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SUMMARY

During DNA replication, proliferating cell nuclear
antigen (PCNA) adopts a ring-shaped structure to
promote processive DNA synthesis, acting as a
sliding clamp for polymerases. Known posttransla-
tional modifications function at the outer surface of
the PCNA ring to favor DNA damage bypass. Here,
we demonstrate that acetylation of lysine residues
at the inner surface of PCNA is induced by DNA
lesions. We show that cohesin acetyltransferase
Eco1 targets lysine 20 at the sliding surface of the
PCNA ring in vitro and in vivo in response to DNA
damage. Mimicking constitutive acetylation stimu-
lates homologous recombination and robustly sup-
presses the DNA damage sensitivity of mutations
in damage tolerance pathways. In comparison to
the unmodified trimer, structural differences are
observed at the interface between protomers in the
crystal structure of the PCNA-K20ac ring. Thus, acet-
ylation regulates PCNA sliding on DNA in the pres-
ence of DNA damage, favoring homologous recom-
bination linked to sister-chromatid cohesion.

INTRODUCTION

During duplication of the genome, DNA is persistently under

attack from endogenous and exogenous damaging agents (Cic-

cia and Elledge, 2010). Unrepaired lesions represent a challenge
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for chromosomal replication, which may lead to replisome

stalling (Zeman and Cimprich, 2014). One strategy to overcome

this is to restart DNA synthesis by a specialized class of DNA

polymerases called translesion synthesis (TLS) polymerases,

temporarily replacing the replicative polymerase (Sale, 2013).

DNA polymerases are controlled by the processivity factor

PCNA (proliferating cell nuclear antigen), which stimulates and

restricts their activities (Moldovan et al., 2007). As part of the

core mechanism of DNA synthesis, PCNA has a central role in

replication and damage tolerance pathways, which are finely

regulated by its posttranslational modifications (PTMs) (Hoege

et al., 2002; Pfander et al., 2005; Stelter and Ulrich, 2003).

PCNA belongs to the family of DNA sliding clamps that adopt a

special structure highly conserved in all organisms from bacteria

to human (Kelman and O’Donnell, 1995). It has a ring-shaped

homo-trimer structure that encircles DNA and allows sliding

along the double-stranded helix (Georgescu et al., 2008; Krishna

et al., 1994). PCNA sliding and its topological link to DNA confer

high processivity to polymerases for DNA synthesis during repli-

cation and repair (Moldovan et al., 2007). Therefore, PCNA is

organized into two functional interfaces. The external surface

of the ring is implicated in the recruitment of various effectors

along the genome (Mailand et al., 2013), while the central chan-

nel of the clamp is lined with an inner positively charged surface

formed by four a helices. These helices associate with DNA to

control PCNA sliding and efficient DNA synthesis (Ivanov et al.,

2006). In spite of the importance of this surface in mediating

DNA polymerase activity (Fukuda et al., 1995), the expected

highly dynamic interaction between DNA and the sliding surface

remains poorly understood (Ivanov et al., 2006).

PCNA is the master coordinator of DNA transactions at

moving replication forks by acting as a docking platform to
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recruit diverse functional partners (Mailand et al., 2013; Moldo-

van et al., 2007). The number of these partners is increased by

PTMs located at the external surface of PCNA that modify the

surface of interaction without changing the structure of the ring

(Dieckman et al., 2012; Tsutakawa et al., 2015). One of these

partners, the cohesin acetyltransferase Eco1, follows the repli-

cation fork to establish sister-chromatid cohesion during S

phase through its direct binding to PCNA (Lengronne et al.,

2006; Moldovan et al., 2006; Rolef Ben-Shahar et al., 2008;

Unal et al., 2008). The interaction between Eco1 and PCNA is

counteracted by PCNA-SUMOylation (Moldovan et al., 2006), a

modification required to control DNA damage bypass pathways

(Branzei and Foiani, 2010; Mailand et al., 2013). Eco1 and sister

chromatids are critical for repair because cohesion established

during S phase stimulates homologous recombination (HR)

(Sjögren and Ström, 2010).

Here, we describe an unexpected regulation of PCNA sliding

surface through acetylation. Interestingly, this modification is

induced by DNA damage and is important for genome stability.

We demonstrate that Eco1 is responsible for acetylation of a

specific lysine, K20, which in turns stimulates HR. This leads to

striking suppression of the DNA damage sensitivity of cells car-

rying mutations in damage tolerance pathways. Finally, we

report the crystal structure of the PCNA ring acetylated on

K20, which reveals structural differences at the interface be-

tween PCNA subunits. Altogether, our observations open new

conceptual perspectives on the mechanisms of PCNA sliding

on theDNA to regulate polymerases, raising unexpected insights

into PCNA as a processivity factor.

RESULTS

DNA Damage-Induced Acetylation of PCNA Inner
Surface Is Important for Cell Survival
The internal surface of the sliding-clamp PCNA is positively

charged, creating favorable electrostatic contact with the nega-

tively charged DNA (Kelman and O’Donnell, 1995; Krishna et al.,

1994) (Figure 1A). It is noteworthy that the positive lysine and

arginine residues lining the internal surface of the sliding clamp

are highly conserved throughout evolution. The lysine/arginine

ratio is also conserved since there are six lysine and three argi-

nine residues in both higher and lower eukaryotes (Figure 1B).

In addition, the exact positions of several lysines (K13, K20,

K77, and K217) are strictly conserved. These observations sug-

gest that the nature and position of these lysine residues are

important for PCNA function.

Since PCNA controls the processivity of different polymerases

at DNA lesions, we hypothesized that the requirement for PCNA

sliding might be different on normal DNA compared to damaged

templates. To explore whether the basic internal surface of

PCNA is modulated when DNA lesions block sliding, we

compared the electrophoretic mobility of PCNA from budding

yeast (Pol30) on an isoelectric focusing gel (2D gel). Remarkably,

we observed that after treating cells with a DNA-damaging agent

(methyl methanesulfonate, MMS), a portion of PCNA molecules

became more acidic compared to untreated cells (Figure 1C).

This MMS-induced appearance of acidic molecules might

result from a high level of PTMs, as observed for human PCNA
(Naryzhny and Lee, 2004).We thenmutated the six internal lysine

residues into arginines (K13R, K20R, K77R, K146R, K210R, and

K217R) to generate a PCNA mutant named Pol30-6KR. Impor-

tantly, this mutant does not produce the same population of

acidic PCNAmolecules uponMMS treatment (Figure 1C). There-

fore, we investigated whether PTMs of these highly conserved

lysine residues were previously mapped on PCNA in large-scale

mass spectrometry studies and found that, indeed, certain sites

were found to be acetylated in yeast (Henriksen et al., 2012), rat

(Lundby et al., 2012), and human cells (Cazzalini et al., 2014;

Chen et al., 2012; Choudhary et al., 2009) (Table S1, available on-

line). To test whether PCNA is acetylated in response to DNA

damage, we performed immunoprecipitations of acetylated pro-

teins from whole-cell extracts. While a fraction of PCNA was

immunoprecipitated in all conditions, a much larger portion

was specifically obtained with the extract derived from MMS-

treated cells (Figure 1D). Furthermore, mass spectrometry

analysis of purified yeast PCNA revealed multiple acetyl-lysine

residues at the sliding surface of PCNA after MMS exposure

(Table S1; Figure S1A). Importantly, we identified several pep-

tides containing acetylated lysine 20 (K20ac) (Figure 1E). This

acetylated lysine had not been detected in previous large-scale

mass spectrometry studies (Table S1), suggesting that PCNA

acetylation on K20 may have a specific function in response to

DNA damage.

To investigate the function of acetylation on the lysine residues

lining the internal surface of the PCNA ring, we first looked at the

phenotype of mutant cells expressing non-acetylatable Pol30-

6KR. Intriguingly, these cells are fully viable, with no growth

defect in normal media, indicating normal replicative function

of the mutant PCNA molecule (Figure S1B). In contrast, mutant

cells expressing Pol30-6KR display specific sensitivity to

MMS, but not hydroxyurea (Figures 1F and S1C), and we

observed that viability was significantly compromised upon

short exposure to MMS (Figure 1G). This supports the idea

that acetylation of the lysine residues at the inner surface of

the ring is required during replication of damaged DNA tem-

plates. At this point, it is tempting to speculate that acetylation

in the center of the PCNA ring, which neutralizes the positive

charges of the lysine residues, drastically affects its electrostatic

potential to regulate the dynamic sliding of PCNA on damaged

templates.

Intricate Regulation of PCNA Inner Surface for Genome
Stability
In order to further explore the role of PCNA acetylation, we

substituted individual conserved lysine residues of the sliding

surface with an acetyl-mimic glutamine residue and determined

that each single mutant is viable and exhibits normal growth

(Figures S2A–S2C). Since acetylation of PCNA increases in

response to MMS, we tested whether cells carrying the single

glutamine substitutions are sensitive to the drug. While most

point mutants do not show sensitivity, cells expressing the

K20Q substitution show amarked growth defect in the presence

ofMMS (Figure 2A). The Pol30-K77Qmutant is also sensitive to a

lesser extent, while bothmutants are not significantly sensitive to

hydroxyurea (Figure S2D). Cell survival assays in liquid culture

also show severely reduced viability after short exposure to
Molecular Cell 65, 78–90, January 5, 2017 79



Figure 1. DNA Damage-Induced Acetylation of PCNA Sliding Surface Is Important for Cell Survival

(A) Visualization of the PCNA ring electrostatic potential (based on PDB: 3K4X; McNally et al., 2010), revealing the strongly positive inner surface. Blue, positive;

red, negative.

