 FAM62A

KIAAO747 MBC2

1104

60,81

17,39

13

16

Q9BTE3

Mini-chromosome maintenance complex-binding

protein (MCM-BP) (MCM-binding protein)

MCMBP C100rf119

642

72,64

28,66

12

16

Q9Y2U5

Mitogen-activated protein kinase kinase kinase 2
(EC 2.7.11.25) (MAPK/ERK kinase kinase 2) (MEK
kinase 2) (MEKK 2)

MAP3K2 MAPKKK2

MEKK2

619

64,53

34,73

13

16

Q9Y4H2

Insulin receptor substrate 2 (IRS-2)

IRS2

1338

68,24

15,77

13

16

060333

Kinesin-like protein KIF1B (Klp)

KIF1B KIAAO0591

KIAA1448

1816

63,42

13,16

14

15
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060749

Sorting nexin-2 (Transformation-related gene 9

protein) (TRG-9)

SNX2 TRG9Y

519

61,90

32,56

13

15

075694

Nuclear pore complex protein Nup155 (155 kDa

nucleoporin) (Nucleoporin Nup155)

NUP155 KIAAQ791

1391

69,78

12,80

11

15

095251

Histone acetyltransferase KAT7 (EC 2.3.1.48)

(Histone acetyltransferase binding to ORC1)

(Lysine acetyltransferase 7)

KAT7 HBO1 HBOa

MYST2

611

61,46

24,22

10

15

P29966

Myristoylated alanine-rich C-kinase substrate
(MARCKS) (Protein kinase C substrate, 80 kDa

protein, light chain) (80K-L protein) (PKCSL)

MARCKS MACS

PRKCSL

332

68,51

34,64

15

P35606

Coatomer subunit beta' (Beta'-coat protein)

(Beta'-COP) (p102)

CoPB2

906

59,68

25,17

15

15

P51003

Poly(A) polymerase alpha (PAP-alpha) (EC 2.7.7.19)

(Polynucleotide adenylyltransferase alpha)

PAPOLA PAP

745

59,15

25,10

11

15

P52564

Dual specificity mitogen-activated protein kinase
kinase 6 (MAP kinase kinase 6) (MAPKK 6) (EC
2.7.12.2) (MAPK/ERK kinase 6) (MEK 6)

MAP2K6 MEK6 MKK6
PRKMK6 SKK3

334

66,18

34,73

15

Q14674

Separin (EC 3.4.22.49) (Caspase-like protein ESPL1)

(Extra spindle poles-like 1 protein) (Separase)

ESPL1 ESP1 KIAAO0165

2120

62,82

10,24

13

15

Q15393

Splicing factor 3B subunit 3 (Pre-mRNA-splicing
factor SF3b 130 kDa subunit) (SF3b130) (STAF130)

(Spliceosome-associated protein 130) (SAP 130)

SF3B3 KIAA0017

SAP130

1217

69,04

14,79

11

15

Q32Mmz4

Leucine-rich repeat flightless-interacting protein 1
(LRR FLll-interacting protein 1) (GC-binding factor
2) (TAR RNA-interacting protein)

LRRFIP1 GCF2 TRIP

808

68,16

25,99

13

15

Q5H9R7

Serine/threonine-protein phosphatase 6
regulatory subunit 3 (SAPS domain family member
3) (Sporulation-induced transcript 4-associated

protein SAPL)

PPP6R3 Cllorf23
KIAA1558 PP6R3 SAPL

SAPS3

873

61,38

21,42

13

15

Q96EB6

NAD-dependent protein deacetylase sirtuin-1
(hSIRT1) (EC 3.5.1.-) (Regulatory protein SIR2

homolog 1) (SIR2-like protein 1) (hSIR2)

SIRT1 SIR2L1

747

68,19

28,65

12

15

Q96124

Far upstream element-binding protein 3 (FUSE-

binding protein 3)

FUBP3 FBP3

572

59,01

33,39

12

15

Q9UNZ2

NSFL1 cofactor p47 (UBX domain-containing

protein 2C) (p97 cofactor p47)

