Sussex Research Online

Regulation of Translesion Synthesis DNA Polymerase
Monoubiquitination

by

! " #$
% & ' (" ) ! & * #$ +,-
&' ( / *oN 1/ 2
34 3 35678,4 # " -,547+469
(9 $ .! & : -6+5,
( I - 1/ I
$ 18 #.1/ I/ $
<$ 0 =&) $ .
$
& / =% /
/ ! $ $
[ ( !
I $ &: . / ' $
! / / | $
[.0 ] / 7. 7



http://sro.sussex.ac.uk/

Elsevier Editorial System(tm) for Molecular Cell
Manuscript Draft

Manuscript Number: MOLECULAR-CELL-D-09-00602R2

Title: Regulation of translesion synthesis DN polymerase by monoubiquitination
Article Type: Research Manuscript

Keywords: ubiquitin; monoubiquitination; polymerase eta; PCNA; translesion synthesis
Corresponding Author: Dr. Ivan Dikic,

Corresponding Author's Institution: Goethe University Medical School

First Author: Marzena Bienko

Order of Authors: Marzena Bienko; Gherine M Green; Simone Sabbione¢l&licola Crosetto; Ivan
Matic; Richard G Hibbert; Tihan8egovic; Atsuko Niimi; MatthiasMann; Alan R Lehmann; Ivan Dikic

Abstract: DNA polymerase is a Y-family polymerse involved in translesion synthesis (TLS). Its action
is initiated by simultaneous interaction between thePIP box in pol and PCNA, and between the UBZ in
pol and monoubiquitin attached to PCNA. Whilemonoubiquitination of PCNA is required for its
interaction with pol during TLS, we now show that monoubiquitination of pol inhibits this

interaction, preventing its functions in undamaged cells. Identificatiorof monoubiquitination sites
within pol nuclear localization signal (NLS) led tothe discovery that pol NLS directly contacts PCNA,
forming an extended pol -PCNA interaction surbce. We name this region PIR (PCNA-Interacting
Region) and show that its monoummuitination is downregulated by various DNA-damaging agents. We
propose that this mechanism ensures optimal avkibility of non-ubiquitinated, TLS-competent pol

after DNA damage. Our work shows how monoubigtination can either positively or negatively
regulate the assembly of a protein complex dependingn which substrates are targeted by ubiquitin.

Suggested Reviewers:

Opposed Reviewers:



Cover Letter

JOHANN WOLFGANG 53 GOETHE

UNIVERSITAT

FRANKFURT AM MAIN

University Hospital Theodor-Stern-Kai 7 - 60590 Frankfurt

Dr. Feng Chen Institute for Biochemistry Il

Editor, Molecular Cell Ivan Dikic, MD, PhD
Professor of Biochemistry

600 Technology Square e-mail:  dikic@biochem2.de

Cambridge, MA 02139

Assistant: Rebecca Pfeiffer

Phone: 069/63 01-45 46
Dear Feng, Fax: 069/63 01-55 77
e-mail: pfeiffer@biochem2.de

Homepage: www.biochem2.de

we have revised our manuscript entitled: *Regulation of translesion synfag- 05.11.2009
sis DNA polymerase by monoubiquitinationZ (MOLECULAR-CELL-D-

09-00602R1) according to the editorial guidelines. We hope that it rigfciesciar Sianains

. . . . . . Hoffmei , PhD
meets all the requirements and is suitable for publication in Molecular Cefloue pno

A. Siehoff-Icking, PhD

Molecular Signaling
I. Dikic, MD, PhD
N. Crosetto, MD
C. Grabbe, PhD
i K. Husnjak, PhD

Smcerely’ F. Ikeda, DDM,PhD
Y. Lissanu Deribe MD
D. McEwan, PhD

‘ LY

L1717/ Iy Raft Signaling

1 /1, 1 / JEAL .

oA ([ 12 R. Tikkanen, PhD
A. Banning, PhD

Cancer Cell Signaling

Ivan Dikic M. Innocenti, PhD
D. Xu, PhD

Emmy Noether Research Grou p
Cell Death Signaling
K. Rajalingam, PhD

Mailing address: Visiting address: www.klinik.uni-frankfurt.de
University Hospital, Bldg. 75 University Hospital, Bldg. 75 Tramline: 15,19,21
Theodor-Stern-Kai 7 Sandhofstrasse 2 - 4

60590 Frankfurt 60598 Frankfurt



*Response to reviewers



Highlights

Pol is monoubiquitinated on one of four lysine residues, C-terminal to its UBZ

domain. Three of these residues fall in the nuclear localization signal (NLS), while the
fourth one is adjacent to the PIP box (PCNA-Interacting Peptide) motif.

The NLS of pol directly interacts with PCNA. Together with the PIP box, this NLS
forms a PCNA-Interacting Region (PIR).

Monoubiquitination of the PIR inhibits the interaction of palith PCNA and
excludes the polymerase from the chromatin.

DNA damage causes de-ubiquitination of polallowing it to associate with
monoubiquitinated PCNA at stalled replication forks.
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Abstract

DNA polymerase is a Y-family polymerase involved in translesion synthesis (TLS). Its
action is initiated by simultaneous interaction between the PIP box ingmol PCNA, and
between the UBZ in poland monoubiquitin attached to PCNA. While monoubiquitination

of PCNA is required for its interaction with polduring TLS, we now show that
monoubiquitination of pol inhibits this interaction, preventing its functions in undamaged
cells. Identification of monoubiquitination sites within paiuclear localization signal (NLS)

led to the discovery that poNLS directly contacts PCNA, forming an extended pBCNA
interaction surface. We name this region PIR (PCNA-Interacting Region) and show that its
monoubiquitination is downregulated by various DNA-damaging agents. We propose that
this mechanism ensures optimal availability of non-ubiquitinated, TLS-competenaftet

DNA damage. Our work shows how monoubiquitination can either positively or negatively
regulate the assembly of a protein complex depending on which substrates are targeted by
ubiquitin.



Introduction

Most types of DNA damage block the progression of replication forks, because replicative
DNA polymerases cannot accommodate damaged bases in their active sites. One way in
which cells deal with this problem is by employing a specialised set of DNA polymerases
that carry out translesion synthesis (TLS) past DNA lesions (Friedberg et al., 2005). These
polymerases, mostly belonging to the Y-family, have a more open conformation and can
accommodate different damaged bases in their active sites (Yang and Woodgate, 2007). The
active sites in the Y-family are conserved between different family members and are typically
contained within the N-terminal 450 amino acids. In contrast, the 250-400 C-terminal amino
acids are poorly conserved and are not required for catalytic activity. Instead, this region
mediates interactions between Y-family polymerases and other proteins, and contains
sequences required for their sub-nuclear localisation (Guo et al.,, 2003; Kannouche et al.,
2001; Kannouche et al., 2003; Ogi et al., 2005). In eukaryotes, the Y-family DNA
polymerase can replicate with equal efficiency past undamaged thymines and past the
major UV photo-product, the thymine-thymine cyclobutane pyrimidine dimer (McCulloch et
al., 2004). In humans, the lack of paauses the variant form of the skin cancer-prone
syndrome xeroderma pigmentosum (XPV) (Johnson et al.,, 1999; Masutani et al., 1999).
Typically, cells from these individuals are defective in replicating DNA past UV
photoproducts (Lehmann et al., 1975).

