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Abstract
Eukaryotic proliferating cell nuclear antigen (PCNA) is a replication accessory protein that
functions in DNA replication, repair, and recombination. The various functions of PCNA are
regulated by post-translational modifications including mono-ubiquitylation, which promotes
translesion synthesis, and sumoylation, which inhibits recombination. To understand how the
SUMO modification regulates PCNA, we generated a split SUMO-modified PCNA protein and
showed that it supports cell viability and stimulates DNA polymerase δ activity. We then
determined its X-ray crystal structure and found that SUMO occupies a position on the back face
of the PCNA ring, which is distinct from the position occupied by ubiquitin in the structure of
ubiquitin-modified PCNA. We propose that the back of PCNA has evolved to be a site of
regulation that can be easily modified without disrupting ongoing reactions on the front of PCNA,
such as normal DNA replication. Moreover, these modifications likely allow PCNA to function as
a tool belt, whereby proteins can be recruited to the replication machinery via the back of PCNA
and be held in reserve until needed.
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Eukaryotic proliferating cell nuclear antigen (PCNA) is a replication accessory factor that is
involved in many nuclear processes including DNA replication, repair, recombination,
translesion synthesis, and chromatin remodeling. PCNA is a homotrimer, and each subunit
has two domains giving the PCNA complex a ring shape with pseudo-six-fold symmetry1.
The PCNA ring is loaded onto DNA by an ATP-dependent clamp loader called replication
factor C (RFC)2; 3. Once on DNA, PCNA functions as a sliding clamp to recruit many
proteins to the DNA including DNA polymerases pol δ and pol ε, DNA ligase I, flap
endonuclease Fen1, and DNA repair factor XPG4; 5; 6; 7; 8; 9. PCNA enhances the catalytic
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activity of some of these enzymes, and is required for the high processivity of replicative
DNA polymerases. Nearly all of these proteins contain a conserved motif referred to as the
PCNA-interaction protein (PIP) motif that binds to the front face of the PCNA ring in a
hydrophobic pocket near the interdomain connector loop (IDCL), an extended loop
connecting the two PCNA domains. Through these interactions, PCNA coordinates the
complex events of DNA replication, repair, and recombination.

The various functions of PCNA are controlled by post-translational
modifications10; 11; 12; 13; 14. PCNA is mono-ubiquitylated on Lys-164 by the E2 ubiquitin-
conjugating enzyme Rad6 and the E3 ubiquitin ligase Rad18 in a DNA damage-dependent
manner15; 16. PCNA ubiquitylation facilitates translesion synthesis by recruiting non-
classical DNA polymerases, such as pol η, pol ι, and pol κ, which all possess ubiquitin-
binding motifs17; 18. The single ubiquitin moiety on Lys-164 of PCNA can be converted into
a poly-ubiquitin chain through Lys-63 linkages by the E2 ubiquitin conjugating enzyme
Mms2-Ubc13 and the E3 ubiquitin ligase Rad519; 20; 21. PCNA poly-ubiquitylation
facilitates a poorly characterized, error-free damage bypass pathway. PCNA is also
sumoylated on Lys-164 by the E2 SUMO conjugating enzyme Ubc9 and the E3 SUMO
ligase Siz115; 16. PCNA sumoylation prevents unwanted DNA recombination during DNA
replication by recruiting the Srs2 helicase22; 23, which contains a SUMO binding motif and
catalyzes the disruption of Rad51 nucleoprotein filaments24; 25.

Biochemical and structural studies of PCNA with post-translational modifications has
progressed slowly because of the difficulty obtaining sufficient quantities of the modified
protein. Recently, several approaches to producing large quantities of ubiquitin-modified
PCNA (UbiPCNA) have been developed involving intein chemistry and chemical
crosslinking26; 27. Previously, we developed a very efficient strategy to produce large
quantities of UbiPCNA by co-expressing the modified protein as two polypeptide fragments
that self-assemble in vivo28. We showed that the resultant split UbiPCNA functions to
support translesion synthesis both in vivo and in vitro. Moreover, we determined the X-ray
crystal structure of UbiPCNA28. This structure showed that the ubiquitin moiety sits on the
back face of the PCNA ring and does not alter the structure of PCNA. Instead, it provides an
additional binding surface to which the non-classical polymerases can be recruited.