NSFL1C UBXN2C

370

60,41

34,59

15

Q9yY2w1

Thyroid hormone receptor-associated protein 3
(Thyroid hormone receptor-associated protein

complex 150 kDa component) (Trap150)

THRAP3 TRAP150

955

57,40

18,95

13

15

AOJNW5

UHRF1-binding protein 1-like

UHRF1BP1L KIAA0701

1464

64,06

14,75

12

14

000750

Phosphatidylinositol 4-phosphate 3-kinase C2
domain-containing subunit beta (PI3K-C2-beta)

(PtdIns-3-kinase C2 subunit beta)

PIK3C2B

1634

65,42

14,44

14

14
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CLIP-associating protein 2 (Cytoplasmic linker-
075122 associated protein 2) (Protein Orbit homolog 2) | CLASP2 KIAA0627 1294 | 64,02 13,45 12 14
(hOrbit2)
Protein transport protein Sec24B (SEC24-related
095487 SEC24B 1268 | 63,72 16,80 12 14
protein B)
CCR4-NOT transcription complex subunit 4 (EC
6.3.2.-) (CCR4-associated factor 4) (E3 ubiquitin-
095628 CNOT4 NOT4 575| 63,96 36,35 12 14
protein ligase CNOT4) (Potential transcriptional
repressor NOT4Hp)
PUM1 KIAA0099
Q14671 Pumilio homolog 1 (HsPUM) (Pumilio-1) 1186 | 61,99 13,66 10 14
PUMH1
Protein transport protein Sec23B (SEC23-related
Q15437 SEC23B 767 | 60,53 22,43 11 14
protein B)
E3 ubiquitin-protein ligase UBR4 (EC 6.3.2.-) (600 | UBR4 KIAA0462
Q5T4S7 kDa retinoblastoma protein-associated factor) (N- | KIAA1307 RBAF600 5183 | 58,32 4,92 12 14
recognin-4 ZUBR1
DENND4C C9orf55
Q5vz89 DENN domain-containing protein 4C 1673 | 56,72 13,39 13 14
C9orf55B
Ataxin-2-like protein (Ataxin-2 domain protein) | ATXN2L A2D A2LG
Q8WWM7 1075 | 55,77 13,77 11 14
(Ataxin-2-related protein) A2LP A2RP
Ubiquilin-4 (Ataxin-1 interacting ubiquitin-like
UBQLN4 Clorf6 CIP75
Q9INRR5 protein) (A1Up) (Ataxin-1 ubiquitin-like-interacting 601 | 70,38 21,30 8 14
UBIN
protein A1U)
Rho GTPase-activating protein 35 (Glucocorticoid
ARHGAP35 GRF1
Q9INRY4 receptor DNA-binding factor 1) (Glucocorticoid 1499 | 60,21 15,61 13 14
GRLF1 KIAA1722
receptor repression factor 1) (GRF-1)
TRAF-type zinc finger domain-containing protein 1
014545 TRAFD1 FLN29 582 | 51,94 25,43 10 13
(Protein FLN29)
Vinexin (SH3-containing adapter molecule 1)
060504 (SCAM-1) (Sorbin and SH3 domain-containing | SORBS3 SCAM1 671| 53,15 26,83 12 13
protein 3)
Ubiquitin  carboxyl-terminal hydrolase 1 (EC
094782 3.4.19.12) (Deubiquitinating enzyme 1) (hUBP) | USP1 785| 57,13 | 20,89 12 13
(Ubiquitin thioesterase 1)
Threonine--tRNA ligase, cytoplasmic (EC 6.1.1.3)
P26639 TARS 723 | 52,95 22,96 10 13
(Threonyl-tRNA synthetase) (ThrRS)
Epidermal growth factor receptor substrate 15
P42566 EPS15 AF1P 896 | 58,69 21,54 11 13
(Protein Eps15) (Protein AF-1p)
Q5T6F2 Ubiquitin-associated protein 2 (UBAP-2) UBAP2 KIAA1491 1119 | 54,89 16,62 11 13
Regulation of nuclear pre-mRNA domain- | RPRD2 KIAA0460
Q5VT52 1461 | 55,59 14,37 11 13
containing protein 2 HSPC099
Q77309 Protein FAM122B FAM122B 247 | 52,04 46,15 7 13
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Ubiquitin carboxyl-terminal hydrolase 32 (EC