Ubiquitin represents a signalling molecule, which cells use as a versatile tool to
properly respond to both environmental and intracellular stimuli. Ubiquitination has been
implicated in processes such as proteasomal degradation, endocytosis, autophagy, chromatin
remodelling and DNA repair (Bennett and Harper, 2008; Finley, 2009; Haglund and Dikic,
2005; Hicke, 2001; Kirkin et al., 2009; Mukhopadhyay and Riezman, 2007). This is mediated
by specialized domains, called Ub-binding domains (UBDs) embedded in various proteins,
which non-covalently interact with Ub-conjugated substrates (Dikic et al., 2009; Hurley et al.,
2006). For instance, UBD-Ub interactions have been shown to mediate the epolymerase
switchZ, a term which refers to the replacement of stalled replicative polymerases with
specialized TLS polymerases upon stalling of the replication machinery at sites of DNA
damage (Friedberg et al., 2005). When a DNA lesion or depletion of the deoxyribonucleotide
pool blocks the replication machinery, this triggers monoubiquitination of PCNA at lysine
164 (Hoege et al., 2002). I8accharomyces cerevisiand human cells, this reaction is

brought about by the E2 ubiquitin conjugating enzyme Rad6 and the E3 ubiquitin ligase



Rad18 (Hoege et al., 2002; Kannouche and Lehmann, 2004; Koken et al., 1991; Tateishi et
al., 2000; Watanabe et al., 2004). Compared to the unmodified form, monoubiquitinated
PCNA has increased affinity for po(Bienko et al., 2005; Garg and Burgers, 2005;
Kannouche et al., 2004; Plosky et al., 2006; Watanabe et al.,, 2004). Biochemical and
computational studies have revealed that all the members of the human Y-familypgiol

pol and Revl contain UBDs located in their C-terminal regions (Bienko et al., 2005). We
have previously designated these domains UBM for Ub-Binding Motif grad Revl) and

UBZ for Ub-Binding Zinc-finger (pol and pol). Several studies have addressed the
function of UBDs in Y-family polymerases at the onset of TLS (Bienko et al., 2005; Garg
and Burgers, 2005; Guo et al., 2008; Guo et al., 2006; Plosky et al., 2006; Sabbioneda et al.,
2008; Sabbioneda et al., 2009).

We previously showed that a fraction of pds monoubiquitinated in human cells
(Bienko et al., 2005). In the current work we have identified lysines in the nuclear
localization signal (NLS) as sites of ubiquitination of poThis in turn led to the discovery
that the NLS is involved in direct binding to PCNA and that this interaction is disrupted by
monoubiquitination. In addition we show how this modification is affected by DNA damage,
and how different motifs in the extreme C-terminus of pafluence the response of cells to

UV-induced damage.

Results

Identification of monoubiquitination sites in pol

In the course of our previous work, we observed a minor species of over-expressed human
pol with reduced mobility in SDS-PAGE, and showed that this corresponds to the
ubiquitinated form of the polymerase (Bienko et al., 2005). Mutant forms of qautying
mutations in the UBZ domain did not undergo ubiquitination, proving the UBD-dependence
of this modification (Bienko et al., 2005). Interestingly, a genetic in-frame fusion of pol
with Ub bound much less potently to ubiquitin in comparison to wild-type .pdle
hypothesized that this was the result of an intramolecular interaction between the UBZ of
pol and the Ub moiety fused to it, as also shown for other UBD-containing proteins fused to
Ub (Hoeller et al., 2006). Following this work, we have sought to characterize the mechanism

and the role of pol ubiquitination in detail.



Accordingly, in MRC5 cells we were able to detect a form of endogenousopol
reduced mobility in SDS-PAGE that we presumed to be monoubiquitinatedrigure 1A).

This band was absent in petleficient XP30RO cells (Figure 1A), demonstrating that it is
indeed a species of pol Moreover, a corresponding band did contain monoubiquitinated
pol when excised from a Coomassie blue-stained gel and analysed by mass spectrometry
(see below).

We next attempted to identify the lysine residue(s) in gbht can be ubiquitinated
HEK293T cells were transfected with HA-tagged ubiquitin and Flag-tagged Asioér
immunoprecipitation of polwith anti-Flag antibodies, the presumptive monoubiquitinated
species of pol was visualized by Coomassie blue stain and excised from the gel (data not
shown). Mass spectrometry of the isolated protein revealed a major ubiquitinated species at
lysine 682 (K682), which lies in the first segment of the bipartite NLS (Figure S1A and
Figure 1C). However pol carrying a mutation of this lysine (K682R) was still modified
(Figure 1B). A further round of mass spectrometry using {¥@82R revealed a second
ubiquitination site at lysine 709, but a double mutant again did not show a major decrease in
its monoubiquitination status (Figure 1B). Interestingly, both lysine residues lie in a short
fragment C-terminal to the UBZ domain, which overall contains four lysine residues (K682,
K686, K694, K709) (Figure 1C). Thus, we hypothesized that this is the region where
ubiquitin can be attached under physiological conditions. We reasoned that if the prevalent
ubiquitination site lysine 682 is mutated, the lysine residues adjacent to it may become
targeted. Indeed, when all these four lysine residues were mutated to arginines (pol 4K/R),
no ubiquitinated species of polvas detectable (Figure 1B) under various lysis conditions
(Figure S1B). Interestingly, three out of four of these lysine residues are part of the bipartite
NLS of pol and are well conserved from mammals down to amphibians (Figure 1C). The
attachment of Ub to this region could be recapitulétedtro and occurred in the absence of
any E3 ligase, confirming our previous finding that certain UBDs can directly mediate
ubiquitination of their host proteins by binding to the E2-Ub complex (Figure S1C) (Hoeller
et al., 2006; Hoeller et al., 2007).

To gain further insight into the function of pol NLS and its ubiquitination we created a
panel of EGFP-tagged full-length poéxpression constructs, as pictured in Figure 1D. Since
three out of four residues mutated in pol 4K/R lie within the NLS sequence of pol, we
tested whether the observed loss of monoubiquitination resulted from inefficient nuclear

localization. We noted that, in contrast to wild-type polve could detect a significant



fraction of pol 4K/R in the cytoplasm (Figure 1E, bottom left), which was most obvious in
non-S phase cells (Figure S1D). In order to ensure that this altered localization would not
interfere with subsequent interpretation of our data, we introduced an exogenous NLS into
several expression constructs N-terminal to EGFP (Figure 1D). After insertion of the NLS
sequence of the SV40 large T antigen into EGFP-pol 4K/R (NLS-EGFP-pol 4K/R), this
mutant became exclusively nuclear (Figure 1E, bottom right). Importantly, this protein was
still not monoubiquitinated, in contrast to wild-type NLS-EGFP-pol (Figure S1E).
Moreover, mutation of arginines 683, 695 and 696 in the NLS to alanines (pol 3R/A) had no
effect on ubiquitination (Figure S1E), demonstrating that the observed lack of ubiquitination
in pol 3K/R or pol 4K/R is not a secondary effect of mutating basic residues in the NLS.
Monoubiquitination of pol is dependent on its UBZ motif (Bienko et al., 2005). In
order to prove that the aforementioned lysine residues are sites of monoubiquitination, we
needed to exclude the possibility that ptK/R is not monoubiquitinated because of its
inability to bind ubiquitin. In fact, the UBZ domain of pdK/R was functional as its
binding to Ub was similar to that of wild-type pol(Figure S2A). We conclude that
monoubiquitination of pol occurs C-terminal to its UBZ domain, at one of the four lysine

residues available in this region.

The NLS of pol is a PCNA-interacting surface

Since monoubiquitination sites in polie in a regulatory region known to be involved in
protein-protein interactions (Bienko et al., 2005; Plosky et al., 2006), we hypothesized that
this modification could be involved in the regulation of piteractions with other proteins.
Since three out of four monoubiquitination sites are in the NLS sequence, we focused on
finding interacting partners of this region. For this purpose we used the yeast two-hybrid
system to screen a human spleen cDNA library with the last 112 amino acids of pol as bait.
Proteins found in the screen (Table S1) were probed for their ability to interact with a mutant
of pol in which all the positively charged residues in the NLS were substituted by alanines
(NLS*). Importin alpha 1, one of the clones found in the screen, which is known to mediate
the nuclear import of many proteins upon recognition of their NLS (Chook and Blobel,
2001), did not interact with poNLS* (Figure S2B). To our surprise, PCNA was also unable

to interact with this mutant (Figure S2B). Previous studies (Haracska et al., 2001; Kannouche
et al., 2004) have mapped the PCNA-interaction site in fmlamino acids 702-708 which

form the PIP box motif found in many other PCNA-interacting proteins (Maga and Hubscher,



2003). As shown in Figure 2A, mutation of either NLS (NLS*) or PIP (L704A, F707A,
F708A; PIP*) abolished the interaction of palith PCNA, leading us to hypothesize that
the PIP box is not the only motif in pothat can directly contact PCNA.

