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Abstract
During DNA replication, mismatches and small loops in the DNA resulting from insertions or
deletions are repaired by the mismatch repair (MMR) machinery. Proliferating cell nuclear antigen
(PCNA) plays an important role in both mismatch-recognition and resynthesis stages of MMR.
Previously, two mutant forms of PCNA were identified that cause defects in MMR with little, if
any, other defects. The C22Y mutant PCNA protein completely blocks MutSα-dependent MMR,
and the C81R mutant PCNA protein partially blocks both MutSα-dependent and MutSβ-dependent
MMR. In order to understand the structural and mechanistic basis by which these two amino acid
substitutions in PCNA proteins block MMR, we solved the X-ray crystal structures of both mutant
proteins and carried out further biochemical studies. We found that these amino acid substitutions
lead to subtle, distinct structural changes in PCNA. The C22Y substitution alters the positions of
the α-helices lining the central hole of the PCNA ring, whereas the C81R substitution creates a
distortion in an extended loop near the PCNA subunit interface. We conclude that the structural
integrity of the α-helices lining the central hole and this loop are both necessary to form
productive complexes with MutS α and mismatch-containing DNA.

INTRODUCTION
Inaccurate DNA replication can result in base-base mismatches and small loops arising from
insertions or deletions. These mismatches and loops are recognized and repaired by the
mismatch repair (MMR) machinery. The mechanisms of MMR in E. coli have been studied
extensively and are relatively well understood [1–6]. The MutS protein is a homodimer that
recognizes base-base mismatches and small nucleotide insertions and deletions. The MutL
protein is a homodimer that interacts with MutS in an ATP-dependent manner to initiate
MMR [7–11]. The MutH endonuclease is then activated and generates a nick in the newly
synthesized, unmethylated DNA strand of a hemimethylated duplex [12]. Subsequent steps
include unwinding and degradation of the newly synthesized DNA strand and filling the
resulting gap by DNA polymerase III [1–6].
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The mechanisms of MMR in eukaryotes are more complicated and are not as well
understood. In yeast, there are six MutS homologs designated Msh1 to Msh6; in mammals,
there are five: Msh2 to Msh6. These proteins function as heterodimers, such as MutSβ
(comprised of Msh2 and Msh6) and MutSβ (comprised of Msh2 and Msh3), that have
partially overlapping mismatch recognition functions [13–15]. In addition to the MutS
homologs, there are several MutL homologs, including Mlh1, Mlh2, Mlh3, and Pms1, which
also function as heterodimers. The best characterized of these is MutLα (Mlh1/Pms1 in
yeast and Mlh1/Pms2 in humans), which functions with both MutSα and MutSβ [16–20].
Mutations in both MutS and MutL homologs that disrupt mismatch repair cause sporadic
and hereditary human cancers, including hereditary nonpolyposis colorectal cancer
(HNPCC) [2, 21–25]. Other key proteins involved in the subsequent excision and
resynthesis steps include exonuclease I (ExoI) [26–30], DNA polymerase delta (pol δ) [31],
replication protein A (RPA) [32, 33], replication factor C (RFC) [34], and proliferating cell
nuclear antigen (PCNA) [35–37].

The PCNA clamp is an essential replication accessory protein that forms a ring-shaped
homotrimer and encircles duplex DNA [38]. In addition to serving as a processivity factor
for DNA polymerases, it interacts with a wide variety of proteins and plays important roles
in DNA replication, repair, recombination, translesion synthesis, chromatin remodeling,
sister chromatid cohesion, and cell cycle regulation [39–44]. During MMR, PCNA functions
in the initiation and mismatch recognition stage as well as the excision and resynthesis stage.
The role of PCNA in the initial stage of MMR is not well understood. PCNA interacts with
both MutSα and MutSβ and is thought to facilitate their recruitment to mismatches [37, 45–
49]. Moreover, it has been suggested that PCNA plays a role in strand discrimination, i.e.,
the recognition of the newly synthesized daughter strand [35, 50, 51].