(B) Sequence alignment of four PCNA inner a helices that contact DNA, from lower eukaryotes to human, using ClustalW (http://www.ebi.ac.uk/Tools/msa/

clustalw2). This highlights the strict conservation of lysines at positions 13, 20, 77, and 217. The six lysines present in each organism are in blue. (*)

conserved residue, (:) similar residues, (.) weakly similar residues. drome,Drosophila melanogaster; schpo,Schizosaccharomyces pombe; yeast,Saccharomyces

cerevisiae.

(C) Cells expressing Flag-Pol30-WT or Flag-Pol30-6KR mutant were treated with or without 0.05% MMS for 2 hr. Cell extracts were loaded in parallel on

2D isoelectric focusing gels (pH 4–7 and 12% SDS-PAGE) and analyzed by western blot with anti-Flag antibody. Arrows show the acidification of PCNA upon

incubation of cells with MMS, a change suppressed by the substitution of the six lysines at the inner surface of PCNA to arginines.

(D) G1-blocked cells were released in yeast peptone dextrose (YPD) containing either 0.05%MMS or 130mMhydroxyurea (HU) for 2 hr, or for 15minwith no drug

(no treatment). Cell extracts were immunoprecipitated with an anti-acetylated lysine antibody. PCNAwas then detected bywestern blot using anti-Flag, revealing

a strong enrichment of acetylated PCNA in the MMS-treated extract. WCE, whole-cell extract.

(E) Flag-tagged PCNAwas purified from cells treatedwith or without 0.05%MMSand analyzed by tandemmass spectrometry of tryptic peptides to detect PTMs.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis identified several peptides containing K20ac in MMS-treated samples.

(F) Substitution of six PCNA inner lysines to charge-preserving arginines creates no growth defect but leads to DNA damage sensitivity. Sequence of PCNA four a

helices shows the six K to R substitutions in the Pol30-6KR mutant used in spot assay. A 10-fold serial dilution of the wild-type and mutant cells was spotted on

control or MMS-containing plates.

(G) Survival curve of the Pol30-6KR mutant compared to wild-type cells upon increasing time of exposure to 0.2% MMS-containing media. Error bars indicate

SEM of three independent experiments.

See also Figure S1.
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Figure 2. Intricate Regulation of the Acetylated Lysines at the Inner Surface of PCNA Ring Controls Resistance to DNA Damage
(A) DNAdamage sensitivity assay of strains containing the indicated individual acetyl-mimic substitutionmutant (K to Q). Serial dilutions of the indicated cells were

spotted on control or MMS-containing plates.

(B) Survival curve of Pol30-K20Q mutant compared to wild-type cells after increasing time of exposure to 0.2%MMS. Error bars represent SEM of independent

triplicates.

(C) Sequence of the different combinations of substitutions in the four a helices used in DNA damage sensitivity assays in (D).

(D) Spot test for the indicated mutants shows the hypersensitivity to MMS of cells with the strictly conserved lysines substituted for acetyl-mimic glutamine, while

the other lysines are mutated in charge-preserving non-acetylatable arginines.

(E) Serial dilution of indicated mutant cells on control and MMS plates reveals the suppression of DNA damage sensitivity of the Pol30-K13Q-5KR mutant by

reintroducing a lysine at positions K20 and K77.

See also Figure S2.
MMS (Figures 2B and S2E), and viability is mainly compromised

with treatment restricted to S phase (Figure S2F). The absence of

phenotypes for the other acetyl-mimic mutants was surprising

since these lysine residues were found acetylated in vivo. There-

fore, PCNA could be regulated by intricate and partially redun-

dant cycles of acetylation/deacetylation at the inner surface of

the ring, controlling its sliding for DNA damage resistance. To re-

move potential redundancy, wemutated all the lysine residues of

the internal a helices to arginine while one position remained

substituted by glutamine (Figure 2C). Strikingly, single acetyl-

mimic mutants on K13, K20, K77, and K217 are hypersensitive

to MMS when the five other lysine positions remain fixed as
positively charged arginine residues (Figure 2D). This indicates

that acetylation/deacetylation on the other lysine residues is

also important for cellular resistance to MMS. Importantly, rein-

troducing a lysine at positions 20 and 77 rescues the strong

MMS sensitivity observed for the Pol30-K13Q-5R mutant (Fig-

ure 2E). This rescue implies that it is dependent on a PTM of

the lysine residue. It is noteworthy that K13, K20, K77, and

K217 are the only internal lysines strictly conserved in eukaryotes

(Figure 1B), emphasizing the importance of their acetylation for

cellular resistance to MMS. This detailed in vivo mutagenesis

and phenotypic analysis of PCNA sliding surface uncovers an

unexpected new regulatory mechanism.
Molecular Cell 65, 78–90, January 5, 2017 81



Figure 3. PCNA Is Acetylated by Eco1 Both In Vitro and in Response

to DNA Damage In Vivo

(A) Cell-cycle regulation of K20ac was monitored in the presence of DNA

damage. Wild-type cells expressing 2Flag-PCNA were released from G1 into

the cell cycle for the indicated times in presence of 0.03% MMS. PCNA was

immunoprecipitated followed by western blot for K20ac detection and corre-

lated with cell-cycle profiles.

(B) In vitro acetylation assay of PCNA using purified His-Eco1 acetyltransfer-

ase shows specific acetylation of K20. The indicated acetylation reactions

were analyzed by western blot using anti-K20Ac antibody. Detection of PCNA

acetylated on K20 requires Eco1 and acetyl-CoA.

(C) In vitro acetylation of PCNA using purified Eco1 and Eco1 lacking its PIP

box. Wild-type and mutant GST-Eco1 recombinant proteins were used in

order to clearly separate PCNA and Eco1-DPIP after gel migration.

(D) The MMS-induced acetylation of PCNA is lost at restrictive temperature.

ts-eco1mutant cells expressing 2Flag-PCNAwere synchronized in G1 at 24�C
and were then put at 37�C or 24�C for 3 additional hours in G1. Cells were then

released in S phase with 0.03%MMS for 2 hr or in normal S phase for 15 min.

See also Figure S3.
Cohesin Acetyltransferase Eco1 Targets PCNA on
Lysine 20
Intrigued by the strong phenotype of cells expressing Pol30-

K20Q (Figure 2A), we raised an antibody against PCNA K20Ac

to study its regulation (Figures S3A and S3B). First, we observed

that acetylation of PCNA K20 increases in response to MMS
82 Molecular Cell 65, 78–90, January 5, 2017
during S phase (Figures 3A and 3D) but remains unchanged

throughout the cell cycle in absence of damage (Figure S3C).

These data suggest that PCNA acetylation is linked with DNA

synthesis upon DNA damage, consistent with the specific

phenotype observed with MMS. In order to identify the enzyme

responsible for PCNA acetylation at K20, we used a candidate

approach to perform in vitro acetyltransferase assays with puri-

fied enzymes and substrates (Figures S3D–S3G). We tested the

NuA4 and Rtt109/Vps75 histone acetyltransferase complexes

and the cohesin acetyltransferase Eco1 since these were previ-

ously shown to functionally interact with PCNA, and it was spe-

cifically Eco1 that demonstrated direct physical interaction to

promote sister-chromatid cohesion (Collins et al., 2007; Moldo-

van et al., 2006; Renaud-Young et al., 2015). Interestingly, only

incubation of Eco1 with PCNA and acetyl-CoA produces a signal

detected by the anti-K20ac antibody (Figures 3B and S3G), indi-

cating that Eco1 is able to transfer acetyl groups on PCNA K20.

Importantly, Eco1-dependent acetylation of PCNA depends on

the interaction mediated by Eco1 PCNA-interacting peptide

(PIP) (Figure 3C), even though wild-type and DPIP enzymes

have similar enzymatic activities per se (Moldovan et al., 2006).

The analysis of this reaction by mass spectrometry not only

confirmed K20ac, but also demonstrated acetylation of other

lysines at the inner surface of the ring (Figure S3H). Next, we

analyzed if PCNA acetylation on K20 was indeed regulated by

Eco1 in vivo using thermosensitive (ts) eco1 mutant cells. While

the basal level of K20ac seems unaffected in these cells, we

observed that the MMS-induced acetylation is specifically lost

at restrictive temperature (Figure 3D), implicating Eco1 for the

acetylation of PCNA in vivo upon MMS exposure. Together,

these results point toward a function of Eco1-dependent acety-

lation of PCNA in response to DNA damage. Importantly, this

concurs with observations that mutations in Eco1 acetyltransfer-

ase activity lead to sensitivity to agents that induce replication

fork stalling and DNA repair defects (Gordillo et al., 2008; Lu

et al., 2010), and affect DNA synthesis/fork processivity (Terret

et al., 2009).