To verify this hypothesis, several GST pull-down experiments were performed. Firstly,
we tested whether GST fusions of the C-terminal portion of mantaining the UBZ
domain, NLS and PIP box (amino acids 602-713, GST)olere able to interact with
recombinant PCNA. Interestingly, while GST-pegWT effectively captured PCNA, a
decrease in the strength of this interaction was observed depending on how many positive
charges in the NLS were mutated to alanines (Figure 2B). Mutation of all lysines to alanines
(GST-pol c3K/A) strongly reduced binding (lane 4), though not as much as mutation of all
lysines and arginines (GST-peNLS*) (lane 5). Mutation of the PIP box (GST-pePI1P*)
compromised binding to PCNA similarly to GST-peglNLS* (lane 6). Notably, mutation of
all lysines in the NLS to arginines (GST-peBK/R) did not influence the potPCNA
interaction, while additional mutation of lysine 709 (GST-pdK/R) slightly decreased it
(lanes 7, 8). The observed interaction between GSTWOI and PCNA could be easily
titrated and was still detectable at a PCNA concentration of around 30 nM (Figure 2C). In
contrast, both GST-potNLS* and GST-polcPIP* barely captured PCNA at a
concentration of 600 nM (Figure 2C).

We next checked whether pol NLS mutations influence its interaction with PCNA in
cell lysates. For this purpose, we used HEK293T cells over-expressing various EGFP-pol
constructs and tried to pull them down with GST-PCNA (Figure 2D). Wild-type
pol effectively bound PCNA (lane 2) while mutations in either the NLS or PIP decreased
the interaction (lanes 3, 4, 7). Notably, only mutations that changed the positive charge in the
NLS (as in the case of pdlLS*) had a substantial influence on the pBICNA interaction,
to a similar extent as the PIP box mutation. The /R mutant bound to PCNA as
potently as the wild-type protein (lane 5), while the interaction of 4R with PCNA was
slightly weaker than poBK/R (lane 6). Again, mutation of only lysine residues to alanines
(pol 3K/A) exerted an intermediate influence on the strength of thePGNA interaction,
between that of wild-type and pdILS* (lane 7). Interestingly, as in Figure 2C, pNLS*
and pol PIP* still displayed residual interaction with PCNA (Figure 2D). Altogether, these
data indicate that positive charges in the NLS of pol are important for its direct interaction
with PCNA, while the contribution of the region containing the PIP box seems more

stringently dependent on its full primary sequence, as mutation of lysine 709 already weakens



this interaction. This also implies that K709 is involved in the binding of pol to PCNA.
Indeed, this residue was recently shown to directly contact PCNA in the crystal structure of
this protein with a peptide comprising residues 694-713 of @dishiki et al., 2009).
Additionally, the same work showed that residues 710-713 are important to stabilize the
interaction between K709 of poland G127 of PCNA. From now on, we will refer to the

surface of pol containing amino acids 682-713 as the PCNA-Interacting Region (PIR).

The PCNA-Interacting Region (PIR) in pol regulates its sub-nuclear localization and is
important for DNA damage tolerance

We next explored the function of poPIR in vivo. Firstly, we used confocal microscopy to
guantify the amount of cells containing EGFP-pol foci after expression of various constructs
in MRCS5 cells. In order to limit our analysis to the influence of the NLS on gb-nuclear
localization, we used the constructs containing the additional NLS from the SV40 large T
antigen. Mutation of lysines in the NLS to arginines did not change the localization pattern of
pol (Figure 1E and Figure 3B). NLS-EGFP-pol 3K/R formed foci in approximately 20% of
cells, exactly like the wild-type counterpart. In striking contrast, when a corresponding
alanine mutant of the NLS (NLS-EGFP-pol 3K/A) was tested, the number of cells with pol
foci dropped from 22% to 5%. Moreover, the NLS-EGFP-pol 3R/A construct, which could
still undergo monoubiquitination as efficiently as the wild-type protein (Figure S1E) behaved
very similarly to NLS-EGFP-pol 3K/A in terms of the localization (Figure 3B). In order to
see an almost complete loss of pol foci we needed to mutate all the positive charges of the
NLS to alanines (NLS-EGFP-pol NLS*) (Figure 3A and B). This behaviour matched the
results of the above pol -PCNA interaction studies. The drop in the percentage of cells with
pol foci mirrored the decrease seen in pol -PCNA binding strength for different mutants of
the NLS (Figure 2). The localization of pol in foci depended on its interaction with PCNA
and indeed pol PIP* did not accumulate in replication foci in any cell (Figure 3B) as also
reported for BL2 cells (Gueranger et al., 2008). These results reveal that the NLS sequence in
pol not only constitutes a classical signal for nuclear import, but is also required for its
physiological sub-nuclear distribution.

Having found that the whole NLS-PIP region in pol is needed for its presence inside
replication foci, presumably by mediating a direct interaction with PCNA, we wondered how
this might translate into the ability of pol to by-pass DNA damage. For this purpose, we
generated a set of stable XP30RO cell lines expressing various mutants of EGFP-pol and



compared them in a clonogenic UV survival assay. We analyzed mutants of all the known
interaction surfaces important for the binding of pol to monoubiquitinated PCNA. All the
cell lines reconstituted with mutants (UBZ*, NLS* or PIP*) displayed significantly lower
survival, when compared to XP30RO cells complemented with wild-type (B@ure 3C

and Table S2). Importantly, the effects observed from mutating the NLS of pol were not
restricted only to point mutations of the NLS. In parallel we have been studying a second
NLS mutant in which the whole of the NLS was deleted(S). The NLS mutant also
showed inability to accumulate in replication foci and was impaired in its interaction with
PCNA, similarly to the NLS* (data not shown). We used this mutant to study the effect of
simultaneous inactivation of both the UBZ and the PIR. Both double mutants (UBIZ3/

and UBZ*/PIP*) failed to restore UV survival of XP30RO cells to a significantly larger
extent than any of the single mutants (Figure 3C). This synergistic effect demonstrates that
the individual motifs co-operate to provide a fully functional pol

To gain further insight into the importance of these motifs, we also analysed the ability
of the same mutants to restore post-replication repair (PRR) activity in XP30RO cells after
UV irradiation, by measuring the size of newly synthesised DNA strands on alkaline sucrose
gradients. XPV cells have a pronounced deficiency in this process, so that under a set of
standard conditions, the size of the newly synthesised DNA in irradiated XPV cells is much
smaller than that of wild-type cells (Lehmann et al., 1975). This deficiency is rescued with
wild-type EGFP-pol (Figure 3D). Consistent with the survival data, we found that the
rescue of PRR was reduced in all the mutants tested, and was reduced more in the double
than the single mutants (Figure 3D). There was a good correlation between the defects in
PRR and the UV sensitivities.

Finally, we investigated how the PIR-mediated pBICNA interaction influences the
kinetics of cell proliferation after UV irradiation. For this purpose, we applied a technology
that records the collective behaviour of cell populations in real-time (xCelligence, Roche).
This system monitors the electric impedance of cells grown in a 96-well plate and can
provide information about the cellular response to UV starting from early times after
irradiation. Cells complemented with either wild-type pol, PIP* or NLS* mutants, but not
with empty vector, underwent a delayed recovery phase after an apparent exponential decay
phase (Figure 3E and S3B). In the case of wild-type pol -complemented cells the decay was
shorter and the recovery occurred sooner as compared to cells expressing mutants of pol

(Figure 3E and Table S3). In all the cases, the recovery phase could be accurately modelled



by the Boltzmann’s sigmoid equation. Simultaneous monitoring of non-irradiated cells
allowed for accurate correction for differences coming from different cell lines that were
pol -independent (data not shown). The relative outgrowths of the surviving cells at later
times corresponded well with the relative survivals predicted from the clonogenic assay
(Table S2 and S3). Interestingly, increasing the caffeine concentration from 0.4 to 0.8 mM
resulted in greater discrimination between wild-type and PIP* or NLS* cell lines (Figure
S3A). Altogether, these data indicate that the PIR region in pol is important for DNA
damage tolerance, and cast light on the real-time dynamics of this process at a population

level.