Various PCNA mutant alleles have been identified that lead to elevated mutation rates [36,
52–54]. Genetic studies have shown that two of these mutant alleles, pol30-201 and
pol30-204, specifically disrupt the MMR pathway with little, if any, effect on other DNA
metabolic processes [54]. The pol30-201 allele, which encodes the C22Y mutant PCNA
protein, completely blocks MutSα-dependent MMR, and the pol30-204 allele, which
encodes the C81R mutant PCNA protein, partially blocks both MutSα-dependent and
MutSβ-dependent MMR [54]. In order to understand the structural and mechanistic basis by
which these mutant PCNA proteins disrupt MMR, we solved the X-ray crystal structures of
both mutant proteins and carried out related biochemical studies. We found that these two
amino acid substitutions lead to distinct structural changes in PCNA. The C22Y substitution
alters the positions of the α-helices lining the inside of the PCNA ring, whereas the C81R
substitution disrupts an extended loop located near the PCNA subunit interface. We
conclude that the structural integrity of the α-helices lining the central hole and the
structural integrity of this loop are both necessary to form productive complexes with
MutSα and mismatch-containing DNA.

EXPERIMENTAL PROCEDURES
Protein Expression and Purification

The wild-type and the C22Y and C81R mutant PCNA proteins from S. cerevisiae were
overexpressed as N-terminally His6-tagged proteins in E. coli and were purified as described
previously [55]. Replication factor C (RFC) from S. cerevisiae was over-expressed in E. coli
and purified as previously described [56]. DNA polymerase delta (pol δ) from S. cerevisiae
was over-expressed in S. cerevisiae and purified as previously described [57]. MutSα from
S. cerevisiae was over-expressed in E. coli and purified as described previously [58].
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DNA and nucleotide substrates
The template strand used to measure pol δ activity was a 68-mer oligodeoxynucleotide with
the sequence 5'- GAC GGC ATT GGA TCG ACC TCX AGT TGG TTG GAC GGG TGC
GAG GCT GGC TAC CTG CGA TGA GGA CTA GC with biotins on both ends. The X
represents the position of a non-damaged G or an abasic site. The primer strand was a 31-
mer oligodeoxynucleotide with the sequence 5'-TCG CAG GTA GCC AGC CTC GCA
CCC GTC CAA C. The primer strand was 5'-32P-end-labeled with T4 polynucleotide kinase
and (γ-32P)ATP and annealed to the template strand at 1 µM in 25 mM TrisCl, pH 7.5, and
100 mM NaCl at 90°C for 2 min and slowly cooled to 30°C. A mixture of all four dNTPs
(10 mM each) was purchased from New England Biolabs.

Two 37-mer duplex DNA substrates were used in the sedimentation analysis, one with a G/
C pair at position 19 (the homoduplex) and one with a G/T mispair at position 19 (the
heteroduplex). The DNA substrates were formed by annealing a top strand to a bottom
strand. The top strand, which had a Cy3 fluorescent tag on the 3' end, had the sequence: 5'-
ATT TCC TTC AGC AGA TAG GAA CCA TAC TGA TTC ACA T. The bottom strand
had the sequence: 5'-ATG TGA ATC AGT ATG GTT XCT ATC TGC TGA AGG AAA T,
where the X represents the position of either a C in the case of the homoduplex or a T in the
case of the heteroduplex. The annealing reactions were carried out as described above.

Crystallization of the C22Y and C81R mutant PCNA proteins
The C22Y mutant PCNA protein and the C81R mutant PCNA protein were crystallized
using the hanging drop method with 400 nl drops prepared using a Mosquito Crystallization
Robot (TTP Labtech). The best diffracting C22Y mutant PCNA protein crystals were
obtained by combining an equal volume of protein (30 mg/ml) with a reservoir containing
1.6 M ammonium sulfate and 0.1 M citric acid. Crystals formed after 3 days at 18°C. The
best diffracting C81R mutant PCNA protein crystals were obtained by combining an equal
volume of protein (20 mg/ml) with a reservoir containing 20% PEG1000, 0.2 M MgCl2
hexahydrate, and 0.1 M sodium cacodylate trihydrate, pH 6.5. Crystals formed after 3 days
at 18°C.

Data Collection and Structural Determination
The C22Y and C81R mutant PCNA protein crystals were soaked in a mother-liquor solution
containing 10% (v/v) glycerol prior to flash-cooling in liquid nitrogen. In the case of the
C22Y mutant PCNA protein, data were collected using a Rigaku rotating anode X-ray
source. In the case of the C81R mutant PCNA protein, data were collected at the 4.2.2
synchrotron beamline at the Advanced Light Source in the Ernest Orlando Lawrence
Berkeley National Laboratory. The data were processed and scaled using d*TREK [59]. For
the C22Y mutant protein crystals, the space group was determined to be P212121, and there
was one PCNA trimer in the asymmetric unit. For the C81R mutant protein crystals, the
space group was determined to be P213, and there was one PCNA subunit in the asymmetric
unit. Molecular replacement was performed using the known structure of wild-type PCNA
[PDB 1PLQ] with PHASER [60]. Refinement was done using REFMAC5 from CCP4 [61]
and PHENIX [62]. All model building was carried out using Coot [63]. The 2Fo-Fc omit
maps were generated in PHENIX using the fully refined structure by setting the occupancies
of the relevant residues to zero and introducing random shifts in the positions of the atoms
by up to 0.5 Å and running a few rounds of refinement.