PCNA K20Ac Stimulates Cohesion-Mediated HR and
Suppresses the MMS Sensitivity of Mutations in DNA
Damage Tolerance Pathways
Since it was shown that PCNA recruits Eco1 to replication forks

to promote sister-chromatid cohesion during S phase (Moldovan

et al., 2006) and because HR preferentially uses sister chroma-

tids to repair DNA lesions, we examined how PCNA acetylation

affects DNA damage tolerance pathways at replication forks,

namely damage bypass by TLS or template switching. These

pathways are dependent on modifications of the PCNA ring on

residue K164 located on its external surface (Branzei and Foiani,

2010; Mailand et al., 2013). They include PCNA mono- and poly-

ubiquitination by Rad6/Rad18-Rad5 to promote damage bypass

and SUMOylation by Siz1 to block the formation of cytotoxic

recombination intermediates (Hoege et al., 2002; Mailand

et al., 2013; Papouli et al., 2005; Pfander et al., 2005). We

observed that while a PCNA mutant that cannot be modified

on K164 (Pol30-K164R) is highly sensitive to MMS, to a similar

extent as our Pol30-K20Q single mutant, combination of both

mutants in the same molecule strongly suppresses their MMS



Figure 4. PCNA Acetylation Robustly Sup-

presses DNA Damage Sensitivity of Mutants

in the Damage Tolerance Pathway

(A) Serial dilution spot assay to demonstrate the

functional interaction between pol30-K20Q and

pol30-K164R mutations. The high sensitivity to

MMSof cells expressing eachmutant is suppressed

when the mutations are combined.

(B and C) The pol30-K20Q allele (B) also strongly

suppresses the DNA damage sensitivity of rad18

and (C) rev3 rad5 double-mutant cells.

(D) Plasmid shuffle experiment demonstrating

the genetic interaction between HR and PCNA

acetylation on K20. Serial 10-fold dilution of rad52D

pol30D cells expressing POL30-WT on URA3

plasmid and the indicated pol30 mutants from a

TRP1 vector were spotted on control plates or in the

presence of 5-FOA to remove the URA3 vector.

Rad52 is required for normal growth in cells

expressing Pol30-K20Q.

See also Figure S4.
sensitivities (Figure 4A). This is linked to at least some aspect of

the PCNA ubiquitination pathway, for Pol30-K20Q robustly sup-

presses the MMS sensitivity of rad18D and rad6D mutant cells

(Figures 4B and S4A). Further dissection of the two damage-

bypass pathways, TLS (Rad30/Rev3) and template switching

(Rad5), also confirms suppression of MMS sensitivity by the

Pol30-K20Q mutant (Figures 4C, S4B, and S4C). Furthermore,

the MMS sensitivity of Pol30-K20Q is partially suppressed by

loss of Siz1 (Figure S4D), recapitulating the reciprocal suppres-

sion seen in the K164R-K20Q double mutant and linking K20

acetylation to HR mechanisms. Based on these data and

because Eco1-dependent sister-chromatid cohesion stimulates

HR to repair DNA lesions, we speculated that HR-dependent

replication fork salvage might be the only pathway available in

the acetylation-mimic PCNA mutant. Therefore, we tested the

viability of each single acetyl-mimic mutant in an HR-deficient

background and observed that Pol30-K20Q is synthetically

sick with rad52D, for double-mutant cells show a significantly

increased doubling time even in the absence of a DNA damaging

agent (Figures 4D, S4E, and S4F).
M

To better understand whether these

striking phenotypes are specifically due

to the acetylation of K20, we have mutated

the residue to an alanine (Pol30-K20A),

which does not mimic an acetyl-lysine

while still losing the positive charge. Inter-

estingly, cells expressing the Pol30-K20A

mutant are significantly less sensitive to

MMS than the ones with the Pol30-K20Q

mutant (Figures 5A and 5B). This indicates

that the simple loss of K20 positive charge

does not recapitulate the K20Q phenotype

and that acetylation must be regulated in

order to achieve proper DNA damage

resistance. Furthermore, we observed

that rad18 sensitivity to MMS is not sup-

pressed by the Pol30-K20A mutant, in
contrast to the robust suppression observed with the Pol30-

K20Q mutant (Figure 5A). Again, this result implies a specific

function of the acetylated lysine on PCNA inner surface, not

simply the loss of the positive charge. We observed that this

phenotype is specifically linked to the TLS pathway since the

Pol30-K20A mutant suppresses the MMS sensitivity of rad5

mutant cells, as does Pol30-K20Q, but is synthetically sick

with rad30 TLS polymerase mutant, unlike the glutamine substi-

tution (Figures 5B and 5C). Importantly, analysis of purified

PCNA K20Q and K20A mutants indicates a complete loss of

SUMOylation (Figure 5D). Therefore, suppression of the MMS

sensitivity of rad5 mutant cells by both K20 substitutions may

be a consequence of the absence of SUMO. On the other

hand, the robust suppression of rad18 and rad6 MMS sen-

sitivities by PCNA K20Q cannot be explained by the loss of

SUMOylation since both K20Q and K20A substitutions lack

SUMO. In addition, the strong suppression of PCNA-K164R

MMS sensitivity by intragenic K20Q also demonstrates a

SUMO-independent mechanism (since K164R lacks SUMO to

begin with) (Figure 4A). Nevertheless, these findings suggest
olecular Cell 65, 78–90, January 5, 2017 83



that PCNA acetylation and SUMOylation have an antagonistic

relationship. Indeed, SUMO-PCNA is known to prevent HR and

to block Eco1 recruitment to the fork (Moldovan et al., 2006;

Papouli et al., 2005; Pfander et al., 2005). Consistent with a spe-

cific role of acetylation in favoring HR, the Pol30-K20A mutant is

not synthetically sick with rad52 mutant cells, unlike K20Q (Fig-

ure 5E). The close functional link between PCNA acetylation on

K20 and Eco1 is further supported by the observation that the

overexpression of the Pol30-K20Q mutant increases the ts

phenotype of eco1 cells, while wild-type and PCNA mutants

lacking SUMO suppress it (Moldovan et al., 2006) (Figures 5F

and S4G). Finally, in agreement with the results above, we found

that mimicking PCNA acetylation, not the simple loss of positive

charge, strongly stimulates HR in vivo, and that this occurs even

in an siz1 mutant background lacking the SUMO ligase (Figures

5G, S4H, and S4I). Altogether, these data demonstrate that

acetylation of PCNA by Eco1 specifically favors HR-dependent

mechanisms through sister-chromatid cohesion to overcome

the DNA lesions. Taken together, our data point toward a close

relationship among Eco1 acetyltransferase, establishment of

sister-chromatid cohesion, and PCNA sliding in modulating the

response to DNA damage during S phase.

Acetylation of PCNA on K20 Specifically Affects the
Processivity of Replicative DNA Polymerase d

Since PCNA sliding is required to stimulate DNA polymerases by

increasing their processivity (Chilkova et al., 2007; Fukuda et al.,

1995; Ivanov et al., 2006; Kochaniak et al., 2009; Laurence et al.,

2008), it was tempting to speculate that PCNA acetylation might

control the activities of polymerases during DNA synthesis. This

is consistent with the observation that the combined loss of

multiple positive residues is lethal (data not shown). Neutraliza-

tion of positive charges by acetylation might be a regulatory

mechanism to control the activity of polymerases at DNA lesions.

This regulation should be highly dynamic, for we could not detect

any changes in protein levels, chromatin association, and co-

immunoprecipitation of Poldwith our PCNAmutants (Figure S5A)

(data not shown), in contrast to what has been proposed (Cazza-

lini et al., 2014; Yu et al., 2009). To test a possible function linked

to sliding and polymerase processivity, we used a deletion

mutant of the non-essential Pold subunit Pol32. Disruption of

the POL32 gene results in instability during S phase, due to

defects in polymerase processivity and formation of single-

stranded DNA (ssDNA) gaps, observable by a growth defect at

low temperatures (Johansson et al., 2004). The cold sensitivity

of pol32D cells is significantly increased when combined with

the pol30-K20Q mutant, consistent with a deficiency in replica-

tion fork processivity (Figure 6A). These observations support

the possibility that the Pol30-K20Q mutant only affects Pold in

the presence of DNA damage; otherwise, an effect on normal

DNA replication would lead to a lethal or slow growth phenotype.

To directly measure the effect of Pol30-K20Q on Pold activity, we

compared the ability of PCNA mutants to stimulate DNA poly-

merases using purified proteins in vitro (Li et al., 2013) (Fig-

ure S5B). All PCNA molecules could be efficiently loaded onto

DNA by the clamp loader, and primer extension was initiated

by addition of DNA polymerases. Pold-dependent DNA synthe-

sis is less efficient with the PCNA K20Qmutant because abortive
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intermediates are clearly detected (Figure 6B). This inhibition of

DNA synthesis was observed using both ssDNA and recombina-

tion-like D-loop templates, as well as UV-irradiated DNA (data

not shown). We also reproduced the negative effect on Pold

with a purified recombinant PCNA molecule that is fully acety-

lated on K20, indicating that the K20Q mutation efficiently

mimics K20ac (Figures 6C and 6D). In contrast, the processivity

of TLS polymerases Polh and Polz is not affected by the Pol30-

K20Q mutant (Figures S5C and S5D), supporting a specific role

of PCNA K20ac to transiently modulate Pold activity (Figures

S5E–S5H). In addition to affecting sliding of the ring, acetylation

of PCNA inner surface might represent a regulatory mechanism

by which Pold-dependent DNA synthesis can be modulated at

DNA lesions. Further studies will be needed to define whether

PCNA acetylation upon DNA damage stimulates HR in part by

blocking the polymerase switch necessary for TLS.