Monoubiquitination of pol masks its PCNA-Interacting Region (PIR)
Attachment of Ub to the PIR in pol could exert a dual effect. Because target lysines are
relatively near to the UBZ domain, an intramolecular interaction between Ub and UBZ could
take place, as previously described for other UBD-containing proteins (Hoeller et al., 2006).
In turn, this could block the UBZ and additionally change the conformation of the entire
region between the UBZ and the ubiquitinated lysine, making this surface inaccessible.

To clarify these issues we took advantage of a{uid chimera that we had engineered
by genetically fusing one Ub moiety to the C-terminus of @Blienko et al., 2005). Such a
pol -Ub fusion as well as other chimeras previously generated in our group by fusing
ubiquitin to UBD-containing proteins (Hoeller et al., 2006) have limited ability to interact
with ubiquitin, probably because the UBD is engaged in a strong intramolecular interaction
with Ub in cis (Figure 4A) (Bienko et al., 2005; Hoeller et al., 2006). In the case of pol
because its ubiquitination can occur as close as four amino acids from the C-terminus, this
chimera is expected to be a good mimic foritheivo effects of monoubiquitination of pol
When expressed in MRCS5 cells, EGFP-pol -Ub was found in replication foci less frequently
than EGFP-pol. Indeed, the percentage of cells displaying pol foci dropped from 22% for
wild-type EGFP-pol down to 6% for the chimera (Figure 4B and C). Mutation of 144 in Ub,
known to abolish its interaction with the UBZ of pgBomar et al., 2007), restored the sub-
nuclear pattern of the chimera (Figure 4C), indicating that in EGFP-pol -Ub the Ub moiety is
engaged in interaction with the UBZ domain. Consistent with these findings, we were unable
to detect the ubiquitinated form of pol in the cellular Triton X-100-resistant fraction, which
corresponds to the microscopically visible focal fraction of pol as we have previously
demonstrated (Figure 4D and S4) (Kannouche et al., 2004).
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We then wondered whether the exclusion of pol -Ub from foci results from deficient
interaction with PCNA. Indeed, EGFP-pol -Ub displayed a lower affinity for GST-PCNA in
a pull-down test, in comparison with the wild-type counterpart (Figure 4E). This reduction
resembled the one observed for the pllS* and pol PIP* mutants (Figure 2D). We
conclude that attachment of Ub at the C-terminus of pa@akens its interaction with PCNA.

Lastly, we used the same chimera as a model to study how monoubiquitination affects
the ability of pol to mediate TLS. XP30RO cell lines stably expressing EGFP-pol -Ub were
used both in clonogenic and PRR assays. Similar to the PIR mutants, cells reconstituted with
the chimera displayed a significantly lower ability to tolerate UV and perform PRR in
comparison to wild-type pol -expressing cells (Figure 4F and G and Table S3). Altogether,
these data indicate thah vivo, monoubiquitination of pol might negatively regulate its

activity in translesion DNA synthesis.

DNA-damaging agents that trigger TLS inhibit monoubiquitination of pol

Since the various motifs in polthat are likely masked by ubiquitination (UBZ, NLS, PIP)

are important for DNA damage tolerance (Figure 3), we decided to investigate the fate of
ubiquitinated pol after exposure to various DNA-damaging agents. Remarkably, a decrease
in ubiquitination of pol was visible following UV irradiation. This was seen either as a
dose-response 6 hours after irradiation, or as a time-dependent decay following B& J/m
irradiation (Figure 5A). A similar decrease was observed following treatment with the cross-
linking agent cisplatin, but not with its inactive analogue transplatin (Figure 5B). Methyl
methanesulfonate (MMS) also reduced the amount of monoubiquitinatedRiglire 5B).
Interestingly, exposure to hydroxyurea (HU) for up to twenty-four hours, which results in
stalling of replication forks by depletion of the deoxyribonucleotides but does not generate
DNA damage, had no impact on palbiquitination (Figure 5B). These data demonstrate that
agents causing DNA lesions that can be processed by TLS simultaneously deplete the
fraction of monoubiquitinated po} possibly increasing the local pool of paapable of

interacting with PCNA.

Discussion

When we previously described the presence of Ub-binding domains (UBD) in Y- family
polymerases, we also noted that a fraction of each polymerase was ubiquitinated in a UBD-
dependent manner. We have now addressed the issue of which lysine residues are targeted by

11



this modification in pol and what its function is. To date there is a limited number of studies
mapping ubiquitination sites in proteins, especially UBD-containing ones. Such searches
have been compromised by the lack of a consensus sequence. In the present study we find
that mutation of the residue in polnitially identified as being monoubiquitinated (K682),

did not abrogate this modification, as neighbouring lysines would eventually become
targeted. Only a simultaneous mutation of all the four lysines C-terminal to the UBZ maotif
abolished this modification completely. The fact that UBDs are directly engaged in mediating
ubiquitination (Hoeller et al., 2007; Woelk et al., 2006) might make a difference in the choice
of the target residue(s) for monoubiquitination in comparison to proteins without such
domains. In the situation in which the output of monoubiquitination is an intramolecular
interaction between Ub and a UBD, it might not be crucial that a specific residue is modified
by Ub but rather that a certain region of a protein is modified. Our study on
monoubiquitination of pol might be a good example of such a scenario. We hypothesize that
an intramolecular interaction between the UBZ and Ub attached to the C-terminal part of
pol will have the same result independently of which lysine in the C-terminus of ipol
modified.

We find that three out of four ubiquitination sites in pol are present in its NLS. By
addressing the function of this modification we discovered that this NLS belongs to a broader
PCNA-interaction surface, which we name PIR. This seems to be a more general
phenomenon, as we found a similar situation with, pehich also has a juxtaposition of
NLS and PIP box (Figure S5A). Indeed, mutation of pdLS interfered with its binding
to PCNA (data not shown). Interestingly, crystal structures of PCNA with p21 and Fenl ...
both of which carry PIP box motifs ... show that the surface of interaction with PCNA is
broader than the PIP box itself and also includes amino acids of their bipartite NLS sequences
(Gulbis et al., 1996; Sakurai et al., 2005). In the case of p21, the PIP box motif lies in
between the two parts of the bipartite NLS sequence (Gulbis et al., 1996), while in Fenl the
NLS is positioned C-terminal to the PIP box (Figure S5A). The different arrangement of PIP
and NLS within the PIR of these proteins is likely to impact upon their affinity for PCNA.
The importance of residues outside of the PIP box for mediating PCNA interactions is also
highlighted by a recent study where PCNA could be co-crystallized with the PIP box of pol
but failed to do so with the PIP of polinless additional residues were added (Hishiki et al.,
2009).
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We have previously characterized two motifs in pol important for its proper function
in TLS, namely the UBZ domain and the PIP box, and showed that they are involved in direct
interaction with monoubiquitinated PCNA. We now add the NLS to the list of motifs
important for pol function in TLS, not only as a direct binding surface but also as a
regulatory part controlling the interaction between pol and PCNA. The latter could be
achieved by cycles of monoubiquitination and deubiquitination of the NLS. We propose that
for pol to efficiently bind monoubiquitinated PCNA during TLS, all the three regions (UBZ,
NLS and PIP box) must be available. Indeed, mutation of any of them diminished the ability
of the cells to generate intact daughter DNA strands after UV-irradiation (PRR), and caused a
reduction in UV survival and cell growth after irradiation. Even though mutation of any of
the motifs substantially reduces the accumulation of pol microscopically visible foci
representing replication factories (Bienko et al., 2005), this does not imply thatigol
completely excluded from these foci. Rather, the residence time ofrpuisible foci could
be reduced. This is probably why only a partial reduction in the ability of XP30RO cells
reconstituted with any of these mutants to perform TLS past UV-induced damage can be
seen. Notably, when combinations of these mutations were tested, UV survival and PRR
deficiency was substantially greater. These data show that all these three motifs co-operate to
generate a fully functional pol

We hypothesize that the attachment of Ub to the C-terminus of pglinducing an
intramolecular interaction with the UBZ, prevents this domain from being engaged in other
interactions and also sterically masks the PIR region, hiding it from PCNA. Consistent with
this idea, the pol-Ub chimera was deficient in PRR and impaired in rescuing the UV
hypersensitivity of XP30RO cells. We anticipate that the natural targeting of Ub to the PIR
region would have a similar or even stronger effect than observed in the case of the chimera.
We thus propose that the attachment of Ub to the PIR ofipa mechanism to prevent an
unwanted poB PCNA interaction in undamaged cells (Figure I50Ae postulate that the
relatively small fraction of monoubiquitinated polin unperturbed cells represents an
equilibrium between ubiquitination and deubiquitination (Figure S5B). Since pol is a very
dynamic protein constantly entering replication foci and rapidly leaving them (Sabbioneda et
al., 2008), one could envisage that its monoubiquitination (and possibly of other TLS pols) is
a process that regulates whether the polymerase stays in or out of replication foci. In the

absence of a proper TLS substrate, monoubiquitination would remove it from the focus. Once
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back in the nucleoplasm, deubiquitination of pwlould restore its TLS-competence and
prepare it for new cycles of substrate search.