PCNA trimer stability assays
For non-denaturing polyacrylamide gel electrophoresis (PAGE), the wild-type and C22Y
mutant and C81R mutant PCNA proteins (0.1 to 1.0 mg/ml) were incubated in 25 mM
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TrisCl, pH 7.4, 150 mM NaCl, 0.01% bromophenol blue, and 10% glycerol for 5 min and
then run on a TrisCl pre-cast 4–20% gradient non-denaturing polyacrylamide gel (Bio-Rad)
at 4°C at a current of 25 mA using 25 mM Tris, pH 8.3, and 0.2 M glycine running buffer.
Protein bands were visualized using Coomassie blue staining. For size exclusion
chromatography, wild-type and mutant PCNA proteins were diluted to various
concentrations (0.01 to 10 mg/mL) in 25 mM Tris, pH 7.4, 150 mM NaCl, 5% glycerol and
run on a 120 ml HiLoad 16/60 Superdex 200 PG column (GE Healthcare). The size
exclusion chromatography column was calibrated using thyroglobin (670 kDa), γ-globin
(158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa), and vitamin B12 (1.35 kDa), which
eluted at 51.9 ml, 69.5 ml, 85.5 ml, 98.6 ml, and 118.0 ml, respectively.

Polymerase delta activity assays
Running start assays were performed as described previously [64]. Reactions were carried
out in the absence of PCNA and in the presence of 90 nM wild-type or mutant PCNA
proteins (trimer concentration), and contained 20 nM pol δ, 25 nM DNA, and 100 µM of
each of the four dNTPs. Reactions were stopped after 30 min, and the extension products
were analyzed on a 15% polyacrylamide sequencing gel containing 8 M urea.

Enzyme-linked immunosorbent assays
The wells of a 96 well EIA/RIA plate (Corning) were coated with 0.75 µg of MutSα in PBS
(4.3 mM Na2HPO4, 1.4 mM KH2PO4, pH 7.4, 137 mM NaCl, 2.7 mM KCl) for two hours.
The wells were then washed four times with PBS, 0.2% Tween-20, blocked for one hour
with PBS with 5% milk, and washed again. Various amounts of the wild-type, the C22Y
mutant, or the C81R mutant PCNA proteins (1 to 20 µg) in 100 µl of PBS with 5% milk
were then added to the wells and incubated for one hour. After washing, a 1:1000 dilution of
rabbit polyclonal anti-PCNA antibody in PBS with 5% milk was added to the wells and
incubated for 30 minutes. The wells were washed again, and a 1:10,000 dilution of goat anti-
rabbit antibody conjugated with horseradish peroxidase (Jackson ImmunoResearch) in PBS
with 5% milk was added and incubated for 30 minutes. The plate was then washed, and 0.8
mg/mL of O-phenylenediamine (Aldrich) in 0.05 M phosphate-citrate buffer with 0.03%
sodium perborate (Sigma) was added. Absorbance was measured at 450nm after various
amounts of time (5 to 35 minutes) using an iMark microplate reader (BioRad). Parallel
control reactions using bovine serum albumin instead of MutSα were carried out and these
background absorbance values were subtracted from the absorbance of each sample at the
corresponding PCNA protein concentration. All steps were performed at 25°C.

Sedimentation assays
Samples (100 µl) were prepared with 300 nM MutSα, 300 nM of either the wild-type or
mutant PCNA proteins (trimer concentration), and 300 nM of either the homoduplex or
heteroduplex DNA in 1xTBS buffer. The samples were incubated on ice for 30 minutes
prior to loading on a 5 ml glycerol gradients (15–30%) and were then spun for 20 h at
45,000 rpm at 4°C in a Thermo Sorvall WX ultracentrifuge using an AH-651 swing bucket
rotor. Sixteen 300 µl aliquots were collected from the bottom of each gradient, were
concentrated using Millipore Amicon® Ultra 10K centrifugal filters, and were analyzed by
SDS PAGE using 4–15% pre-cast gradient gels (BioRad). The Cy3-labeled DNA in each
fraction was visualized using a BioRad ChemiDoc-MP Imaging System after which the gels
were silver stained according to the BioRad Polyacrylamide Gel Staining Procedure.