Q8NFAO 3.4.19.12) (Deubiquitinating enzyme 32) (Renal | USP32 USP10 1604 | 56,35 12,72 11 13
carcinoma antigen NY-REN-60)
RelA-associated inhibitor (Inhibitor of ASPP

PPP1R13L IASPP
Q8WUF5 | protein) (Protein iASPP) (NFkB-interacting protein 828 | 49,32 21,01 10 13
NKIP1 PPP1R13BL RAI

1) (PPP1R13B-like protein)
Ankyrin repeat and SAM domain-containing | ANKS1A ANKS1

Q92625 1134 | 61,81 14,81 9 13
protein 1A (Odin) KIAA0229 ODIN
Ubiquitin carboxyl-terminal hydrolase 47 (EC

Q96K76 | 3.4.19.12) (Deubiquitinating enzyme 47) (Ubiquitin | USP47 1375 | 60,27 | 14,25 13 13
thioesterase 47)
Nucleus accumbens-associated protein 1 (NAC-1) | NACC1 BTBD14B

Q96RE7 527 | 53,79 31,31 12 13
(BTB/POZ domain-containing protein 14B) NAC1
ATPase WRNIP1 (EC 3.6.1.3) (Werner helicase-

Q96555 WRNIP1 WHIP 665 | 52,22 32,33 12 13
interacting protein 1)
RING finger protein unkempt homolog (Zinc finger | UNK KIAA1753 ZC3H5

Q9C0BO 810 | 56,46 21,98 10 13
CCCH domain-containing protein 5) ZC3HDC5

Q9Y485 DmX-like protein 1 (X-like 1 protein) DMXL1 XL1 3027 | 57,05 7,00 11 13
Helicase ARIP4 (EC 3.6.4.12) (Androgen receptor- | RAD54L2 ARIP4

Q9Y4B4 1467 | 64,08 13,70 11 13
interacting protein 4) (RAD54-like protein 2) KIAAO809
Importin-5 (Imp5) (Importin subunit beta-3)

000410 (Karyopherin beta-3) (Ran-binding protein 5) | IPO5 KPNB3 RANBP5 1097 | 56,06 15,22 9 12
(RanBP5)

043684 Mitotic checkpoint protein BUB3 BUB3 328 | 54,70 46,95 7 12
Nuclear autoantigen Sp-100 (Nuclear dot-

P23497 SP100 879 | 53,91 13,08 8 12
associated Sp100 protein) (Speckled 100 kDa)
Retinoic acid receptor RXR-beta (Nuclear receptor

P28702 subfamily 2 group B member 2) (Retinoid X | RXRB NR2B2 533 | 49,51 31,71 10 12
receptor beta)
Ribonucleoside-diphosphate reductase subunit M2

P31350 (EC 1.17.4.1) (Ribonucleotide reductase small | RRM2 RR2 389 | 46,05 25,96 7 12
chain) (Ribonucleotide reductase small subunit)
Nuclear factor NF-kappa-B pl100 subunit (DNA-

Q00653 | binding factor KBF2) (H2TF1) (Lymphocyte | NFKB2 LYT10 900 | 49,61| 18,67 11 12
translocation chromosome 10 protein)

Q07866 Kinesin light chain 1 (KLC 1) KLC1 KLC KNS2 573 | 48,96 20,59 8 12
5'-AMP-activated protein kinase catalytic subunit

Q13131 alpha-1 (AMPK subunit alpha-1) (EC 2.7.11.1) | PRKAA1 AMPK1 559 | 52,13 25,94 9 12
(Acetyl-CoA carboxylase kinase) (ACACA kinase)
NGFI-A-binding protein 1 (EGR-1-binding protein