When the cell is damaged, it is vital that pand other Y-family polymerases can
interact with ubiquitinated PCNA, so that TLS can be carried out at blocked replication forks
(Figure 5CH). Since ubiquitination of polhinders this interaction, it is of interest that when
DNA is damaged by agents known to trigger TLS, ubiquitinated igaho longer detectable
in the cell (Figure 5QH). Our search for a putative deubiquitinating enzyme (DUB) using
two different siRNA libraries, has not to date revealed any candidates (data not shown).
Additionally we have not detected any influence of either checkpoint activities or of active
nucleotide excision repair on pol ubiquitination or deubiquitination, as they were
independent of the presence of either p53, ATR or XPA (Figure S3C-E). Interestingly, we
found that HU treatment, which does not damage DNA but prevents fork progression by
depleting nucleotide pools, does not result in loss of ubiquitinated ptthough PCNA is
ubiquitinated in HU-treated cells, there should be no requirement for TLS in these cells since
there is no DNA damage to be bypassed. It thus appears that deubiquitination aéqobk
only when the polymerase needs to be actually recruited and used. Deubiquitination would
ensure that all pol molecules are able to fully interact with ubiquitinated PCNA.

In conclusion, our work provides an interesting example of how the process of
monoubiquitination can either positively or negatively regulate the assembly of TLS-
competent protein complexes depending on which substrates are modified by ubiquitin.
Whereas ubiquitination of PCNA favours its interaction with pol, ubiquitination of pol
hinders this interaction, keeping pahway from replication forks.

Experimental procedures

Antibodies and other chemicals

Anti-Flag antibodies were from Sigma (M2 F3165 for WB and M5 F4042 for
immunoprecipitation). Anti-pol antibodiesused in Figure 1A, Figure 5A and 5B were
previously described (Bienko et al., 2005). Elsewhere, anti-paiibodies were from
AbCam (ab17725). Anti-GFP were from BD Biosciences (Living Colours® 632460), anti-
p53 from Cell Signalling (#2524), anti-p21 from Santa Cruz (sc-397), anti-
phosphoChk1(Ser317) from Cell Signalling (#2344).

Immunoprecipitations and GST pull-downs
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Lysates for immunoprecipitations or pull downs were prepared using the <TritonZ buffer.
Immunoprecipitations and pull-downs were performed lysing a confluent well of a 6-well
format plate with 60Qul of the sTritonZ buffer, and using 2Q0 of lysate plus 20Qul of
«TritonZ buffer per reaction. After adding the indicated antibodies or GST fusions, the
mixture was rotated for 4 h at 4°C. In the case of immunoprecipitations, dbagarose-
Protein A (Medicago) were added per reaction 1 h before the end of rotation. Each sample
was then washed 4 times with 6ADof «TritonZ buffer. Agarose or sepharose-beads were
resuspended in 2@l of Laemmli buffer, boiled for 5 min and proteins were separated by
SDS-PAGE.

Induction of DNA damage

MRCS5 cells were treated and harvested when they were between 50-80% visually confluent.
UV (254 nm) treatment was at 0.7 J/sec in PBS, 30 J/nunless stated otherwise.
Recovery was in complete medium for 6 hours (or the time indicated). Cisplatin and
transplatin were used for 1 h at G8/ml. Afterwards the medium was changed to allow for
recovery. HU and MMS were added directly to the medium for the indicated duration. Cells
were either directly scraped into Laemmli buffer and the extract were sonicated before SDS-
PAGE, or first collected in a buffer containing benzonase before the addition of Laemmli
buffer.

Clonogenic assay

Dilutions of freshly FACS-sorted, XP30RO cell lines expressing wild-type or mutant EGFP-
pol from the pEGFP-C3 vector were plated in triplicate on 10 cm dishes in MEM. On the
next day the medium was removed and cells were washed in PBS before UV irradiation.
After irradiation, cells were incubated in MEM containing 0.4 mM caffeine for 13 days. The
number of colonies was assessed after methylene blue staining. Notably, addition of the extra
NLS from large T antigen N-terminally to EGFP in the pEGFP constructs did not influence
the behaviour of wild-type polin the assay.

PRR assay

Freshly sorted cells were seeded on 6 cm dishes. After 72 h, the medium was removed, cells
washed in PBS and irradiated with 8 3/i@ells were further incubated in 3 ml of medium
containing 0.3 mg/ml caffeine for 30 min before the addition ofit6D°H-thymidine. After

30 min, cells were washed in PBS and released in fresh caffeine-containing medium
supplemented with 1AM thymidine and 1QuM deoxycytidine for 150 min. At the end of

the chase period, cells were collected in 0.3 ml of PBS containing EDTA (0.2 g/L) and
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gamma irradiated (2 krad) to break entangled DNA fibres. Cells were then lysed in 0.2 ml
buffer L (2% SDS, 20 mM EDTA) layered on top of 5 ml of a 5-20% sucrose gradient (in 0.1
M NaOH, 0.1 M NaCl). Gradients were spun at 38500 rpm for 90 min in a Sorvall AH650
rotor. At the end of the run, 25 fractions were collected and spotted on Whatman grade 17
paper, precipitated by trichloracetic acid and washed twice in ethanol before being counted
on a Beckman scintillation counter (Lehmann et al., 1975). The weight-average molecular
weight of the distributions were calculated, omitting the bottom and top three fractions.
Real-time measurement of UV response

XP30RO cells stably transfected with various constructs of pCAG-EGFPywete UV
irradiated with8 J/fhand trypsinized immediately after irradiation. 2500 cells were plated in
triplicate in each well of a 96-well E-plate (Roche) in DMEM containing 0.4 mM or 0.8 mM
caffeine. Real-time responses of different cell clones to UV were measured using an
xCelligence impedentiometer (Roche) according to the manufacturerss instructions

(https://www.roche-applied-science.com/sis/xcelligéncéhe electric impedance through

each well was measured every minute over a period of approximately three weeks and

recorded as Cell Index (CI).

Details of molecular cloning, production of recombinant proteins, cell culture and sorting,
cell lysis, Triton X-100 extraction, mass spectrometryitro ubiquitination, laser scanning
microscopy, yeast two-hybrid analysis and statistical analysis of the data are presented in

Supplemental data.
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Figure legends

Figure 1 ... Monoubiquitination sites lie in the C-terminal portion of pol. A) Anti-pol
immunoblot of lysates of MRC5 and XP30RO cells. B) HEK293T cells were transfected with
various Flag-pol constructs and lysates were analyzed by anti-Flag (M2) immunoblot after
immunoprecipitation with anti-Flag (M5) antibodies. C) Amino acid sequence of the C-
terminus of pol from human, mouse and frog. Cysteines and histidines of UBZ and
conserved lysines around NLS are highlighted. D) Scheme of various constructs of pol .
Lower panel shows the C-terminus of the constructs (as marked by the dashed rectangle in
the upper panel) depicting the position of amino acids mutated. CD: catalytic domain, UBZ:
ubiquitin-binding zinc-finger, N: NLS, P: PIP box, N*: NLS of the SV40 large T antigen. E)
MRC5 cells transiently expressing indicated EGFP-tagged ymoiants were analysed by
confocal microscopy. Representative midplane sections are shown together with DAPI
images in blue. See also Figure S1.