RESULTS
We have examined two mutant forms of PCNA that are known to cause defects in MMR
with little if any defects in other DNA metabolic processes [54]. The C22Y mutant PCNA
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protein completely blocks MutSα-dependent MMR, and the C81R mutant PCNA protein
partially blocks both MutSα-dependent and MutSβ-dependent MMR. In order to understand
the structural and mechanistic basis by which they disrupt MMR, we solved the X-ray
crystal structures of both mutant proteins and analyzed their biochemical properties.

Structure of the C22Y mutant PCNA protein
We first determined the X-ray crystal structure of the C22Y mutant PCNA protein to a
resolution of 2.7 Å (Table 1). Overall, its structure resembles that of the wild-type PCNA
protein with each subunit comprised of two domains, an N-terminal domain (residues 1–
117) and a C-terminal domain (residues 135–258) linked by a long, inter-domain connector
loop (residues 118–134) (Fig. 1A). The subunits are arranged in a head-to-tail fashion to
form a ring-shaped trimer. Residue 22 is located in the N-terminal domain on loop B
(residues 21–25). This loop follows α- helix AS (residues 9–20), which along with α-helices
B1, A2, and B2, form the inside ring of the PCNA trimer (Fig. 1B). Because of its larger size,
the substituted tyrosine side chain is unable to occupy the same position as the wild-type
cysteine side chain. Consequently, the tyrosine side chain points toward the front of the
PCNA ring rather than toward α-helix B2 (Fig. 1C, 1D). This rearrangement induces a set of
other structural changes that ultimately alter the positions of both α-helix A2 and α-helix B2.
First, the α-carbon of residue 22 is shifted 1.5 Å from its position in the wild-type protein
structure. This in turn causes the α-carbon of Asp-21 to move 1.1 Å and the δ-oxygen of
Asp-21 to move 1.6 Å from their positions in the wild-type protein structure. This causes the
ε-nitrogen of Lys-217, which is located in α-helix B2 and forms a hydrogen bond with the δ-
oxygen of Asp-21, to move 3.4 Å, and this causes the α-carbons in α-helix B2 (residues
209–221) to move up to 2.1 Å from their positions in the structure of the wild-type protein
and the α-carbons in α-helix A2 (residues 141–153) to move up to 1.8 Å from their positions
in the wild-type protein structure. The changes in the positions of the two α-helices in the C-
terminal domain are the most notable structural alterations in the C22Y mutant PCNA
protein.

Structure of the C81R mutant PCNA protein
We next determined the X-ray crystal structure of the C81R mutant PCNA protein to a
resolution of 3.0 Å (Table 1 and Fig. 2A). Residue 81 is located in the N-terminal domain on
loop H (residues 80–86). This loop follows α-helix B1 (residues 72-79) and is near the
subunit interface (Fig. 2B). The substituted arginine side chain points toward β-strand I1
(residues 109–117), which comprises the subunit interface, and forms a new hydrogen bond
with the η-oxygen of Tyr-114 (Fig. 2C, 2D). This interaction causes the α-carbon of
Tyr-114, located in β-strand I1, to move 0.5 Å from its position in the wild-type protein
structure. This is a minor change and does not alter the β strands comprising the subunit
interface in any substantive way. By contrast, the interaction between the substituted
arginine at residue 81 and Tyr-114 causes the α-carbon of residue 81 to move 3.2 Å from its
position in the wild-type protein structure thereby distorting the structure of loop H. This
distortion of loop H is the only notable structural alteration in the C81R mutant PCNA
protein.

Stability of the mutant PCNA proteins
It was previously suggested that the C81R mutant PCNA protein was a monomer in vitro
[54]. This, however, seemed inconsistent with the structure of the C81R mutant PCNA
protein, which showed it to be a trimer with no significant structural perturbations to the β
strands comprising the subunit interface. Thus, we re-examined the stability of the mutant
PCNA trimers. First, we used native polyacrylamide gel electrophoresis (PAGE) to
determine the oligomeric form of the wild-type and the two mutant PCNA proteins at
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various concentrations (Fig. 3A). Both the wildtype and the C22Y mutant PCNA proteins
were trimers at all concentrations tested (0.1 to 1.0 mg/ml). By contrast, the C81R mutant
PCNA protein did not form stable trimers as indicated by the higher mobility species at low
concentrations (0.1 and 0.2 mg/ml) and the smeared gel bands at higher concentrations (0.5
and 1.0 mg/ml).