Here we describe the production of large quantities of SUMO-modified PCNA
(SUMOPCNA) by co-expressing the protein as two self-assembling polypeptides. We
demonstrate that the split SUMOPCNA supports cell viability as well as the activity of
classical pol δ in vitro. We have also determined the X-ray crystal structure of SUMOPCNA
to a resolution of 2.8 Å. We found that the attachment of SUMO to PCNA, like the
attachment of ubiquitin, does not alter the structure of PCNA. Both the ubiquitin moiety in
the UbiPCNA structure and the SUMO moiety in the SUMOPCNA structure are located on
the back face of the PCNA ring and interact with the same loop of PCNA. Despite these
similarities, however, the ubiquitin and SUMO modifications occupy distinctly different
positions on PCNA. We propose that the back face of PCNA has evolved to be a site of
regulation that can be easily modified without disrupting ongoing reactions on the front face
of the ring, such as normal DNA replication. Moreover, these modifications likely allow
PCNA to function as a tool belt, whereby proteins can be recruited to the replication
machinery via the back face of PCNA and be held in reserve until needed.

Production and characterization of SUMO-modified PCNA
To produce SUMOPCNA, we used a strategy similar to one previously used to
generate UbiPCNA28. The SUMOPCNA was made by splitting the protein into two fragments
and co-expressing the genes for these fragments in either bacteria for over-expression and
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protein purification or yeast for in vivo functional studies (Fig. 1a). The N-fragment
comprised yeast PCNA residues 1 to 163, and the SUMOC-fragment comprised yeast PCNA
residues 165 to 258 fused in frame following the yeast SUMO protein. For expression in
bacteria, a two-glycine linker was placed between the SUMO and PCNA portions of
the SUMOC-fragment, because it is a good mimic of the Lys-164 side chain and the
isopeptide bond to the C-terminus of SUMO. For expression in yeast, a proline-glycine
linker was used instead to prevent the removal of the SUMO moiety by isopeptidases. When
produced in either bacteria or yeast, the N-fragment and the SUMOC-fragment self-
assembled to yield split SUMOPCNA (see below).

We first produced split SUMOPCNA in yeast cells by replacing the endogenous PCNA
protein with the N-fragment and SUMOC-fragment by plasmid shuffle. Expression of the
two SUMOPCNA fragments was driven by the native PCNA promoter. We found
that SUMOPCNA supported cell viability, and cell growth was unaffected when it was the
only form of PCNA in the cell (Fig. 1b). These results show that the split SUMOPCNA self-
assembles into functional rings in yeast cells and supports normal DNA replication and cell
cycle progression in vivo.

We next over-expressed both fragments of split SUMOPCNA in bacterial cells and found that
the two fragments of SUMOPCNA co-purified. Size exclusion chromatography showed
that SUMOPCNA formed stable trimers with a Stokes radius equal to 50 Å, which is the same
as the Stokes radius of UbiPCNA28. For comparison, the Stokes radius of unmodified PCNA
is 45 Å. To determine if SUMOPCNA enhanced the processivity of classical pol δ in vitro,
we used RFC to load either unmodified, full length PCNA or split SUMOPCNA onto a DNA
primer-template substrate. The primer strand was 32P end labeled, and both ends of the
template strand were blocked with biotin-streptavidin to prevent PCNA from sliding off of
the DNA ends. After PCNA or SUMOPCNA was loaded, the reactions were initiated by the
addition of pol δ and all four nucleotides, and the products were analyzed by gel
electrophoresis. Fig. 1c shows that in the absence of PCNA, pol δ synthesizes DNA with
low processivity forming only short DNA products. In the presence of either PCNA
or SUMOPCNA, the processivity of pol δ is greatly enhanced, and ∼50% of the extended
products are full length.