Figure 2 ... Identification of PIR as a PCNA-interaction surface. A) One-on-one interaction
assay using yeast two-hybrid system. The upper panel shows equal growth of all yeast used
for testing pol -PCNA interaction. The same plate was used for thlegal test (middle

panel). The lower panel shows growth on a selection medium to probe for interaction
between bait and prey proteins. EV: empty pYTH9 or pACT2. B) GST pull-down of PCNA
by various mutants of the C-terminus of pol. C) GST pull-down with a range of purified
PCNA concentrations using GST, GST-pol WT, GST-pol NLS* or GST-pol PIP*. D)
HEK293T cells were transfected with various pEGFP-pol constructs and their lysates were
used in GST-PCNA pull-down. Means and SD of three independent experiments are shown

in the histogram. See also Figure S2.

Figure 3 ... Influence of pol -PCNA interaction on localization of pol into replication foci

and on TLS. A) MRC5 cells transfected with various pEGFP-pol constructs were analysed
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by confocal microscopy. B) Quantification of data presented in A. The histogram represents
means and SD calculated after counting 300 cells in each of three independent experiments
with each construct. *\NLS-WTZ and *WTZ differ by the presence of an extra copy of the
NLS from the SV40 large T antigen in the former one, as depicted in Figure 1D. C)
Clonogenic survival assay with XP30RO-derived cell lines expressing the indicated EGFP-
pol constructs after UV irradiation with different doses and growth in 0.4 mM caffeine-
containing medium (UBZ*: polD652A; EV: empty vector). Error bars: SD from three
independent experiments. D) Alkaline sucrose sedimentation analysis of DNA from cells
pulsed for 30 min with’H-thymidine and chased for 150 min after 8 2V irradiation

(PRR assay). Polsingle or double mutants were compared to one cell line proficient in
damage bypass (XP30RO complemented with wt Yoahd one defective (XP30RO with
empty vector) in the same experiment. The relative average molecular weights of the
distributions are presented in the histograms after normalization to that of the wild-type
pol -complemented cells. Means and SD from three independent experiments are shown. E)
Real-time monitoring of UV-response of XP30RO cell lines grown in 0.4 mM caffeine-
containing medium after UV-irradiation with 8 JinDashed color-matched lines show the

SD of the results from three separate wells treated in the same manner. Left inset: semi-
logarithmic plot of the decay phase. Right inset: re-growth phase of WT, NLS* and PIP*;

dashed grey lines: fitted Boltzmannes sigmoid curves. See also Figure S3.

Figure 4 ... Effects of monoubiquitination of the C-terminus of pol on its localization,
PCNA-interaction and TLS. A) Schematic representation of pol -Ub chimera including only
the C-terminal part of pol shown in the intramolecular-bound state. B) MRC5 cells
transfected with various pEGFP-pol constructs were analysed by confocal microscopy as in
Figure 3A. C) Quantification of data presented in B as in figure 3B. D) XP30RO cells stably
expressing EGFP-pol or an empty vector were extracted by Triton X-100 by method A (see
Supplemental data) and the ubiquitination of pehs compared in total cell extracts (TCL),
triton-soluble (TS) and triton-resistant fractions (TRF). E) GST-PCNA pull-down using
lysates of HEK293T cells transfected with either pEGFP-pol or pEGFP-pol -Ub. Means
and SD of three independent experiments are shown in the histogram. F) Clonogenic survival
assay of XP30RO-derived cell lines expressing the indicated EGFPepaktructs (EV:

empty vector). Error bars represent the SD from three independent experiments. G) PRR

assay with the pEGFP-pol -Ub cell line in comparison to pol wild-type or empty vector
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(EV) lines. The relative average molecular weights of the distributions are presented in the
histogram after normalization to that of the wild-type pobmplemented cells. Error bars

represent the SD from three independent experiments. See also Figure S4.

Figure 5 ... Monobiquitination of pois down-regulated after DNA damage. Endogenous
pol in MRC5 cells treated with either UV (A), cisplatin, transplatin, methyl methane
sulfonate (MMS) or hydroxyurea (HU) (B) as indicated. C) Model for effect of ubiquitination
on interaction between PCNA and polUBZ-mediated monoubiquitination of potan

result in intramolecular interaction between Ub and the UBZ, in turn keepingpaly from

PCNA engaged in replication. Following UV irradiation, monoubiquitination of PCNA and
deubiquitination of pol facilitate interaction between the two proteins. For simplicity, only

pol C-terminus is shown.
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Figure S1. A) Mapping of ubiquitination sites by mass spectrometry is based ¢
detection of a +114 Da increase in the masthefmodified lysine after tryptic digestit
This mass shift is due to the presence of two glycines derived from-themihus o
ubiquitin attached to the target lysine. The figure shows the MS/MS fragmentation s|
of the ubiquitinated K682ontaining peptide. Precursor iomass was measured in the
ICR analyzer. After fragmentath of the peptide by collisiemduced fragmentation, t
masses of the fragment ions were acquired initlear ion trap. B) HEK293T transfec
with Flagpol WT or 4K/R were lysed using three different lysis conditions. Lysis b
stands for «TritonZ buffer. Cn vitro ubiquitination of the C-terminal fragmenof pol .
GST-fused amino acids 602t3 of pol (GSTpol ¢) were incubated with tl
ubiquitination mix either in theabsence or presence of ddbtivating enzyme (EI
Unmodified and ubiquitinated prodiscwere detected by poimmunoblot before and afi
cleaving the GST tag off by TEV giease. Red asterisk: a genetic @33-pol ¢ fusior
used as size reference farvitro ubiquitinated GSTpol ¢. E2: Ub€onjugating enzyme. |
MRCS5 cells transiently expressing EGEBl 4KRwere analysed by confocal microsce
Representative miglane section of a no8-phase cell is shown together with DAPI sta
blue. E) Extracts oHEK293T cells transfected with different pEGPBBI constructs wer

analyzed by immunoblot with arpiol antibodies after lysis with hdtaemmli buffer.



Figure S2.A) GST-4xUb pull down using lysates BEK293T cells transfected with eitt
Flagpol or Flag-pol 4K/R. B) Yeast twahybrid assay of clones found in the library sc
with wild-type pol ¢, testing their ability to interact with its NLS mutant.



Figure S3.A) Real-time monitoring of UV responsé XP30RO cell lines grown in 0.8 1r
caffeinecontaining medium after UV irradiation with 8 JinDashed colomatched line
show the SD of the results from three saparwells teated in the same manner.
Expression levels of pCAG constructs in XP30B&ived cell lines. Left: comparison w
endogenous pol in MRC5. Right: compson between different pCAG constru

expressing cell lines (EV: empty vector).

Figure S4.XP30RO cells stably expressing EGp&l- or an empty vector were extrac
by Triton X-100 using method B (see Supplementaayland the ubiquitination of polwas
compared in total cklextracts (TCL), tritorsoluble (TS) and tritomesistant fractior

(TRF).






Figure S5. A) Primary sequence of PIP box nigt(in red) in pol, pol, Fenl and pZ2
showing their position in respect to the NLS (in Blul yellow: the PCNA-hteractin
Region (PIR), including PIP box and additional regions shown to interacP@iA eithe
in this manuscript (pol and po) or by others(Gulbis et al., 1996; Hishiki et al., 20i
Sakurai et al., 2005Numbers indicate the first and lashino acid of the regiorshown. B
HEK293T were transfected with Flggpl . 45 min before lysis irhot Laemmli buffer, NED
was added to the medium to a fid&l mM concentration. C) H1299 phi&gative cells ar
H1299Vall35 cells, expressing a temperatensitive mutant of p53 active at 32°C, v
UV irradiated and tested for the presence or absendgVeinduced deubiquitination

pol. The PCNA immunoblot indicates a similaesponse of all cells to UV by i
appearance of monoubiquitinated PCNA (iradiecl by *), while the p21 immunoblot pro
the activity of p53 in H1299Vall135 cells gva at 32°C. All cells were lysed with t
Laemmli buffer. D) MRC5 cells were trdiested with a control siRNA (mock) or siR!
against ATR. Two days after transfection cellsre UV irradiated and after 6 h furt|
incubation they were lysed using Laemmli buffer followed by immunoblot. E) XP
cells, deficient in XPA and ubge to conduct NER, were UWfradiated with the indicat:

doses and lysed in Laemmli buffer 6 h after irradiation.