In order to further assess PCNA trimer stability, we analyzed the proteins by size exclusion
chromatography (Fig. 3B). When loaded onto the size exclusion column at high
concentration (10 mg/ml), the wild-type PCNA protein and the C22Y mutant protein eluted
in a narrow peak as expected for the 90-kDa trimer. When the C81R mutant protein was
loaded at high concentration (10 mg/ml), it eluted in a broad peak corresponding to a
mixture of mostly trimer with some dimer present. At lower protein concentration (0.01 mg/
ml), the C81R mutant protein eluted as the 30-kDa monomer (Fig. S1 in the Supporting
Information). Taken together, both the native PAGE and size exclusion chromatography
results show that the C81R mutant PCNA protein forms trimers in vitro at higher protein
concentrations, but that these trimers are less stable than in the cases of either the wild-type
PCNA protein or the C22Y mutant PCNA protein. Thus distortions to loop H, such as those
occurring with the C81R mutant PCNA protein, do impact the stability of the PCNA trimer.
It should be noted, however, that this mutant PCNA protein supports normal cell growth and
likely forms stable trimers in vivo.

Impact of the mutant PCNA proteins on DNA polymerase δ activity
DNA polymerase δ (pol δ) is responsible for the majority of lagging strand synthesis during
normal DNA replication and is also involved in base excision repair, nucleotide excision
repair, mismatch repair, and double strand break repair [65–68]. To determine whether the
two mutant PCNA proteins can stimulate DNA synthesis by pol δ, we used running start
experiments to measure pol δ activity in the absence and presence of the wild-type and
mutant PCNA proteins on non-damaged DNA (Fig. 4A). The wild-type PCNA protein
stimulates DNA synthesis by pol δ with ~5-fold more full-length runoff products formed in
the presence of the wild-type PCNA protein than in its absence. The C22Y mutant PCNA
protein and the C81R mutant PCNA protein stimulated DNA synthesis by pol δ to differing
extents. In the presence of the C22Y mutant protein, ~3-fold more full-length runoff
products were observed than in its absence. In the presence of the C81R mutant protein, ~2-
fold more full-length runoff products were observed.

PCNA also facilitates the bypass of abasic sites by pol δ, and we examined if this activity
was affected by the mutant PCNA proteins (Fig. 4B). In the presence of the wild-type PCNA
protein, ~5-fold more extension products resulting from incorporation opposite the abasic
site were observed than in the absence of PCNA. Moreover, ~4-fold more full-length runoff
products were observed in the presence of the wild-type PCNA protein. Similarly, in the
presence of the C22Y mutant PCNA protein, there were ~6-fold more extension products
resulting from incorporation opposite the abasic site and ~3-fold more full-length runoff
products than in the absence of PCNA. In the presence of the C81R mutant PCNA protein,
there were ~2-fold more extension products resulting from incorporation opposite the abasic
site and no increase in the amount of full-length products than in the absence of PCNA.

Taken together, these experiments show that, like the wild-type PCNA protein, the C22Y
mutant PCNA protein fully supports pol δ function in both normal and translesion DNA
synthesis, whereas the C81R mutant PCNA protein only partially supports pol δ function. It
should be noted that under these assay conditions, the concentration of PCNA was low (0.01
mg/ml), and most of the C81R mutant PCNA protein was not expected to be trimeric. Thus,
the reduced ability of the C81R mutant PCNA protein to stimulate the activity of pol δ is
very likely due to this mutant protein not forming stable trimers in these assays.
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Interactions of the mutant PCNA proteins with MutSα
Since PCNA is known to interact with MutSα during MMR and since the C22Y and C81R
mutant PCNA proteins are defective in MMR, we examined the ability of these mutant
proteins to bind MutSα. We used an enzyme-linked immunosorbent assay (ELISA) to
monitor this interaction (Fig. 5). A fixed concentration of the MutS α was immobilized in a
microtiter plate and titrated with various concentrations of the wild-type PCNA protein, the
C22Y mutant PCNA protein, or the C81R mutant PCNA proteins. The absorbance signal is
proportional to the amount of PCNA bound to MutSα. No significant difference was
observed between the binding of the wild-type PCNA protein and the C22Y mutant PCNA
protein to MutSα. The C81R mutant PCNA protein, by contrast, exhibited weaker binding
than the wild-type and the C22Y mutant PCNA proteins, though still significantly greater
than the background. These results differ somewhat from previously published co-
sedimentation studies that showed that the C22Y mutant PCNA protein binds MutS α in
vitro, but the C81R mutant PCNA proteins does not [54]. It should be pointed out again that
the concentrations of PCNA used in both the ELISA assays reported here and the co-
sedimentation assay reported previously are less than 0.2 mg/ml. Under these conditions,
most of the C81R mutant protein is not expected to be trimeric. Thus, the apparent weaker
binding of the C81R mutant PCNA protein to MutSα is very likely due to this mutant
protein not forming stable trimers in these assays.