Acetylation of PCNA Lysine 20 Is Linked to Structural
Changes at the Interface between Protomers
We next sought to determine the impact of K20 acetylation

on the structure of the PCNA ring. The crystal structure of

PCNAK20ac at 3.27 Å (Rfree of 20.7%; Table 1) reveals three

molecules in the asymmetric unit. Similar to the unmodified

PCNA, PCNAK20ac adopts the canonical ring-shaped structure

in which the a helices lined the interior of the clamp and the b

strands composed the exterior of PCNA (Figure 7A). Alignment

of acetylated and unmodified PCNA structures reveals a root-

mean-square deviation of 0.8, suggesting that K20 acetylation

does not trigger large conformational changes (Figure 7B).

Consistently, both a1 helices, containing the acetylation site,

superpose well, demonstrating that acetylation does not change

the orientation of the PCNA first a-helix. Interestingly, in the un-

modified form of PCNA, K20 engages in polar contacts with

Asp17 carboxylate groups and its backbone carbonyl group,

neutralizing its side chain (Krishna et al., 1994). Alternatively,

K20 was recently found to interact with Asp21 (in the case of a

monomeric PCNA molecule bound by E2-E3-SUMO; Streich

and Lima, 2016). In stark contrast, no electronic density can be

detected for K20ac, indicating a high degree of mobility inside

the ring compared to unmodified PCNA (Figures S6A and

S6B). Further inspection of the aligned structures shows that

while a1 helices superpose well, an extra turn can be observed

on a2 of PCNAK20ac (Figure 7C). This turn places several resi-

dues, including R80 and C81, closer to residues found on the

opposing protomer, including Q153 and D150 (Figures 7C and

7D). In addition, in contrast to the non-acetylated form of

PCNA, this conformational change brings the backbone of a2

slightly closer to the other protomer (Figures 7E and 7F). Analo-

gously, the C terminus of b8 and the b9 strand seem slightly

shifted toward the other protomer in the PCNAK20ac ring (see

also Figure S6C for electron densities). Interestingly, the affected

interface between the protomers corresponds to the binding site

of the Ubc9 subunit of the E2/E3(Siz1) complex that SUMOylates

K164 (Streich and Lima, 2016). In addition, the loop J (aa

105–110) is disorganized between residues 108 and 110 in

PCNAK20ac. While clear conclusions about the disorganization

of this loop are not possible at this level of resolution, it is inter-

esting that this has been previously linked to defects in TLS, as



Figure 5. PCNA Acetylation on K20, Not the Loss of Positive Charge, Specifically Suppresses Defects in TLS and Stimulates HR

(A–C) Serial dilution spot assay to demonstrate distinct genetic interactions of pol30-K20Q and pol30-K20A mutants with components of the DNA damage

bypass pathways, supporting a specific role of K20 acetylation in suppression of TLS. Suppression of rad18 sensitivity toMMS is specific to K20Q (A), while K20A,

but not K20Q, is synthetically sick onMMSwith rad30 TLS defective cells (B). In contrast, both K20Q and K20A alleles suppressMMS sensitivity of rad5 template

switching mutant (C).

(D) Loss of PCNA SUMOylation in cells expressing both Pol30-K20Q and Pol30-K20A. PCNA was purified in denaturing conditions using Ni-NTA resins to reveal

SUMO modifications on K127 and K164 after gel migration and western blot analysis with anti-PCNA; cells expressing Pol30-K164R are shown as control.

(E) The synthetic growth defect produced by combining pol30-K20Q and rad52D mutants is not reproduced with the pol30-K20A allele. Plasmid shuffling and

spot assays were performed as in (D).

(F) Overexpression of exogenous wild-type PCNA, K20Q, or K20Amutants shows opposing effects on the viability of eco1 ts mutant cells. Cells carrying a normal

chromosomal POL30 allele and the eco1-W216G ts mutant were transformed with 2Flag-Pol30-WT, 2Flag-Pol30-K20Q, 2Flag-Pol30-K20A, or empty vector

followed by spot assays at the indicated temperatures.

(legend continued on next page)
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Figure 6. Constitutive Acetylation of PCNA

K20 Leads to Pold Processivity Defects

(A) Growth assay by serial dilution showing the

functional interaction between PCNA acetylation

at K20 (Pol30-K20Q) and DNA polymerase d -

processivity (Pol32). Single- and double-mutant

cells were spotted on plates and incubated at

the indicated temperature. Slower growth at

low temperature is indicative of processivity

defect.

(B) Pold-dependent DNA synthesis is affected by

the PCNA K20Q mutant in a purified in vitro re-

constituted system. The indicated purified PCNA

molecules were loaded onto DNA with the clamp

loader complex (RFC) followed by extension of

a 32P-labeled primer with Pold for 5 or 15 min,

and migration on a denaturing gel. Arrows

indicate abortive extensions with the PCNA K20Q

mutant.

(C) Coomassie staining showing the production of

a fully acetylated recombinant PCNA specifically at

K20. The lysine 20 codon has been replaced by the

amber codon TAG. In presence of Nε-acetyllysine

(AcK) and tRNA (CUA), the aminoacyl-tRNA syn-

thetase allows the specific incorporation of AcK at

K20 position, as confirmed by the western blot

using the anti-K20ac antibody. Anti-PCNA blot is

used as loading control.

(D) Pold-dependent DNA synthesis is also affected

by PCNA acetylated on K20, as observed with the

K20Q, confirming that Q mutation mimics the

effect of acetylation.

See also Figure S5.
observed with E113G and G178S mutants (Freudenthal et al.,

2008). Overall, these results suggest that K20 acetylation trig-

gers long-range structural changes impacting the distance be-

tween the protomers of the clamp.

DISCUSSION

Our results demonstrate that the sliding-clamp PCNA is acety-

lated in vivo to promote genome stability. We reveal that multiple

acetylations occur on highly conserved lysines located at the

sliding surface of the PCNA ring, an unlikely target surface for

regulation of PCNA functions. Importantly, we demonstrate that

PCNA is acetylated byEco1 in response toDNAdamage, amodi-

fication that stimulates sister-chromatid-mediated HR. Further-

more, we show that mimicking acetylation strongly suppresses

theDNAdamagesensitivity of cells carryingmutations indamage

tolerance pathways. Finally, we report that acetylation of PCNA

by Eco1 on lysine 20 induces long-range conformational
(G) PCNA acetylation stimulates intrachromosomal recombination between leu2-1

count recombination events and survival rates. Gene conversion represents cells g

growing on LEU+ plates (white) events. Error bars are SEM of six independent e

See also Figure S4.

86 Molecular Cell 65, 78–90, January 5, 2017
changes, providing new insights into the mechanism of PCNA

sliding on DNA to control the processivity of polymerases. Our

findings suggest that the sliding of PCNA can be dynamically

regulated at its inner surface, leading to conformational changes

in the ring and the way it interacts with DNA. These results raise

new questions and perspectives on the structural role of the

ring and PCNA as a processivity factor.

Intricate Regulation at the Inner Surface of the PCNA
Ring by Lysine Acetylation
It has been postulated that PCNA is required to stimulate DNA

polymerases by increasing their processivity through its positive

charges implicated in sliding on the DNA. This stimulation pre-

vents polymerase dissociation from DNA synthesis, a model

confirmed in vitro (Chilkova et al., 2007; Fukuda et al., 1995; Ko-

chaniak et al., 2009; Laurence et al., 2008). This model intrigued

us since it suggests that PCNA sliding is required only for poly-

merases to move along DNA but is not a direct means of
12::URA3::leu2-k. Cells were grown overnight with 0.001%MMS and plated to

rowing on LEU+URA+ plates (gray), and overall recombination represents cells

xperiments.



Table 1. Crystallographic Data and Refinement Statistics for

Acetylated PCNA

Data Collection

Space group P212121

Cell dimensions: a, b, c (Å) 122.0, 122.3, 122.0

Cell dimensions: a, b, g (�) 90.0, 90.0, 90.0

Resolution (Å) 86.3–3.27 (3.4–3.27)

Rsym 7.2 (64.2)

I/sI 33.9 (2.5)

Completeness (%) 100.0 (96.7)

Redundancy 5.3 (6.3)

Refinement

Resolution (Å) 49.8–3.27

No. reflections 28,983

Rwork/Rfree 21.3/23.1

No. protein atoms 5552

B-factors: protein (Å2) 88.0

Molprobity score 1.73

RMSDs: bond lengths (Å) 0.005

RMSDs: bond angles (�) 1.03

Related to Figures 7 and S6. The dataset was collected on a single crys-

tal. Highest resolution shell is shown in parenthesis. RMSDs, root-mean-

square deviations.
regulation. This concept is even more puzzling since PCNA con-

trols the activity of different classes of DNA polymerases (Sale,

2013). We decided to explore whether a regulatory mechanism

to modulate the processivity of DNA polymerases and PCNA

sliding exists. We found that multiple lysine residues located at

the inner ring of the clamp and required for sliding are acetylated

in response to DNA damage. In order to understand whether

multiple acetylations have a biological significance in vivo, we

generated different combinations of mutants with glutamine

and arginine substitutions to respectively mimic either the acet-

ylated or unacetylated residues while preventing acetylation on

specific sites. Interestingly, we noted that these mutants exhibit

a strong sensitivity to DNA damage, suppressed by reintroduc-

ing lysines, supporting an intricate regulation of this surface.