Table S1.List of clones found in the yeast two-hybrid screen with the C-terminal fragment
of pol as bait.

Name Accession number | # of clones
Importin alpha 1 (KPNA2) NP_002257 2
Proliferating Cell Nuclear Antigen (PCNA) NP_002583 2
M-phase phosphoprotein 8 (MPP8) NP_059990 2
V-rel reticuloendotheliosis viral oncogene homolog A (RELA) NP_068810 3
Mediator complex subunit 10 (NUT2) NP_115662 2
Nucleophosmin 1 (NMP1) NP_002511 1
Hypothetical protein LOC54914 NP_060264 1
Eukaryotic translation initiation factor 3, subunit 6 (EIF38) NP_001559 1

Table S2.In blue: fitted parameters after linear regresaf clonogenic assay results. In red:
results of F test applied to clonogenic assay data after linear regression.

Dso (J/Im?) SLOPE R?
EV 0,67 -1,0270 | 0,9954
WT 6,45 -0,1074 | 0,8658
pol -Ub 2,82 -0,2460 | 0,9871
PIP* 2,21 -0,3141 0,9563
NLS* 1,63 -0,4256 0,9999
UBZ* 2,42 -0,2861 0,9290

COMPARISONS BETWEEN PAIRS

P (F test) F(DFn;DFd)

WT vs EV 0,0001 989,8 (16)
WT vs PIP* 0,0005 46,38 (1,6)
WT vs NLS* 0,0001 351,5 (1;6)
WT vs pol -Ub 0,0004 | 49,61 (1;6)
WT vs UBZ* 0,0022 26,07 (1;6)
PIP* vs pol -Ub 0,0463 6,271 (1,6)
PIP* vs UBZ* 0,5069 0,4978 (1;6)
pol -Ub vs UBZ* 0,2610 1,540 (1;6)
PIP* vs NLS* 0,0045 19,43 (1;6)




Table S3. Analysis of xCelligence data. In blue: Corryfto-s0: corrected maximum CI

recorded in the interval 0-50 hisk: time of appearance tiie first maximum; Corr Genzo-

156 corrected minimum CI recorded in the interval 30-150\k;: ttime of appearance of

minimum CI in the interval 30-150 h. In redttéid parameters after linear regression of

xCelligence data from the interval 0-50 litea converting Cl values to natural logarithms.

t12 : half-life of the first decay phasej.t: half-life for the second decay phase. In green:

fitted parameters after non-linear regressiox©élligence data from the interval 30-150 h

using the Boltzmann’s sigmoid equatiog: time for Cl to reach hfof its maximal value

during the re-growth phase.

ALL CURVES
Corr Cl yinzo-
Corr Cl maxoso | tmax (h) 150 tun (0) | tuin-twax (h) | Corr Cl wingo-aso ratios
(wild-type vs mutants)
EV 0,4848 15,0953 -0,0857 149,6683 -4,1962
wWT 0,5928 19,1286 0,3597 46,4306 27,3020 1,0000
PIP* 0,4149 15,7786 0,0676 65,8006 50,0220 5,3188
NLS* 0,3493 18,8619 0,1017 58,9828 40,1209 3,5381
DEATH PHASE (exponential decay model)
ty, (h) R? ty, (h) R?
EV 8,6 0,9991
WT 21,0 0,9965 80,2 0,9454
PIP* 11,3 0,9947 20,8 0,9959
NLS* 11,6 0,9955 25,0 0,9958
RE-GROWTH PHASE (Boltzmann’s sigmoid model)
R? tso (h) tsot minzo-150 (M)
WT 0,9947 114,9000 68,4694
PIP* 0,9879 187,0000 121,1994
NLS*| 0,9882 157,4000 98,4172




Supplemental Experimental Procedures

Molecular cloning

cDNAs encoding for pol, pol , PCNA and Ub were of human origin. pCDNA3-Flag-pol
pCDNA3-Flag-pol -Ub, pEGFP-C3-pol, pEGFP-C3-pol pGEX-4T-2-PCNA, pGEX-4T-
1-Ub and pGEX-4T-2-4xUb constrischave been previoustiescribed (Bienko et al., 2005;
Guo et al.,, 2008; Guo et al.,, 2006). pGEX-4BxHis-Ub was constructed by in-frame
insertion of six histidine codonsimediately upstream of Ub using site-directed mutagenesis.
pPEGFP-C3-pol-Ub was prepared in the same way as pCDNA3-dh. The extra NLS
sequence from SV40 large T antigen was inderito pEGFP-C3 constructs by site-directed
mutagenesis using:

5 CTCCTCGCCCTTGCTCACTGGTGGATCTGCTACCTTTCGCTTCTTCTTTGGCATG
GTGGCGACCGGTAGC 3'(forward primer);

5 GCTACCGGTCGCCACCATGCCAAAGAABAGCGAAAGGTAGCAGATCCACCA
GTGAGCAAGGGCGAGGAG 3’ (reverse primer).

pPCAGGFPIP (abbreviated as pCAG elsewharad kindly provided by lan Chambers and
the cDNA of NLS-EGFP-pol was cloned in using EcoRIl. All the pCAG constructs
contained the extra NLS sequenN-terminal to EGFP. All poinnhutations were introduced
using site-directed mutagenesis. The lase hundred-twelve amino acids of pavere
cloned into pYTH9 using EcoRI/Bglll and into pGEX-4T-1 using EcoRIl. In the latter
construct the thrombin cleavage site was regldnethe TEV cleavage site. pACT2-PCNA
was retrieved from a human thymus library (Clontech) in the course of a yeast two-hybrid
screen.

Recombinant proteins

The indicated GST fusions were obtalri®y inducing transformeH. coliBL21 with 0.5 mM

IPTG when the culture reached @p 0.5, and growing them for 5 h 3r°C. Bacteria were

then harvested inbinding° buffer: 20 mM HEPES [pH 7.5], 150 mM NaCl and 1M

ZnCl,, supplemented with protease inhibitgggor to use. The bacterial suspension was
sonicated, the lysate cleared gmassed through a GSTrap’ HP column (GE Healthcare)
mounted on an Aktaprime Plus chromatograyistem (GE Healthcare). For GST-PCNA,
after binding the column was washed with teaumn volumes of binding buffer containing



1 M NaCl. Elution from the GSTpa HP column was performed with binding buffejpH

8.0] supplemented with 50 mM GSH.

Cell culture and sorting

HEK293T cells were purchased from the Amarn Tissue Culture dlection (ATCC) and
grown in DMEM High Glucose medium (GIBQQsupplemented with penicillin (100 U/ml),
streptomycin (100 g/ml) and 10% foetal bovine serum (PAA). SV40-transformed MRCS5,
XP30RO and XP12RO cells havedn described elsewhere (Clenet al., 1999; Kannouche
et al., 2001; Niimi et al., 2008) and megrown in MEM medium (GIBCO) supplemented
with L-glutamine (2 mM), penicillin (100 U/ml), streptomycin (10@/ml) and 10% foetal
bovine serum. H1299 and H1299Vall35 cells wkirally provided by Moshe Oren and
grown in RPMI 1640 medium (GIBCO) supplemented with penicillin (100 U/ml),
streptomycin (100 g/ml) and 10% foetal bovine serum.

HEK293T cells were transfeed using Lipofectamine Reagent (Invitrogen) according
to the manufactureres instructions. MRC5 and XP3@RIB were transfected using Fugene6
(Roche) according to the manufia@res instructions. Mock or ATRpecific SiRNA
(Dharmacon #070108 and #NMO001184spectively) were transtted using Hiperfect
(QIAGEN) according to the manufactureres instructions.