We also examined whether SUMOPCNA enhanced the ability of pol δ to incorporate
nucleotides opposite a template abasic site, as has been shown previously for unmodified
PCNA29. We carried out the experiment as described above, except that the DNA substrate
contained an abasic site in the template strand at the sixth position from the primer terminus.
Fig. 1d shows that in the absence of PCNA, pol δ incorporates up to five nucleotides, but
does not efficiently incorporate opposite the abasic site. In the presence of either PCNA
or SUMOPCNA, efficient incorporation opposite the abasic site was observed, and ∼5% of
the extended products are full length. Taken together, these results demonstrate clearly that
the SUMOPCNA produced in this manner is loaded onto DNA by RFC and supports the
activity of classical pol δ in vitro.

Structure of SUMO-modified PCNA
Given that SUMOPCNA was previously shown to interact with the Srs2 helicase22; 23, we
fully expect that split SUMOPCNA will interact with Srs2. While a thorough characterization
of split SUMOPCNA’s interactions and functions will be left for the future, we have shown
here that split SUMOPCNA supports cell viability and DNA synthesis by pol δ. Thus, we
proceeded to determine the X-ray crystal structure of SUMOPCNA to a resolution of 2.8 Å
(Table 1). The SUMOPCNA protein formed cubic crystals that resembled those obtained
previously with unmodified PCNA and UbiPCNA1; 28; the space group for the SUMOPCNA
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crystals, however, was different from the space group of the crystals of these other PCNA
forms. Phases were determined by molecular replacement using the structure of unmodified,
full-length PCNA1. Following molecular replacement, the electron density of the SUMO
moiety was clear and considerably stronger than the density for the ubiquitin moiety
observed previously with UbiPCNA28. This suggests that the SUMO moiety in SUMOPCNA
may not be as flexible and mobile as is the ubiquitin moiety in UbiPCNA.

The overall structure of the PCNA portion of the SUMOPCNA is the same as that of
unmodified PCNA (Fig. 2a). The PCNA subunits contain two domains (domain 1
comprising residues 1–118 and domain 2 comprising residues 135–258) connected by the
long interdomain connector loop (IDCL; residues 119–134) on the front side of the ring. The
SUMO moiety sits on the back face of the PCNA ring and interacts exclusively with domain
2 of PCNA. Most of the residues of PCNA contacting the SUMO are in an extended loop in
domain 2 called loop P (residues 184–196). Incidentally, the extended N-terminal tail of the
SUMO moiety (residues 1–18) is disordered and has not been modeled. To determine if the
attachment of SUMO to PCNA alters the structure of PCNA, we overlaid the structures
of SUMOPCNA and unmodified, full length PCNA (Fig. 2b). The r.m.s. deviation between
these two structures was 0.8 Å over 254 Cα atoms indicating that no significant structural
changes to PCNA resulted when SUMO was attached. Careful comparisons of these
structures also revealed no substantial local changes in the PCNA conformation.

Comparison of SUMO-modified and ubiquitin-modified PCNA
Both ubiquitin and SUMO are attached to PCNA on Lys-164, and these modifications result
in PCNA forms with different functions. To better understand the similarities and
differences between these modified forms of PCNA, we overlaid the structures of UbiPCNA
and SUMOPCNA (Fig. 3a). In both cases, the ubiquitin and SUMO modifiers sit on the back
face of the PCNA ring interacting with domain 2. In fact, both modifiers interact
predominantly with loop P of PCNA (Fig. 3b). The positions of the modifiers, however, are
quite distinct. The SUMO in the SUMOPCNA structure is situated in a more radial position
with respect to the PCNA ring than is the ubiquitin in the UbiPCNA structure, which
essentially points straight back from the ring. This difference in position may be due in part
to the longer flexible linker at the C-terminus of ubiquitin compared to SUMO that allows
the ubiquitin to occupy positions further from the point of attachment at Lys-164 on PCNA.

We have examined the contacts between the SUMO moiety and PCNA (Fig. 4a). The
residues of PCNA that contact SUMO in the SUMOPCNA structure are part of a continuous
stretch of the PCNA protein starting from the end of β strand D2 (residues 175–183) and
encompassing nearly all of loop P (residues 184–195) and β strand E2 (residues 196–199).
While most of these contacts are hydrophobic, there are hydrogen bonding interactions
between the side chain nitrogen of Lys-196 (PCNA) and the side chain oxygen of Tyr-67
(SUMO) and between the backbone amide nitrogen of Leu-197 (PCNA) and the backbone
carbonyl oxygen of Asp-68 (SUMO).