Q13506 NAB1 487 | 54,79 29,77 9 12
1) (Transcriptional regulatory protein p54)
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Four and a half LIM domains protein 2 (FHL-2) (LIM

Q14192 domain protein DRAL) (Skeletal muscle LIM- | FHL2 DRAL SLIM3 279 | 51,79 | 48,03 8 12
protein 3) (SLIM-3)
RNA-binding protein 39 (Hepatocellular carcinoma
Q14498 protein 1) (RNA-binding motif protein 39) (RNA- | RBM39 HCC1 RNPC2 530 | 50,83 29,43 10 12
binding region-containing protein 2)
Chromodomain-helicase-DNA-binding protein 4
(CHD-4) (EC 3.6.4.12) (ATP-dependent helicase
Q14839 CHD4 1912 | 46,51 9,57 10 12
CHD4) (Mi-2 autoantigen 218 kDa protein) (Mi2-
beta)
Cullin-associated NEDD8-dissociated protein 1
CAND1 KIAA0829
Q86VP6 (Cullin-associated and neddylation-dissociated 1230 | 44,81 14,39 12 12
TIP120 TIP120A
protein 1) (TBP-interacting protein of 120 kDa A)
Nuclear receptor coactivator 7 (140 kDa estrogen | NCOA7 ERAP140
Q8NI08 receptor-associated protein) (Estrogen nuclear | ESNA1 Nbla00052 942 | 49,22 22,19 12 12
receptor coactivator 1) Nbla10993
Q92783 Signal transducing adapter molecule 1 (STAM-1) STAM STAM1 540 | 51,90 24,07 8 12
Ataxin-2 (Spinocerebellar ataxia type 2 protein) | ATXN2 ATX2 SCA2
Q99700 1313 | 45,86 7,84 7 12
(Trinucleotide repeat-containing gene 13 protein) | TNRC13
Nuclear speckle splicing regulatory protein 1
NSRP1 CCDC55
Q9HOG5 (Coiled-coil  domain-containing  protein  55) 558 | 50,18 17,92 8 12
NSRP70
(Nuclear speckle-related protein 70) (NSrp70)
Sorting nexin-9 (SH3 and PX domain-containing
SNX9 SH3PX1
Q9Y5X1 protein 1) (Protein SDP1) (SH3 and PX domain- 595 | 47,77 35,63 11 12
SH3PXD3A
containing protein 3A)
A-kinase anchor protein 8 (AKAP-8) (A-kinase
043823 AKAP8 AKAP95 692 | 53,80 | 21,24 8 11
anchor protein 95 kDa) (AKAP 95)
WD repeat and HMG-box DNA-binding protein 1
075717 (Acidic nucleoplasmic DNA-binding protein 1) | WDHD1 AND1 1129 | 49,88 14,17 10 11
(And-1)
P38432 Coilin (p80) COIL CLN80 576 | 48,72 12,15 6 11
Glycogen synthase kinase-3 alpha (GSK-3 alpha)
P49840 (EC 2.7.11.26) (Serine/threonine-protein kinase | GSK3A 483 | 43,64 19,25 6 11
GSK3A) (EC2.7.11.1)
Heat shock factor protein 1 (HSF 1) (Heat shock
Q00613 HSF1 HSTF1 529 | 43,43 19,28 7 11
transcription factor 1) (HSTF 1)
Transducin-like enhancer protein 3 (Enhancer of
Q04726 TLE3 KIAA1547 772 | 42,64 | 20,21 9 11
split groucho-like protein 3) (ESG3)
Focal adhesion kinase 1 (FADK 1) (EC 2.7.10.2)
(Focal adhesion kinase-related nonkinase) (FRNK)
Q05397 PTK2 FAK FAK1 1052 | 39,76 14,83 9 11