XP30RO cell lines were obtained Inansfection of various polconstructs either in
PEGFP-C3 or in pCAG, followed by selection in 1 mg/ml G418 om&nl of puromycin,
respectively. Individual clones were isolatddipon several passages, XP30RO cell lines
containing pEGFP-C3 constructs tendedose expression of EGFP-polTo ensure that all
the cells used in clonogenic and PR&says expressed EGFP-padhe indicated cell lines
were sorted immediately prior to use using a BECSaria machine (BD Biosciences) to
yield a population of cells expressing EGFP-pat nearly physiological levels. Cell lines
containing pCAG constructs, used in the impe#abased measurements, retained stable
expression of pol wildtype or mutants aftean estimated thirty passages and did not require
sorting prior to use (Figure S3B). Importantiyhen tested in a clonogenic assay, these cell
lines behaved in the same way as the pEGFP-C3 cell lines (data not shown).

Cell lysis

Cells were either lysed in hot Laemmli buffer followed by sonication (sHot LaemmliZ
protocol) or in aTritonZ buffer containing 50 mM HEPES [pH 7.5], 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 1% Triton X-100, 1% glycerol, 25 mM NaF, supplemented with

protease inhibitors and 10 mM &thylmaleimide (NEM) where indicated. Lysates prepared

1C



with TritonZ buffer were cleareby centrifugation and supemaats were collected. After 5
min boiling proteins were separated by SDS-PAGE.

Triton X-100 extraction

Two different methods were used. In method A, cells on 10 cm dishes were washed with
PBS, followed by a wash in CSK buffer (10 mM PIPES [pH 6.8], 100 mM NacCl, 300 mM
sucrose, 3 mM MgG) 1 mM EGTA, supplemented with giease inhibitors and 10 mM
NEM). Next, cells were incubated with 5 mitbie CSK buffer containing 0.2% Triton X-100
for 5 min. The supernatant was collected and precipitated with 25 ml cold acetone to yield the
triton-soluble fraction of the cell proteomeS) The dish was then washed 3 times with the
CSK buffer containing 0.02% Triton X-100 andcerwith PBS. Cell remnants were scraped
in «SDSZ buffer (50 mNTris [pH 7.5], 20 mM NaCl, 1 mM MgG) 0.1% SDS supplemented
with protease inhibitors and 0.25 Wbenzonase (Novagen)). After 10 min incubation on ice,
Laemmli buffer was added to the sample teldithe triton-resistant fraction (TRF). In order
to prepare total cell extracts (TCL), boilingemmli buffer was addedirectly on cells. In
method B, cells on 10 cm dishes were washetiscraped in PBS. After centrifugation, the
pellet was resuspended in 260 | PBS and separated imio aliquots, one of 60 | and one

of 200 I. Both aliquots were centrifugedhd the pellet of the 60 | sample was-sespended

in «SDSZ buffer, incubated on ice for 10 min and mixed with Laemmli buffer to yield TCL.
The 200 | sample was reuspended in CSK buffer coming 0.2% Triton X-100 and
incubated on ice for 10 min. This sample was then centrifuged and the supernatant taken to
prepare the TS fraction. The pellet was wasbede with CSK buffer and re-suspended in
*SDSZ buffer. After 10 min incubation on ice, Laemmli buffer was added to yield the TRF.
In vitro ubiquitination

Reaction mixtures containing 128/ E1 (Boston Biochem), 10M GST-Ubc5c, 100 M
HIS-Ub, 2.5 mM ATP and the substrate (GST-p9l coupled to GSH-Sepharose were
incubated for 2 h at 37°C in a reaction buff2® mM HEPES [pH 7.5], 150 mM NacCl, 5
mM MgCl,, 50 M ZnCl, and 0.05% -ME). The reaction was stopped by adding Laemmli
buffer and boiling it for 5 min. For GST cheage, TEV protease waslded immediately after

in vitro ubiquitination and incubated for 1 h at 30°The reaction was stopped by adding
Laemmli buffer and boiling the sample for 5 min.

Mass spectrometry

Protein bands containing Flag-patonjugated with monoubiquitin were excised from SDS-

PAGE gels and subjected to in-gel retion, alkylation, trypsin digestion and subsequent
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sample desalting and concentration, asvimusly described (®en et al., 2004). Digest
products were analyzed by nanoLC-MS/MS using an Agilent 1100 nanoflow system
connected to an LTQ-FT mass spectrometer ffiibeFisher Scientific, Bremen, Germany),
equipped with a nanoelectrospray ion source (EwoxBiosystems, Odense, Denmark), as
previously described (Olsen et al2004). Protein identification and mapping of
ubiquitination sites were performed usitige Mascot search software (Matrix Science,
London, UK).

Laser scanning microscopy

MRC5 cells were grown on coverslips am@nsfected with Fugene 6. 48-72 h after
transfection, cells were washed in PBS anddiin 2% PFA for 20 min at room temperature.
After two washes in PBS, coverslips were mounted onlldf agueous mounting medium
(Biomeda) containing DAP[Molecular Probes) placed on glass-holder. Images were
acquired using the LSM 510 META laser scannimigroscope (ZEISS). For quantification
of the percentage of cells with pgl900 nuclei from three independent experiments were
overall scored per each construct.

Yeast two-hybrid system

The library screen was performed asviasly described (Bienko et al., 2005). The yeast
strain Y190 was transformed as previoushsatdbed (Hecker etl., 2006) with empty
pYTH9 or pYTH9-pol , wild-type or mutants, as baitand pACT2-PCNA as prey. Yeasts
were grown on a synthetic dropout (SD) medium withogdtophan and leucine (SD/-W-L).
Colonies appearing after thrdays on the selection medium were grown overnight in 5 ml of
liquid selection medium. 0.5 ml of overnight auk were grown in 4.5 ml of SD/-W-L
medium for 1-2 h, the concentration of Iselvas estimated by measuring thes®and the
amount of cells per ml was adjusted dijuting with fresh medium. 5 pl of cell suspension
containing the same amount of cells were spotted on SD/afyaL plates as well as on 3*AT
agar plates. The second day after spotting, eatle transferred to a Whatman filter paper
and assayed foré -galactosidase activity with X-ga5-bromo-4-chloro-3-indolylé D-
galactopyranoside, Roth).

Curve fitting and statistical analysis

Micrograph quantifications were done use&tudent’s T likelihood two-tails test.

When appropriate, differences between cuifves the clonogenic assay or the xCelligence

system were analysed using the likelihood F test.
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Clonogenic assay: for each cell line, thgarithm of the numbeaf clones (expressed
as percent of the @ose value) was plotted agst the UV dose and data points were fitted to
the equation:

LnCl, LnCl, kD (2)

using GraphPad Prism softwai@ly, represents the percent dbnes surviving after each
doseD, Clyg the value at 0-dose akdhe slope of the line. Doses resulting in 50% survival

were obtained from the slopes of fitted curves as:

Dy, % )

Data obtained with the xCelligence system were first visually inspected to obtain
several parameters (Gako-30, first Cl maximum; fax, time of the appearance of the first

maximum; Clinso-156 Minimum reached by Cluiy, time at which minimum is reached).

Each of these parameters values e corrected by a factor C equal ﬁlﬂ where
MUT

Clwris the average Cl at 20 h obtained in wild-type cells from two independent experiments
without UV damage and Gilr the corresponding value imutant cell lines (EV, PIP*,
NLS*). This correction may control for morphological and behavioral differences observed
between different cell lines (data not shown)b&quently, the decay @ewafter the first Cl
maximum and the lagged re-growth phase okeskfor all cell lines except the EV control
were modeled separately. For the decay phaatiral logarithms of Cl values between the
first maximum and the minimum were plottedaatst time and the linear regions of the
obtained curves were fit by GraphPad to an equation similar to (1):

LnCl LnCl, k't 3)

where Cj is the curve intercept for t=0 and t reprasdime. Half-life values were calculated
for each fitted curve as; , % To model the CI profile oveime in untreated cells and
in UV-treated cells during the re-growth phasarves were fitted using GraphPad to the

Boltzmann sigmoid equation:

CI CIM|N (CIMAX CIMIN) (4)

tgo t

@ ek)

whereClyn andClyax represent the Cl value at the majng and at the end of the growth
phase, respectivelyso is the time required for CI to reach half@lfax; Kk is the slope of the

curve;t is time.
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