This extensive mutational analysis provides unanticipated un-

derstanding of PCNA regulation since its internal surface was

predicted to act solely as a line of positive charges. In addition,

our data demonstrate that these lysines are in fact not inter-

changeable, illustrating how the sliding surface of PCNA is very

complex, evolutionarily conserved, highly controlled, and criti-

cally important to promote genome stability. Importantly, our

findings pave the way to an important change of perception

about the PCNA ring, whose functions were thought to be regu-

lated solely through its external surface (Mailand et al., 2013;

Moldovan et al., 2007).

Acetylation of PCNA Stimulates HR and Suppresses
the DNA Damage Sensitivity of Cells Lacking the
Rad6/Rad18 Tolerance Pathway
Interestingly, we found that PCNA acetylation on K20 robustly

suppresses the sensitivity to MMS of cells carrying mutations
in the DNA damage tolerance pathway. Importantly, this sup-

pression is not due to a slower S phase progression that would

favor alternate repair pathways in front of the replication fork

(Figures S7A and S7B). Furthermore, the capability of Pol30-

K20Q/A substitutions to suppress the DNA damage sensitivity

of TLS and template switching mutant cells revealed that only

the K20Q acetylation mimic is effective for the K164R/rad6/

rad18 mutants. This functional link between Eco1-dependent

acetylation of PCNA and the strong suppression of TLS mutants

is consistent with the intriguing fact that S. pombe Eco1 is fused

into a single protein with Polh, a merged protein containing both

acetyltransferase (Tanaka et al., 2000) and lesion bypass activ-

ities (Madril et al., 2001). The suppression of the damage sensi-

tivity of rad5/template switching mutant cells by both K20Q and

K20Amutants is more likely due to an indirect effect, such as the

absence of SUMOylation, not through PCNA acetylation per se.

It will be of interest to decipher the intriguing link among SUMO,

Eco1, and PCNA acetylation (Moldovan et al., 2006). We pro-

pose that Eco1-dependent acetylation of PCNA could function

at a lesion by favoring Pold removal from DNA, specifically

upon encountering DNA lesions, resulting in the stimulation of

sister-chromatid recombination (Figure S7C). An interesting

observation is that the sequence surrounding PCNA K20 shows

similarity to an Eco1-dependent acetylation site on cohesin sub-

unit Smc3 (Figure S3I) (Unal et al., 2008). Altogether, acetylation

of PCNAby Eco1 could cooperate with acetylation of cohesins to

change the speed of replication forks at genome impediments

(Terret et al., 2009), ultimately stimulating recombination be-

tween sister chromatids.

Long-Distance Structural Changes Observed in the
PCNA-K20ac Ring
Since acetylation occurs at the sliding surface and affects the

processivity of polymerase d, it was important to determine its

impact on the structure of the PCNA ring. Our findings that acet-

ylation correlates with some long-range conformational changes

is striking since other highly studied PTMs of PCNA do not alter

its structure (Freudenthal et al., 2010, 2011). In contrast, these

modifications adopt distinct modes of association to PCNA in or-

der to increase the possible surfaces of recruitment of effectors

(Tsutakawa et al., 2015). The concept that the conformational

change linked to PCNA acetylation could suppress the DNA

damage sensitivity of mutants in TLS is consistent with reported

observations with PCNA E113G and G178Smutants at the inter-

face of the protomers (b sheets 9 and 13; note Y114 slightly

closer to D150 in PCNA-K20ac; Figures 7C and S6C). These

mutants also produce conformational changes at the interface

between protomers and are defective in TLS (Dieckman and

Washington, 2013; Freudenthal et al., 2008). Interestingly, while

these mutants inhibit the DNA damage tolerance pathway

(Zhang et al., 2006), they are not reported to stimulate HR. There-

fore, the impact of Eco1-dependent acetylation of PCNA may

play out at different levels. A mobile acetylated lysine residue in-

side the ring could affect slidingwhen encountering DNA lesions,

transiently favoring the removal of Pold from DNA synthesis in

combination with long-distance conformational changes. The

structural impact at the interface of protomers could also

disfavor TLS, as reported for E113G and G178S mutants. The
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Figure 7. Acetylation of K20 on PCNA Correlates with Long-Range Structural Changes Impacting the Interface between Protomers

(A) Cartoon representation of PCNA-K20ac, highlighted in green, in which the three protomers are indicated.

(B) Cartoon representation of an alignment between acetylated (green) and unacetylated PCNA (light blue). The * and the # denote the position of K20 and K164 in

the structure, respectively.

(C) Zoomed view of the interface between two protomers illustrating the structural differences between the acetylated (green) and the unacetylated (light blue)

forms of PCNA. Residues undergoing noticeable structural changes are also highlighted in stick, and relevant secondary structures are labeled. Oxygen and

nitrogen atoms are rendered in red and blue, respectively.

(D) Shown is the omit map for residues at the interface between a3 of one protomer and a2 of another protomer. The map is contoured at 1.5s. Key residues are

indicated as in (C).

(E and F) Zoomed view on the interface between the surface on one protomer and the indicated secondary structures of the neighboring protomer of the un-

acetylated (E) and acetylated (F) PCNA. Key residues are shown as in (C).

See also Figure S6.
mechanism for stimulation of HR is less clear to envision from the

structural viewpoint. The loss of SUMOylation does not seem to

be due to a large change in the structure of the loop carrying the

K164 residue (Figures 7B and S6D). On the other hand, recent re-

ports strengthen the importance of the interface between PCNA

subunits for TLS and HR (Halmai et al., 2016; Streich and Lima,

2016). Strikingly, Ubc9, the E2 of the SUMO ligase Siz1,

was shown to bind at the interface between protomers to allow

SUMOylation of PCNA, in the same region where we observe

structural changes in PCNA-K20ac (Streich and Lima, 2016).

This may play a role in the fact that our PCNA K20 mutants are

not SUMOylated in vivo (Figure 5D).

In addition to structural changes, the neutralization of the pos-

itive charges induced by PCNA acetylation certainly affects its

interactions with the DNA phosphate backbone during sliding

transactions. Indeed, while K20 normally interacts with the side

chain of D17 in PCNA structure (Krishna et al., 1994), we
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observed that K20Ac is mobile, which could directly impact

interaction with the phosphate backbone. This is supported by

the observation that subtle structural alterations in the a helices

or at the subunit interface cause repair defects (Dieckman et al.,

2013). Importantly, it was observed that PCNA a helices are dy-

namic (DeBiasio et al., 2011) and also alternate to bemore stable

(Fang et al., 2014), both states proposed to be functionally linked

with DNA interaction. For all these reasons, it will be interesting to

determine the structural effect of multiple acetylations required

to promote DNA damage resistance (Figure 2). The exact molec-

ular dynamic of the interactions between DNA and the sliding

surface is unknown. Future challenges will be to address the

structure and themotion of PCNA onDNA during sliding transac-

tions. These experiments will reveal how acetylation of PCNA

affects its sliding and the accommodation of the polymerases.

This may be linked to the concept that PCNA by itself diffuses

along DNA with two different modes (Kochaniak et al., 2009).



Although further studies are needed to clarify these points, our

findings uncovered a new critical mechanism of response to

stalled forks and control of PCNA sliding on the DNA.

EXPERIMENTAL PROCEDURES

Yeast Strains, Plasmids, Mutagenesis, Growth, and Drug Sensitivity

Assays

Yeast manipulations, culture, and transformations were performed according

to standard protocols. See Supplemental Experimental Procedures and

Tables S2 and S3 for full details.

Protein Purifications, PCNA Modifications, and Crystal Structure

DNA polymerases, RPA, and RFC were prepared as described previously (Li

et al., 2013). PCNA mutants and NuA4 complex (Epl1-Flag) were purified

from yeast through the Flag epitope following standard procedures. Eco1

and RTT109-Vps75 were purified from bacteria. Recombinant PCNA acety-

lated at single sites was obtained with the protocol described in Neumann

et al. (2009). See Supplemental Experimental Procedures for full details.

Crystallization and crystal structure determination of acetylated PCNA were

performed following standard procedures and are described in detail in the

Supplemental Experimental Procedures. This crystal structure has been

deposited to the protein databank (PDB: 5T9D).

In Vitro Acetyltransferase and DNA Polymerase Assays

Acetyltransferase assays with 500 ng purified PCNA were performed following

standard conditions for detection of histone acetylation. Details of DNA

polymerase assays, the in vitro reconstituted system, and reactions were

described previously (Li et al., 2013). See Supplemental Experimental Proced-

ures for full details.

Analysis of Recombination Rate

Intrachromosomal recombination was measured using a strain carrying the

leu2-112::URA3::leu2-k cassette. Exponential growing cells were treated

with 0.001% MMS and incubated overnight at 30�C. Cells were washed in

2.5% sodium thiosulfate to inactivate MMS. Cells were diluted and plated to

determine viability, overall recombination (Leu+), and gene conversion

(Leu+, Ura+) rates. Recombination rates were calculated as a frequency of

survival cells.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and three tables and can be found with this article online at

http://dx.doi.org/10.1016/j.molcel.2016.10.033.
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SUPPLEMENTAL FIGURE AND TABLE LEGENDS 
 
Supplemental Figure S1.  Identification of acetylated residues on PCNA by tandem 
mass spectrometry, viability and sensitivity to MMS and HU of cells expressing 
PCNA with single lysine to arginine substitutions, related to Figures 1 and 2. 
(A) Flag-tagged PCNA was purified from exponentially growing cells treated with 0.05% 
MMS for 2 hours at 30°C. MS/MS analysis of tryptic peptides was performed and 
MS/MS spectrum of 3 acetylated peptides are shown with major b- and y-ions labeled. 
(B) Dilution spot assay of pol30Δ cells expressing POL30-WT (URA3 plasmid) and 
complemented with the indicated mutants (TRP1 plasmid).  Viability is evaluated by 
growth on 5-FOA compared to control plate.  (C) Sensitivity to MMS and HU of the 
indicated mutants.  The pol30-K164R mutant is used as a control for drug sensitivity.  
 