(Protein phosphatase 1 regulatory subunit 71)
(PPP1R71)
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Cytoplasmic dynein 1 intermediate chain 2
DYNC1I2 DNCI2
Q13409 (Cytoplasmic dynein intermediate chain 2) (Dynein 638 | 45,89 29,94 9 11
DNCIC2
intermediate chain 2, cytosolic) (DH IC-2)
Neutral alpha-glucosidase AB (EC 3.2.1.84) (Alpha- | GANAB G2AN
Q14697 944 | 46,92 14,94 9 11
glucosidase 2) (Glucosidase Il subunit alpha) KIAAO088
ZC3H7A ZC3H7
Q8IWRO Zinc finger CCCH domain-containing protein 7A 971 | 44,39 16,48 10 11
ZC3HDC7 HSPCO55
WD repeat-containing protein 48 (USP1-associated | WDR48 KIAA1449
Q8TAF3 677 | 43,87 18,32 9 11
factor 1) (WD repeat endosomal protein) (p80) UAF1
Ubiquitin carboxyl-terminal hydrolase 13 (EC
3.4.19.12) (Deubiquitinating enzyme 13)
Q92995 USP13 ISOT3 863 | 50,54 19,58 9 11
(Isopeptidase T-3) (ISOT-3) (Ubiquitin thioesterase
13)
Transcription factor 12 (TCF-12) (Class B basic
TCF12 BHLHB20 HEB
Q99081 | helix-loop-helix protein 20) (bHLHb20) (DNA- 682 | 45,87 | 30,79 9 11
HTF4
binding protein HTF4) (E-box-binding protein)
Phosphoinositide 3-kinase regulatory subunit 4
Q99570 | (PI3-kinase regulatory subunit 4) (EC 2.7.11.1) (PI3- | PIK3R4 1358 | 44,18 | 12,67 10 11
kinase p150 subunit)
Sorbin and SH3 domain-containing protein 1
SORBS1 KIAA0894
Q9BX66 | (Ponsin) (SH3 domain protein 5) (SH3P12) (c-Cbl- 1292 | 44,77 | 11,22 10 11
KIAA1296 SH3D5
associated protein) (CAP)
Protein  ECT2  (Epithelial  cell-transforming
Q9H8V3 ECT2 914 | 46,19 13,24 8 11
sequence 2 oncogene)
Ankycorbin  (Ankyrin repeat and coiled-coil
structure-containing  protein) (Novel retinal | RAI14 KIAA1334
Q9POK7 980 | 45,50 13,78 10 11
pigment epithelial cell protein) (Retinoic acid- | NORPEG
induced protein 14)
Septin-9 (MLL septin-like fusion protein MSF-A)
Q9UHD8 (MLL septin-like fusion protein) (Ovarian/Breast | SEPT9 KIAA0991 MSF 586 | 43,11 27,30 9 11
septin) (Ov/Br septin) (Septin D1)
DCC-interacting protein 13-alpha (Dip13-alpha)
APPL1 APPL DIP13A
Q9UKG1 (Adapter protein containing PH domain, PTB 709 | 47,69 21,58 10 11
KIAA1428
domain and leucine zipper motif 1)
Nuclear receptor coactivator 3 (NCoA-3) (EC
NCOA3 AIB1 BHLHE42
Q9Y6Q9 2.3.1.48) (ACTR) (Amplified in breast cancer 1 1424 | 48,32 12,78 11 11
RAC3 TRAM1
protein) (AIB-1) (CBP-interacting protein) (pCIP)
Segment polarity protein dishevelled homolog
014641 DVL2 736 | 40,93 19,29 8 10
DVL-2 (Dishevelled-2) (DSH homolog 2)
Hepatocyte growth factor-regulated tyrosine
014964 HGS HRS 777 | 37,18 13,00 9 10
kinase substrate (Hrs) (Protein pp110)
Inositol hexakisphosphate and diphosphoinositol- | PPIP5K2 HISPPD1
043314 1243 | 43,00 12,23 10 10
pentakisphosphate kinase 2 (EC 2.7.4.21) KIAA0433 VIP2
075113 NEDD4-binding protein 1 (N4BP1) N4BP1 KIAAO615 896 | 42,83 13,06 7 10
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Ankyrin repeat domain-containing protein 17