Interactions of the mutant PCNA proteins with MutSα and DNA
It has previously been shown that PCNA, MutSα, and mismatch-containing DNA form a
stable ternary complex [37]. We carried out sedimentation analysis to determine if these
amino acid substitutions in PCNA affect its ability to form ternary complexes with MutSα
and DNA. The DNA contained a G:T mismatched base-pair flanked on both sides by 18
matched base-pairs. In the absence of PCNA, MutSα was found mainly in fractions 5 to 9
along with DNA (Fig. 6B), suggesting that a single MutSα protein binds to the centrally
positioned G:T mismatch. In the presence of the wild-type PCNA protein, MutSα was found
mainly in fractions 5 to 9 along with PCNA and DNA (Fig. 6C), suggesting that a single
MutSα protein and a single PCNA protein binds to the mismatch. Interestingly, in the
presence of either the C22Y mutant PCNA protein or the C81R mutant PCNA protein,
MutSα was found mainly in fractions 1 to 4 along with the mutant PCNA proteins and DNA
(Fig. 6D and Fig. 6E). This means that the MutSα-containing complex is larger in the
presence of the mutant PCNA proteins than in the presence of the wild-type PCNA protein.
This may be due to the fact that in the case of the mutant PCNA proteins, MutSα no longer
specifically binds the centrally positioned G:T mismatch, and more than one MutSα protein
can bind the same DNA molecule. The precise nature of these larger complexes with the
mutant PCNA proteins remains unclear, and further structural analysis will be required to
understand how and why they form. Nevertheless, these results convincingly demonstrate
that the complexes of the mutant PCNA proteins, MutSα, and mismatch-containing DNA
are aberrant. Moreover, these aberrant complexes are strictly dependent both on the presence
of the mutant PCNA proteins and on the presence of a mismatch in the DNA, as they do not
form in the absence of DNA (Fig. S2D, S2E, and S2F in the Supporting Information) or in
the presence of fully matched G:C DNA (Fig. S2H, S2I, and S2J in the Supporting
Information).

DISCUSSION
PCNA plays a critical role in many aspects of DNA metabolism and the maintenance of
genome stability. It interacts with a wide variety of proteins, recruits them, and coordinates
their activities at sites of DNA synthesis. It functions in DNA replication, translesion
synthesis, base excision repair, nucleotide excision repair, mismatch repair, homologous
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recombination, chromatin remodeling, sister chromatid cohesion, and cell cycle regulation
[39–44]. Genetic studies, especially in yeast, have identified a number of mutations in
PCNA that disrupt one or more of these processes. For example, simple amino acid
substitutions in PCNA have been identified that interfere with translesion synthesis [69, 70],
error-free postreplication repair [71], MMR [36, 52–54], and chromatin remodeling [72, 73].
In this study, we focused on two important substitutions that block MMR.

A systematic study of amino acid substitutions in PCNA that interfere with MMR has shown
that many of the changes impact cell growth at non-permissive temperatures and are
sensitive to DNA damaging agents such as methyl methanesulfonate, ultraviolet radiation,
and hydroxyurea [54]. Most of these substitutions in PCNA cause an increase in
spontaneous mutations in assays measuring the frequency of reversion mutations of a one-
nucleotide insertion in the hom3-10 allele, the frequency of reversion mutations of a four-
nucleotide insertion in the lys2-bgl allele, and the frequency of forward mutations in the
CAN1 gene. Two of these amino acid substitutions in PCNA, the C22Y substitution
(encoded by the pol30-201 allele) and the C81R substitution (encoded by the pol30-204
allele), specifically impact MMR and do not cause notable defects in other DNA replication
and repair processes [54]. Neither substitution causes temperature-dependent growth defects
or increased sensitivity to DNA damaging agents. Both substitutions lead to an increase in
the frequency of reversion mutations in the hom3-10 and lys2-bgl alleles and in the
frequency of forward mutations in the CAN1 gene. Genetic analysis of these mutant forms of
PCNA in combination with the msh2Δ, msh3Δ, and msh6Δ mutations, which disrupt MutSα
or MutSβ, imply that the C22Y mutant PCNA protein completely blocks MutSα-dependent
MMR and the C81R mutant PCNA protein partially blocks both MutSα-dependent and
MutSβ-dependent MMR [54].