Supplemental Figure S2.  Viability and MMS/HU sensitivity of cells expressing 
PCNA lysine to glutamine substitution mutants, related to Figure 2.   
(A) Sequence alignment of the 4 α-helices for each single lysine to glutamine mutants 
used in Figure 2A.  (B) Schematic representation of the plasmid shuffling method used to 
verify the viability of each mutant in the PY37 strain.  (C) Viability of the single acetyl-
mimic mutants in presence and absence of 5-FOA.  (D) Growth of the pol30 mutants at 
indicated concentration of HU or MMS.  (E) Survival curve of cells expressing pol30-
K20Q and pol30-K77Q mutants during exposure to 0.2% MMS.  Error-bars indicate 
s.e.m of three independent experiments.  (F) G1 synchronized cells were treated with 
0.03% MMS for 2 hours or released in S phase with 0.03% MMS. After treatment, 
survival rate was determined by plating about 100 survival cells/plates. Error-bars are 
s.e.m of 6 independent experiments.   
 
Supplemental Figure S3.  Validation of the K20ac antibody, specific detection of 
PCNA acetylated on K20, its cell cycle regulation and tested acetyltransferase 
activities, related to Figure 3. 
(A) Validation and specificity of the anti-K20ac antibody on WT recombinant PCNA or 
acetylated at single sites K20 or K77. Anti-PCNA is used as loading control. (B) 
Validation and specificity of the anti-K20Ac antibody on PCNA purified from yeast cells. 
His-tagged Pol30-WT and Pol30-K20A mutant were purified under denaturing condition 
from whole cell extract using Ni-NTA resin, followed by a western blot with the antibody 
raised against the K20Ac site on PCNA.  The antibody shows clear specific signal on 
PCNA from yeast cells, as none is detected with the K20A mutant.  Total PCNA signal 
(anti-PCNA) is used as loading control. (C) Monitoring of the cell cycle regulation of 
K20ac. (D) In vitro acetyltransferase assay on histones and recombinant PCNA using 
purified Rtt109/Vps75 enzyme and radioactive acetyl-CoA (AcCoA). Reactions were 
loaded on gel, followed by coomassie staining and fluorography.  (E) Coomassie stained 
gel showing the purification of recombinant Eco1.  (F) In vitro auto-acetylation of 
recombinant Eco1 as detected by western blot with an anti-acetyl lysine antibody, as 
control for activity.  (G) In vitro acetylation assay of PCNA using purified NuA4, 
Rtt109/Vps75 and Eco1 acetyltransferases shows specific acetylation of K20 by Eco1.  
Western blot analysis of the indicated acetylation assays using anti-K20Ac antibody. (*) 
non-specific band due to recombinant Eco1 itself.  (H) Acetylated lysines mapped on 
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PCNA after in vitro acetylation by Eco1, detected by mass spectrometry.  Lysines at the 
inner surface of the ring are in bold. (I) Alignment of amino acid sequences surrounding 
Pol30-K20 and Smc3-K112,K113 using Clustal W.  (*) identical residue, (:) similar 
residue, (.) weakly similar residue.  
 
Supplemental Figure S4.  Genetic interactions between pol30-K20Q and 
postreplication repair genes, related to Figures 5 and 6.   
Genetic interactions between the pol30-K20Q allele and rad6 (A), rad5 (B) and rev3 (C) 
reveal suppression of DNA damage tolerance pathways.  MMS sensitivity of rad6, rad5 
and rev3 rad5 mutant cells is suppressed by expression of the PCNA K20Q mutant, while 
loss of REV3 does not alter sensitivity of pol30-K20Q cells. (D) Deletion of SIZ1 partially 
suppresses MMS sensitivity of pol30-K20Q and pol30-K20A mutant cells.  Growth curve 
(E) and doubling time (F) of rad52 cells expressing normal PCNA or the pol30-K20Q 
allele, showing clear growth defect in normal media.  (G) anti-PCNA western blot on 
whole cell extracts showing Flag-PCNA overexpression (O/E; wild type or K20Q 
mutant) over endogenous PCNA in the eco1-W216G ts strain.  Ponceau staining of the 
membrane is shown as loading control.  (H-I) PCNA acetylation mimic stimulates 
homologous recombination even in the absence of Siz1/SUMO-PCNA.  pol30-K20Q  
stimulates intrachromosomal recombination between leu2-112::URA3::leu2-k, even in a 
siz1 mutant background. Cells were grown overnight with 0.001% MMS and plated to 
count recombination events and survival rates. Overall recombination (H) represents cells 
growing on LEU+ plates (white) and gene conversion (I) represents cells growing on 
LEU+URA+ plates (grey). Error bars are s.e.m of 3 independent clones. POL30-WT and 
pol30-K20Q are single clones used as control. 
 
Supplemental Figure S5.  In vitro DNA synthesis using PCNA mutants and 
interaction with DNA polymerase in vivo, related to Figure 6. 
(A) Co-immunoprecipitation of Flag-tagged Pol3, the catalytic subunit of Polδ, with 
PCNA during normal growth or in the presence of MMS.  No significant change of 
association is detected with the K20Q or the K77Q mutants. (B) Coomassie stained gel 
showing the different purified PCNA proteins used for in vitro DNA-synthesis assays 
(Figures 6B). In vitro DNA synthesis assays using indicated PCNA proteins loaded on 
DNA by RFC to stimulate the activity of Polη (C) or Polζ (D) TLS polymerases.  
Extension of 32P-labelled primer by TLS polymerases was allowed for the indicated 
times and analyzed on denaturing gels followed by autoradiography.  Wild type, K20Q 
and K77Q mutant PCNA molecules stimulate DNA synthesis to the same extent.  (E) 
Model of how the extension has been quantified. The assay gel (example shown here is 
from Fig. 6D) was divided in four blocks (I to IV) and intensities of radioactive signals 
were quantified by BioRad Quantity-One software. The product of each block was 
quantified and expressed as the % of the products in the entire labeled DNA in the lane. 
(F) Quantification of the polymerase assay using recombinant Pol30-WT and Pol30-
K20ac with Polδ in Figure 3E. (G) Quantification of the polymerase assays using Polδ 
and the different PCNA mutants. (H) Quantification of Polη extension by the different 
PCNA mutants.  
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Supplemental Figure S6. The effect of K20ac on the structure of α1, β8-loop J-β9 
and the K164-containing loop, related to Figure 7. 
Overall structure of PCNA surrounded by zoomed views of omit maps for regions of 
biological importance. Omit maps of acetylated (A) and unacetylated (PDB ID 5JNE, 
Streich et al. Science 2016)(B) K20. Composite omit maps of K20 on PCNAK20Ac was 
contoured at 1.5σ and rendered in blue.  This region of PCNA is shown in stick model in 
which carbon, oxygen and nitrogen atoms are colored in green, red and blue respectively 
for PCNAK20Ac while the carbon atoms of unacetylated PCNA are highlighted in 
orange. A potential hydrogen bond is also shown as a red dash line. (C) Omit map 
surrounding β8 and β9 demonstrating a good correlation between the final model and the 
initial electron density map. The map is contoured at 1.5σ in blue and carbon, oxygen and 
nitrogen atoms are colored as in A. The lack of electron density for residues 108-110 in 
the loop J connecting the β sheets is observed.  Also shown is a zoomed view on Y114 
indicating that the side chain of this residue can be unambiguously modeled in the map. 
(D) Acetylation of K20 does not significantly impact the movement of PCNA K164 
SUMOylation site. Shown is a composite omit map of the K164-containing loop of 
PCNA-K20ac. Owing to the lack of electronic density of K164 side chain, the residue 
was modeled as an alanine.  The omit maps were generated using the Phenix software. 

Supplemental Figure S7. FACS analysis of the cell cycle progression of Pol30-K20Q 
and Pol30-K20A mutants, their growth in the absence of NER and BER repair 
pathways, and model of DNA damage tolerance pathways in relation to different 
post-translational modifications of the PCNA ring, related to Figures 5, 6 and 7. 
 (A) The progression of Pol30-K20Q and Pol30-K20A mutants in S phase upon MMS 
exposure was monitored. Cells were synchronized in G1 and released in S phase with 
0.02% MMS. The analysis of DNA content was monitored by FACS analysis every 
30minutes. (B) Genetic interaction between NER and BER repair genes with Pol30-
K20Q and Pol30-K20A mutations. (C) Model showing the integration of PCNA 
acetylation by Eco1 at the inner surface of the ring in relation to DNA damage tolerance 
pathways and known post-translational modifications at its external surface.   
 
 
Supplemental Table S1. 
Acetylated lysines detected on PCNA inner surface in this study and in different large-
scale proteomic analysis in eukaryotes.  Related to Figure 1. 
 
Supplemental Table S2. 
Strains used in this study, related to Figures 1-6. 
 