Several of the residues in loop P also make contacts with ubiquitin in the UbiPCNA structure
(Fig. 4b); ubiquitin, however, does not contact residues in β strands D2 or E2 as does
SUMO, but it does contact other neighboring secondary structural elements in PCNA that
SUMO does not. The residues of SUMO that contact PCNA in the SUMOPCNA structure are
essentially those along two loops (residues 67 to 70 and residues 79 to 83). These residues
are on a different surface of SUMO than the analogous residues of ubiquitin that contact
PCNA in the UbiPCNA structure. Thus the orientations of the SUMO in the SUMOPCNA
structure and ubiquitin in the UbiPCNA structure are quite distinct.
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Implications for regulating PCNA function
The attachment of ubiquitin or SUMO to Lys-164 of PCNA recruits proteins factors to the
replication machinery that influence the choice of pathways – DNA replication, repair, or
recombination – in which PCNA participates10; 11; 12; 13. Ubiquitylation of PCNA recruits
non-classical polymerases thereby facilitating translesion synthesis. Sumoylation of PCNA
recruits the Srs2 helicase thereby preventing unwanted recombination. In both cases, it is
possible that the recruitment of these factors could arise by allosteric changes in PCNA
induced by the modification that enhances the binding affinity of these factors.
Alternatively, the recruitment of these factors could arise by directly binding to the
modifiers themselves. In both the structure of SUMOPCNA reported here and the structure
of UbiPCNA reported previously28, no significant structural changes in PCNA resulting from
the attachment of the modifiers is observed. Both of these results suggest that PCNA does
not undergo allosteric changes in response to post-translational modifications. Instead, it
seems likely that the ubiquitin and SUMO modifications simply provide additional binding
sites for other factors: non-classical polymerases in the case of ubiquitin and Srs2 in the case
of SUMO.

The front face of the PCNA ring is well known for its ability to interact with many proteins
involved in DNA replication, repair, and recombination4; 5; 6; 7; 8; 9. The role of the back
face of PCNA, by contrast, has been less appreciated. It is now becoming clear that the back
face of PCNA plays an important role in regulating PCNA function. Both SUMO and
ubiquitin modifiers are attached to Lys-164, which is located on the back face of PCNA near
the side of the ring. In the structures of both SUMOPCNA and UbiPCNA, the modifiers sit on
the back face of the PCNA ring on opposite sides of loop P. Structure-function studies have
shown that residues of loop P are necessary for PCNA sumoylation, and it has been
suggested that the Siz1 E3 ligase likely interacts with this loop30. Another loop on the back
of PCNA, loop J (residues 105–110), is necessary for translesion synthesis31, and it has been
suggested that alterations to this loop may interfere with PCNA ubiquitylation32. Taken
together, this suggests a division of labor between the front face of the PCNA ring, which
interacts with many proteins needed for various DNA metabolic pathways, and the back face
of the PCNA ring, where post-translational modifications to PCNA occur that regulate its
function.