In the present study, we examined the structural changes in PCNA induced by these two
amino acid substitutions to understand the basis for their specific defects in MMR.
Interestingly, these two substitutions caused two distinct structural alterations in PCNA. The
C22Y mutant PCNA protein has shifts in the α-helices that line the central hole of the
PCNA ring that encircles DNA. This mutant protein forms stable trimers and stimulates
DNA synthesis by pol δ. The C81R mutant PCNA protein has a localized distortion in loop
H which follows α-helix B1 near the PCNA subunit interface. This mutant protein forms less
stable trimers compared to the wild-type and the C22Y mutant PCNA proteins.
Consequently, this mutant protein exhibits only a moderate stimulation of DNA synthesis by
pol δ, which is still higher than in the absence of PCNA.

Since both PCNA mutant proteins are known to block MutSα-dependent MMR, we
examined their ability to interact with MutSα. The C22Y mutant PCNA protein interacts
with MutSα with the same affinity as does the wild-type PCNA. The C81R mutant PCNA
protein also interacts with MutSα, but does so with lower affinity compared to the wild-type
and C22Y mutant proteins. Again, this apparent weaker binding is likely due to the
instability of the C81R mutant PCNA protein trimers, and we believe that the C81R mutant
PCNA protein trimers that do form under these experimental conditions still bind MutSα.
This is in contrast to the previous suggestion that this mutant PCNA protein does not interact
with MutSα [54]. It should be noted that the conformational changes induced by these
amino acid substitutions do not perturb the hydrophobic binding pocket on PCNA which
binds the canonical PCNA-interacting protein (PIP) motif in the N-terminal region of the
Msh6 subunit of MutSα. Overall, these findings suggest that the disruption of MMR by
these PCNA mutant proteins does not arise from substantial defects in the interaction with
MutSα, especially in the case of the C22Y mutant PCNA protein.
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We then examined the ability of the PCNA mutant proteins to form ternary complexes with
MutS α and mismatch-containing DNA. Surprisingly, we found that despite relatively subtle
changes in the structures of the C22Y and C81R mutant PCNA proteins, they both formed
aberrant complexes with MutSα and DNA. In the presence of the mutant PCNA proteins
and a mismatch, the MutSα-containing complexes were larger than in the presence of the
wild-type PCNA protein. A possible explanation for this is that improper mismatch
recognition leads to multiple MutS α proteins on the DNA substrate. Understanding why
these higher-ordered complexes form awaits further structural studies. However, we
conclude that these complexes are aberrant and that the formation of proper, productive
complexes between MutSα and mismatch-containing DNA depends on both the structural
integrity of the α-helices lining the central hole of the PCNA ring and the structural integrity
of loop H near the PCNA subunit interface.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