Supplemental Table S3. 
Plasmids used in this study, related to Figures 1-7 
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SUPPLEMENTAL TABLES 
 
Supplemental Table S1. 
Acetylated lysines detected on PCNA inner surface in this study and in different large-scale 
proteomic analysis in eukaryotes.  Related to Figure 1. 

Lysine 
position 

Alpha 
helix 

Organism Reference 

13 1 Rattus norvegicus (Rat) (Lundby et al., 2012) 
13 1 Saccharomyces cerevisiae (budding 

yeast) 
(Henriksen et al., 
2012) 

13 1 Homo sapiens (Human) (Chen et al., 2012) 
13 1 Saccharomyces cerevisiae (budding 

yeast) 
This study 

13 1 Homo sapiens (Human) (Cazzalini et al., 
2014) 

14 1 Homo sapiens (Human) (Chen et al., 2012) 
14 1 Homo sapiens (Human) (Cazzalini et al., 

2014) 
20 1 Saccharomyces cerevisiae (budding 

yeast) 
This study 

77 2 Homo sapiens (Human) (Choudhary et al., 
2009) 

77 2 Homo sapiens (Human) (Chen et al., 2012) 
77 2 Homo sapiens (Human) (Cazzalini et al., 

2014) 
80 2 Homo sapiens (Human) (Choudhary et al., 

2009) 
80 2 Homo sapiens (Human) (Chen et al., 2012) 
80 2 Homo sapiens (Human) (Cazzalini et al., 

2014) 
146 3 Saccharomyces cerevisiae (budding 

yeast) 
This study 

217 4 Saccharomyces cerevisiae (budding 
yeast) 

This study 

217 4 Saccharomyces cerevisiae (budding 
yeast) 

(Henriksen et al., 
2012) 
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES	  
 
Yeast strains, plasmids and site-directed mutagenesis 
Yeast manipulations, cultures and transformations were performed according to standard 
protocols.  Gene deletion and tagging was achieved using one-step integration of PCR-
amplified modules.  Strains used in this study are listed in table 2.  All genetic assays 
were performed using the PY37 strain genotype: MATα ura3-52 trp1Δ901 leu2-3,112 
can1-100 pol30Δ1 + (pBL211 POL30 URA3)(Ayyagari et al., 1995b).  Cell cycle 
experiments were performed using the WPY37 strain constructed by mating W303 
(MATa) with PY37 (MATα) to generate a MATa strain. These strains (PY37 and 
WPY37) are deleted for the POL30 gene but covered by POL30 WT vector (pBL211 
URA3 auxotrophy). Viability of different mutants expressed from a TRP1 vector 
(pBL230) was tested by streaking isolated colonies on 5-FOA.  Spot assays represent 
tenfold serial dilution of mutants on synthetic dropout (SD) plates lacking tryptophan, 
with or without addition of drugs.  The pBL230 plasmid (TRP1 CEN6 ARSH4 POL30-
WT) was used for phenotypic analysis, which expresses the POL30 gene under its 
endogenous promoter and terminator (see tables 2 and 3 for list of strains and plasmids).  
Mutations were introduced by PCR with one oligonucleotide containing the mutation by 
the high fidelity Phusion polymerase (Thermo Scientific) following the conditions: initial 
denaturation (96°C, 1min); 25 cycles of denaturation (98°C, 10sec), annealing (60°C, 
20sec), extension (72°C, 4min 30sec) and final extension (72°C, 7min).  Upon 
completion, PCR reactions were digested by Dpn1 for 2 hours at 37°C and transformed 
into bacteria.  All mutations were confirmed by DNA sequencing.  For overexpression 
experiments and PCNA purifications, the ORF and terminator of POL30 were cloned into 
2Flag-pFL36 plasmid containing the PGK promoter. 
	  
Drug sensitivity assays 
Yeast strains were grown overnight at 30°C to stationary phase in Trp- SD medium, then 
diluted to an optical density (O.D) of 0.2 at 600nm and further incubated for 5hrs.  
Tenfold serial dilutions of cycling yeast were spotted onto solid medium containing 
indicated concentrations of drugs or DMSO for control.  Plates were incubated at 30°C, 
unless otherwise indicated, for 2-4 days.  For survival assays in liquid culture, 
exponentially growing cells were treated with 0.2% MMS for the indicated time and 
plated at a concentration of about 100cells/plate.  Colonies were counted after 2-4 days.   
In order to measure the viability in G1 and S phases, cells were first synchronized in G1 
with 14µM alpha factor for 2hours and then either directly treated with 0.03% MMS for 2 
hours or released in S phase in media containing 0.03% MMS for 2 hours, for G1 or S 
phase treatment respectively. After treatment, cells were washed in 2.5% sodium 
thiosulfate to inactivate the MMS and plated at a concentration of about 100 survival 
cells/plates. 
 
Antibodies 
The antibodies for western blotting were used in 1% milk in TBS-tween 0.1% at the 
following dilutions, unless otherwise indicated: anti-Flag M2-HRP (1/10000, Sigma); 
anti-acetylated-Lysine K2-100#9814 (Cell Signaling technology), anti-PCNA (gift of H. 
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Ulrich, 1/2500), anti-PCNA (1/2500, ab70472), anti-K20Ac (1/2500) and anti-His 
(1/2500, Clontech).   
 
Acetyl-lysine immunoprecipitation 
Endogenously Flag-tagged PCNA-expressing cells were synchronized in G1 phase using 
7µM α-factor for 2hours and released in S-phase for 2hrs in media containing the 
indicated drug, or for 15minutes in YPD alone.  Cells were harvested and resuspended in 
lysis buffer (10mM Hepes pH7.5, 350mM NaCl, 10% glycerol, 0.1% Igepal, 1% SDS, 
2% Triton X-100, 2µg/mL, leupeptin, 2µg/mL pepstatin A, 5µg/mL aprotinin, 1mM 
PMSF, 10mM β-glycerophosphate, 10mM Na-Butyrate, 0.5mM NaF, 1mM DTT, 2,5mM 
MgCl2, 0.5mM CaCl2, 25mM Nicotinamide and 10µg/mL TSA) then mechanically 
disrupted using glass beads at 4°C with a vortex.  To solubilize DNA-bound proteins, 
lysate was digested using 10U DNAse I (NEB) for 1 hour on ice.  Each IP were 
performed using 1mg of total extract.  The acetylated-fraction was captured using acetyl-
lysine antibody (antibody K-103, Cell signaling).  4µL of acetyl-lysine antibody was 
prebound to beads by incubating for 4 hours with protein-A sepharose and then added to 
the extract for overnight incubation at 4°C.  Beads were abundantly washed in the wash 
buffer (10mM Hepes pH7.5, 350mM NaCl, 0.1% Igepal).  Captured material was 
analysed by western-blot using Flag-HRP antibody (1:1000) incubated overnight at 4°C. 
	  
Production of K20Ac antibody 
Rabbit polyclonal antibody against PCNA K20Ac was produced and purified by 
Médimabs.  The animal was immunized with a chemically acetylated peptide 
IIDGFK(ac)DSVQLDC corresponding to the yeast Pol30 sequence surrounding K20.  In 
order to avoid a possible chemical modification of the cysteine residue (C) during 
manipulation of the peptide, the C from the normal sequence was substituted for the 
sterically equivalent amino acid serine (S).  However, the antibody purification was 
performed using both K20-acetylated and non-acetylated peptides corresponding to Pol30 
native sequence.  Enriched antibody (790µg/mL) was validated on ELISA using both 
acetylated and non-acetylated peptide.  
 
2D-gel electrophoresis 
For the first separation IPG (Immobilized pH gradient) strips were rehydrated overnight 
at 20°C in Rehydratation Buffer (8M urea, 1% CHAPS, 15mM DTT) containing the 
sample in the Immobiline DryStrip pH4-7 7cm (Amersham Biosciences).  
Isoelectrofocusing was performed at 20°C at 20,000V/h.  Strips were washed for 10min 
in Wash Buffer 1 (6M urea, 2% SDS, 375mM Tris pH8.8, 20% glycerol and 65mM DTT) 
and 10min in Wash Buffer 2 (6M urea, 2% SDS, 375mM Tris pH8.8, 20% glycerol and 
135mM iodoacetamide).  After washes the second migration was performed using a 
standard 12% SDS-PAGE. 
 