ANKRD17 GTAR
075179 (Gene trap ankyrin repeat protein) (Serologically 2603 | 39,51 6,88 9 10
KIAA0697
defined breast cancer antigen NY-BR-16)
P11532 Dystrophin DMD 3685 | 38,91 3,93 10 10
Casein kinase Il subunit alpha (CK Il alpha) (EC
P68400 CSNK2A1 CK2A1 391 | 47,46 29,67 7 10
2.7.11.1)
General transcription factor Il-I (GTFII-I) (TFIl-I)
GTF2I BAP135
P78347 (Bruton tyrosine kinase-associated protein 135) 998 | 43,48 12,32 8 10
WBSCR6
(BAP-135) (BTK-associated protein 135)
TATA element modulatory factor (TMF) (Androgen
P82094 receptor coactivator 160 kDa protein) (Androgen | TMF1 ARA160 1093 | 39,65 12,08 10 10
receptor-associated protein of 160 kDa)
Q03252 Lamin-B2 LMNB2 LMN2 600 | 38,39 17,50 9 10
Treacle protein (Treacher Collins syndrome
Q13428 TCOF1 1488 | 35,77 6,99 8 10
protein)
Golgin subfamily A member 4 (256 kDa golgin)
Q13439 GOLGA4 2230 | 39,51 6,73 10 10
(Golgin-245) (Protein 72.1) (Trans-Golgi p230)
Q5wW0B1 RING finger protein 219 RNF219 C13o0rf7 726 | 43,55 18,73 9 10
75K snRNA methylphosphate capping enzyme
Q7L2J0 (MePCE) (EC 2.1.1.-) (Bicoid-interacting protein 3 | MEPCE BCDIN3 689 | 39,00 21,77 9 10
homolog) (Bin3 homolog)
Cytoplasmic FMR1-interacting protein 1
Q71576 (Specifically Racl-associated protein 1) (Sra-1) | CYFIP1 KIAAOO68 1253 | 39,86 9,74 9 10
(p140sra-1)
Liprin-beta-1  (Protein tyrosine phosphatase
receptor type f polypeptide-interacting protein-
Q86W92 PPFIBP1 KIAA1230 1011 | 39,19 14,54 10 10
binding protein 1) (PTPRF-interacting protein-
binding protein 1)
Calcium homeostasis endoplasmic reticulum
Q8IWX8 protein  (ERPROT 213-21) (SR-related CTD- | CHERP DAN26 SCAF6 916 | 38,80 19,65 9 10
associated factor 6)
Protein KIBRA (HBeAg-binding protein 3) (Kidney
Q8IX03 and brain protein) (KIBRA) (WW domain- | WWC1 KIAA0869 1113 | 39,97 12,40 8 10
containing protein 1)
MICAL-like protein 1 (Molecule interacting with | MICALL1 KIAA1668
Q8N3F8 863 | 44,36 15,87 8 10
Rab13) (MIRab13) MIRAB13
Neuron navigator 1 (Pore membrane and/or | NAV1 KIAA1151
Q8NEY1 filament-interacting-like protein 3) (Steerin-1) | KIAA1213  POMFIL3 1877 | 46,06 6,77 8 10
(Unc-53 homolog 1) (unc53H1) STEERIN1
Nuclear pore complex protein Nup133 (133 kDa
Q8WUMO NUP133 1156 | 44,98 13,84 9 10
nucleoporin) (Nucleoporin Nup133)
Ribonucleases P/MRP protein subunit POP1
Q99575 POP1 KIAAOO61 1024 | 42,53 16,60 10 10

(hPOP1) (EC 3.1.26.5)
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Q9BXB4

Oxysterol-binding protein-related protein 11 (ORP-
11) (OSBP-related protein 11)

OSBPL11 ORP11

0SBP12

747

39,88

19,81

10

10

Q9HC35

Echinoderm microtubule-associated protein-like 4

(EMAP-4) (Restrictedly overexpressed

proliferation-associated protein) (Ropp 120)

EML4 C2orf2 EMAPL4

981

40,23

10,70

10

Q9NRA8

Eukaryotic  translation initiation factor 4E
transporter (4E-T) (elFAE transporter) (Eukaryotic
translation initiation factor 4E nucl