BSA bovine serum albumin

ELISA enzyme-linked immunosorbent assay

HNPCC hereditary nonpolyposis colorectal cancer

MMR mismatch repair

PAGE polyacrylamide gel electrophoresis

PCNA proliferating cell nuclear antigen

PIP PCNA-interacting protein

Pol polymerase

RFC replication factor C

RPA replication protein A

TLS translesion synthesis
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Figure 1.
Structure of the C22Y mutant PCNA protein. (A) Front view of the C22Y mutant PCNA
protein trimer with one of the subunits shown in red. (B) Side view of one subunit of the
C22Y mutant PCNA protein with the α-helices A2, B2, and A1 shown in red. The wild-type
PCNA structure is overlaid with the same α-helices shown in purple. (C) Close up of the
region near the C22Y substitution. The mutant PCNA protein is shown in red and the wild-
type PCNA protein is shown in purple. (D) 2Fo-Fc omit map contoured at 1σ and carved at
1.7 Å around the substituted tyrosine at residue 22, Asp-21, and Lys-217.
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Figure 2.
Structure of the C81R mutant PCNA protein. (A) Front view of the C81R mutant PCNA
protein trimer with one of the subunits shown in orange. (B) Side view of one subunit of the
C81R mutant PCNA protein with the α-helix B1 and the β-strands H1 and I1 shown in
orange. The wild-type PCNA structure is overlaid with the same α-helix and β-strands
shown in purple. (C) Close up of the region near the C81R substitution. The mutant PCNA
protein is shown in orange and the wild-type PCNA protein is shown in purple. (D) 2Fo-Fc
omit map contoured at 1 σ and carved at 1.7 Å around the substituted arginine at residue 81
and Tyr-114.
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Figure 3.
Trimer stability of the PCNA mutant proteins. (A) Analysis of the PCNA proteins by native
gel electrophoresis. Solutions containing the wild-type or mutant PCNA proteins (0.1 to 1.0
mg/ml) were run on a non-denaturing polyacrylamide gradient gel (4 to 20%) and
Coomassie stained. The position of the PCNA trimer is indicated. (B) Analysis of the PCNA
proteins by size exclusion chromatography. The elution profile of a size exclusion
chromatography column in which a solution of the wild-type PCNA protein, the C22Y
mutant PCNA proteins, and the C81R mutant PCNA protein (10 mg/ml) were run are
shown.
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Figure 4.
DNA synthesis by pol δ in the presence of the PCNA proteins. (A) An autoradiogram of the
products of pol δ-catalyzed DNA synthesis on a non-damaged DNA substrate in the
presence of no PCNA, the wild-type PCNA protein, the C22Y mutant PCNA protein, and
the C81R mutant PCNA protein. The position of the fully extended, runoff product is
indicated with an arrow. (B) An autoradiogram of the products of pol δ-catalyzed DNA
synthesis on an abasic site-containing DNA substrate in the presence of no PCNA, the wild-
type PCNA protein, the C22Y mutant PCNA protein, and the C81R mutant PCNA protein.
The position of the abasic site is indicated by an X, and the position of the fully extended,
runoff product is indicated with an arrow.
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Figure 5.
Interactions of the PCNA proteins with MutSα. The results of an ELISA assay showing the
interactions of the wild-type PCNA (●), the C22Y mutant PCNA protein (○), and the C81R
mutant PCNA protein (▼) with MutSα. Control experiments using BSA instead of MutSα
have been subtracted from each of the values.
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Figure 6.
Sedimentation analysis of the interactions of the PCNA proteins with MutSα and DNA. (A)
Fractions of a glycerol gradient (15–30%) containing the heteroduplex DNA in the absence
of PCNA and MutS α (Msh2-Msh6) were analyzed by denaturing polyacrylamide gradient
gel electrophoresis (4–15%). The fractions ranged from 1 (the bottom of the gradient) to 14
(the top of the gradient). The DNA substrate was visualized by Cy3 fluorescence. (B)
Fractions of a glycerol gradient containing MutS α and heteroduplex DNA in the absence of
PCNA were analyzed by denaturing polyacrylamide gradient gel electrophoresis (4–15%).
The proteins were visualized by silver staining. (C) Fractions of a glycerol gradient
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containing MutSα and heteroduplex DNA in the presence of the wild-type PCNA protein
were analyzed by denaturing polyacrylamide gradient gel electrophoresis. (D) Fractions of a
glycerol gradient containing MutSα and heteroduplex DNA in the presence of the C22Y
mutant PCNA protein were analyzed by denaturing polyacrylamide gradient gel
electrophoresis. (E) Fractions of a glycerol gradient containing MutSα and heteroduplex
DNA in the presence of the C81R mutant PCNA protein were analyzed by denaturing
polyacrylamide gradient gel electrophoresis.
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Table 1

Data collection and refinement statistics.

C22Y mutant protein C81R mutant protein

(A) Data collection statistics

Resolution (Å) a 20.9–2.7 (2.8–2.7) 21.5–3.0 (3.1–3.0)

Wavelength (Å) 1.54 1.00

Space Group P212121 P213

Cell (Å) a = 85.9, b = 90.6, c = 140.6 a=b=c=121.8

Completeness (%) a 100 (100) 100 (100)

Redundancy a 7.1 (7.2) 19.9 (20.2)

<I/σ(I)> a 7.0 (2.0) 9.1 (2.0)

Rmerge (%) a 13.3 (65.9) 14.2 (77.3)

(B) Refinement statistics

Resolution range (Å) 19.9–2.7 20.5–3.0

R (%) 20.5 19.8

Rfree (%) 28.7 25.4

rms bonds (Å) 0.017 0.013

rms angles (°) 1.78 1.57

Number of protein atoms 6026 (761 residues) 1975 (254 residues)

Number of water molecules 0 0

Ramachandran analysis (%)

     Most favored 92.5 92.0

     Allowed 6.3 8.0

PDB ID code 4L6P 4L60

a
Values in parentheses are for the highest resolution shell

Biochemistry. Author manuscript; available in PMC 2014 August 20.