Protein purifications and PCNA modifications 
DNA polymerases, RPA and RFC were prepared as described previously (Li et al., 2013).  
PCNA mutants and NuA4 complex (Epl1-Flag) were purified from yeast through the 
Flag epitope following standard procedures.  Briefly, purification was done from 1L 
culture lysed with glass beads in lysis buffer (10mM Tris-HCl pH8.0, 270mM NaCl, 
0,1% NP40, 10% glycerol, 0.5mM DTT, 1mM PMSF, leupeptin, 2µg/mL pepstatin A, 
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5µg/mL aprotinin, 5mM β-glycerophosphate, 5mM sodium butyrate).  Insoluble material 
was removed by centrifugation at 14000rpm for 30min and an ultracentrifugation at 
45000rpm for 45min.  After a preclear of 1 hr at 4°C using CL-6B sepharose (Sigma), 
immunoprecipitation using anti-Flag M2-agarose beads (Amersham) was performed 
overnight at 4°C.  After abundant washes in lysis buffer (500mM NaCl), tagged proteins 
were eluted with 150µg of 3xFlag peptide in Flag Buffer (10mM Tris HCl pH8.0, 
100mM NaCl, 0.1% NP40, 10% glycerol, 0.5mM DTT, leupeptin, 2µg/mL pepstatin A, 
5µg/mL aprotinin) for 2hours at 4°C.  Recombinant His-Eco1 was expressed in E. coli 
BL21 Codon Plus (DE3)-RP and purified on Ni-NTA resin according to standard 
procedures. Briefly, after IPTG induction, cells were harvested by centrifugation, washed 
in 20mM Tris-HCl pH7.5, 200mM NaCl and lysed in 20mM Tris-HCl pH7.5, 400mM 
NaCl, 0.5% Igepal, 2% Triton X-100, 1mM PMSF with 0.3mg/mL lysozyme and 
sonication. The supernatant was cleared by centrifugation at high speed at 4°C and 
incubated with Ni-NTA beads supplemented with 20mM imidazole pH7.0. After 1hour 
incubation, beads were abundantly washed in high salt buffer and eluted with 500mM 
imidazole. In addition, Eco1 was dialyzed in the Flag buffer overnight at 4°C.  
Recombinant Rtt109-Vps75 complex was purified from bacteria as previously described 
(Tang et al., 2011).  
To determine the level of SUMO modifications of PCNA in the Pol30-K20Q mutant we 
used a plasmid expressing His-PCNA under its endogenous promoter and terminator in 
the PY37 strain and purified it using Ni-NTA beads in denaturing conditions as described 
(Davies and Ulrich, 2012).  
 
Expression of PCNA acetylated at single sites 
PCNA was expressed in Escherichia coli BL21 Codon-Plus (DE3)-RP. Cells were 
transformed with pCDF PylT and pBKRS-3 plasmids obtained from Jason Chin. A single 
colony was grown in 500mL LB supplemented with 50µg/mL Kanamycin, 100µg/mL 
Spectinomycin and 34µg/mL Chloramphenicol at 37°C until the OD600 reached 0.4. At 
this point, 20mM nicotinamide and 10mM acetyl-lysine was supplemented in the culture 
for 30minutes. Protein production was then induced by addition of 1mM IPTG and 
incubated overnight at 16°C. The procedure used to purify His-tagged PCNA was the 
same than the procedure used for Eco1 purification. 
 
Crystallization and crystal structure determination of acetylated PCNA 
Concentrated preparation of purified acetylated PCNA was diluted to 10mg/ml and used 
to carry out crystallization trials with various sparse matrix screens. Initial hits were 
obtained with the salt screen (Hampton Research) and further optimized in 24 well plates. 
Cubic shaped crystals were obtained in 1.0M NH4SO4 and 0.1M NaCitrate pH 6.0 by 
vapor diffusion. The crystals were harvested and transferred into the mother liquor 
supplemented with 20% glycerol and flash frozen in liquid nitrogen. A complete dataset 
was collected at the 17-ID-D beamline of LS-CAT (Advanced Photon Source; Argonne 
National Laboratories). The data sets was processed and scaled using xds and aimless, 
respectively (Evans and Murshudov, 2013; Kabsch, 2010). A molecular replacement 
solution was found using Phaser (Zwart et al., 2008) and yeast PCNA structure as a 
search model (1PLQ.pdb). The model was completed using interactive rounds of 
refinement and model building using Phaser and Coot, respectively (Emsley et al., 2010). 
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The model was refined to Rwork/Rfree of 21.3/23.1. The final model includes a proline 
residue on the N-terminus which corresponds to a portion of the linker region between 
the histidine tag and PCNA and lacks electronic density for residues 108-110 of 
protomers A and B while residues 105-110 are missing in protomer C. Finally, owing to 
the lack	  of	  electron	  density,	  K164	  of	   the	  B	  and	  C	  molecules	  was	  removed	  from	  the	  
model.	   	   This crystal structure has been deposited to the protein databank (PDB ID 
5T9D). The final model contains no Ramachandran outliers and shows good geometrical 
statistics with a Molprobity score of 1.73. 
 
In vitro acetyltransferase assay 
Acetyltransferase assays with 500ng of purified PCNA and 0.5, 1 or 2µg of recombinant 
Eco1 were performed in a 15uL reaction with 400µM of cold AcCoA in HAT buffer 
[50mM Tis-HCl pH 8.0, 50mM NaCl, 0.1mM EDTA, 5% glycerol, 1mM DTT, 1mM 
PMSF, 10mM sodium butyrate] at 30°C during 6 hours.  Samples were loaded on 12% 
SDS-PAGE gels for detection by Western blot.  Rtt109/Vps75 and NuA4 activities were 
tested on core histones with cold and radioactive AcCoA while Eco1 activity was 
measured through auto-acetylation. 
 
DNA polymerase assay 
Details of the in vitro reconstituted system, purification of the different factors and details 
about the reactions were described previously (Li et al., 2013).  Bluescript SK-ssDNA 
(10nM) was hybridized with 10nM of the 70-mer oligonucleotide (TSO236) that was 
labelled with 32P, and incubated with RPA (1.1µM), RFC (30nM) and PCNA (200nM) 
for 3 min at 37°C.  DNA synthesis was started by adding Polδ (16nM) and products were 
analysed by electrophoresis through 8% polyacrylamide gel containing 8 M urea. 
 
Mass spectrometry analysis and acetylation site detection 
Purified proteins to be analyzed were resolved on 12% SDS-PAGE gel and in-gel 
digested with the trypsin or chymotrypsin protease as was previously described (Lambert 
et al., 2010) and stored at -80°C until analysis.  Five microliters of the digested peptides 
(corresponding to half of the total sample) was used per analysis.  To do so, a homemade 
spray tip of a fused silica capillary column (0.75 µm inner diameter, 350 µm outer 
diameter) was packed with 10 cm (±1 cm) of C18 reversed-phase material (Reprosil-Pur 
120 C18-AQ, 3 µm) packed in the column with a pressure bomb.  The column was then 
pre-equilibrated in buffer A before being connected in line to a NanoLC-Ultra 2D plus 
HPLC system (Eksigent) coupled to a LTQ-Orbitrap Elite (Thermo Electron) equipped 
with a nanoelectrospray ion source (Proxeon Biosystems).  The LTQ-Orbitrap Velos 
instrument under Xcalibur 2.0 was operated in the data-dependent mode to automatically 
switch between MS and up to 10 subsequent MS/MS acquisitions.  Buffer A is 100% 
H2O, 0.1% formic acid; buffer B is 100 ACN, 0.1% formic acid.  The HPLC gradient 
program delivered an acetonitrile gradient over 125 min.  For the first 20 min, the flow 
rate was of 400 µL/min at 2% B.  The flow rate was then reduced to 200 µL/min, and the 
fraction of buffer B increased in a linear fashion to 35% for 95.5 min.  Buffer B was then 
increased to 80% over 5 min and maintained at that level until 107 min.  The mobile 
phase was then reduced to 2% B until the end of the run (125 min).  The parameters for 
data-dependent acquisition on the mass spectrometer were 1 centroid MS (mass range 
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400–2,000) followed by MS/MS on the 10 most abundant ions.  General parameters were 
the following: activation type-CID; default charge state = 2; isolation width = 2 m/z; 
normalized collision energy = 35; and activation Q = 0.25; activation time = 10 ms.  For 
data-dependent acquisition, minimum threshold was 1,000; the repeat count = 1; repeat 
duration = 30 s; exclusion size list = 500; exclusion duration = 30 s; exclusion mass width 
by mass = low 0.03, high 0.03.  The resulting .RAW files were saved on a local 
interaction proteomics LIMS, ProHits, and .mgf files were generated using the 
ProteoWizard converter implemented within ProHits (–filter “peak- Picking true2”–filter 
“msLevel2”).  The mgf files were searched with Mascot version 2.3 against the 
Saccharomyces Genome Database (containing 5,834 sequences; released on February 15, 
2007), allowing for four missed cleavage sites and acetylation (K and protein N-term), 
phosphorylation (STY), Gln→pyro-Glu (N-term Q), deamidation (NQ), and oxidation 
(M) as variable modifications and Carbamidomethyl (C) as a fixed modification.  The 
fragment mass tolerance was 12 ppm (monoisotopic mass), and the mass window for the 
precursor was ± 0.6 Da average mass.  The MS/MS spectrum observed to be acetylated 
were all manually validated.  Images of annotated MS/MS spectra of acetylated peptides 
(fig. S1) were generated using Scaffold (Proteome Software, inc.).  All MS files used in 
this study, the mascot search results as well as the Scaffold files were deposited at 
MassIVE (http://massive.ucsd.edu).  The MassIVE ID is MSV000078852 and the 
MassIVE link for download is: 
http://massive.ucsd.edu/ProteoSAFe/status.jsp?task=bef488e191354bf58633fc76896d92a
5.  The password for download prior to final acceptance is PCNA2014. 
 
Fluorescence Associated Cell Sorting 
WPY37 cells were synchronized in G1 phase with 14µM α-factor for 2hours. 
Synchronized cells were subsequently washed twice in cold water and released in S phase 
for the indicated time and treatment. Cell pellet was resuspended in 300µL cold-water 
and fixed with 70% ethanol overnight at 4°C. Cells were then washed in PBS and 
sonicated. Samples were incubated with RNase A and propidium iodide. Cell-cycle 
progression was monitored by flow cytometry (FACS) analysis of DNA content. FACS 
profiles were generated using the Flowing Software (http://www.flowingsoftware.com/). 
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