This division of labor between the front and back faces of PCNA is important for several
reasons. First, it allows for post-translational modifications to occur on the back face of
PCNA without requiring proteins to dissociate from the front face. Essentially, modification
to the back face of PCNA can readily occur without disrupting ongoing reactions on the
front face of the PCNA, such as normal DNA replication. Second, it provides an opportunity
for PCNA to function as a tool belt, whereby multiple proteins can simultaneously bind to
the PCNA ring. Specific tool belt mechanisms have been proposed for translesion
synthesis33; 34; 35, but such mechanism can, in fact, be more general and apply to other
PCNA-mediated processes. In translesion synthesis, for example, the non-classical
polymerase could be recruited to the back face of the UbiPCNA ring via interactions with
ubiquitin while the classical polymerase synthesizes DNA on the front face of the PCNA
ring. In this scenario, the non-classical is held in reserve until it is needed when the
replication fork encounters DNA damage. A similar model may hold for SUMOPCNA and
Srs2. Srs2 could be recruited to the back face of SUMOPCNA via interactions with SUMO
while the classical polymerase is bound to the front. When Rad51 nucleoprotein filaments
are encountered by the replication machinery, Srs2 can be brought out of reserve to disrupt
these filaments. Tool belt mechanisms such as these would allow replication forks to prepare
for various contingencies by having the necessary factors in place on the back face of
PCNA, yet not hinder the reactions that are ongoing on the front face of PCNA.
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Figure 1. Production and characterization of SUMO-modified PCNA
(a) Diagram of the two polypeptides used to make split SUMOPCNA. (b) SUMOPCNA
supports cell viability. The coding regions of full length PCNA or the N-fragment were
cloned into pRS315 (CEN LEU2) with a 500 base pair upstream region containing the native
PCNA promoter. The coding region of the SUMOC-fragment with the proline-glycine linker
was cloned into pRS313 (CEN HIS3) under control of the native PCNA promoter. These
constructs were transformed into an EMY74.7 yeast strain with a POL30 gene deletion
supported by the wild-type POL30 gene in pTB366 (URA3) under control of its native
promoter as described28. Cell growth following counterselection with 5′-fluoroorotic acid
showed that the SUMOPCNA constructs support cell viability. Shown are the results of
spotting 10 μl of saturated yeast cultures, 1:10 dilutions, and 1:100 dilutions on selective
growth media overnight. (c) SUMOPCNA confers high processivity to pol δ. SUMOPCNA
was expressed in Rosetta-2 (DE3) cells from a pET-DUET-1 vector in which the Flag-
tagged N-fragment was inserted into multi-cloning site 1 and the His6-tagged SUMOC
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fragment with the glycine-glycine linker was inserted into multi-cloning site 2. SUMOPCNA
was purified using an NTA-agarose affinity chromatography column (Qiagen), anti-Flag M2
affinity chromatography column (Sigma), and a Superose 6 size exclusion chromatography
column (Pharmacia GE Healthcare). We obtained ∼2–3 mg of pure protein per L of cells.
Polymerase assays were carried out in the absence of PCNA and in the presence of
unmodified PCNA (100 nM), or SUMOPCNA (100 nM) as described previously31. The
reactions contained 50 nM of trimeric pol δ (exo+), which was purified as described42, 25
nM DNA, and 100 μM dNTP and were stopped after 30 min. The asterisk indicates gel
bands corresponding to full length products. (d) SUMOPCNA increases the ability of pol δ to
incorporate nucleotides opposite a template abasic site. Reactions were carried out as
described above. The arrow indicates the gel band corresponding to incorporation opposite
the abasic site, and the asterisk indicates gel bands corresponding to full length products.
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Figure 2. Structure of SUMO-modified PCNA
(a) Front and side view of the structure of the SUMOPCNA trimer with the individual PCNA
subunits colored yellow, blue, and green. The SUMO moieties are colored red. (b) The
structure of a single subunit of SUMOPCNA, which is colored blue (PCNA) and red (SUMO)
is shown superimposed on the structure of full length, unmodified PCNA, which is colored
yellow.
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Figure 3. Comparison of SUMO-modified PCNA with ubiquitin-modified PCNA
(a) Front and side view of the SUMOPCNA trimer, which is colored blue (PCNA) and red
(SUMO), is shown superimposed on the structure of the ubiquitin moieties from UbiPCNA,
which are colored yellow. (b) The structure of a single subunit of SUMOPCNA, which is
colored blue (PCNA) and red (SUMO), is shown superimposed on the structure of ubiquitin
from UbiPCNA, which is shown in yellow.
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Figure 4. Interactions between the SUMO moiety and PCNA
(a) Space-filling representation of the SUMO-PCNA interface with amino acid residues on
PCNA making hydrophobic contacts with SUMO shown in green and with amino acid
residues on SUMO making contacts with PCNA shown in yellow. Residues forming
hydrogen bonds are shown in blue (hydrogen bond donors) and red (hydrogen bond
acceptors). Both the PCNA and SUMO proteins have been rotated to make their interacting
surfaces visible. (b) The analogous space-filling representation of the ubiquitin-PCNA
interface, adapted from28.
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Table 1

Data collection and refinement statistics.

Data collection

Space group F432

Cell dimensions (Å) a = b = c = 268.82

Resolution (Å) 45.4 - 2.8 (2.9 - 2.8)

Rmerge (%) 8.9 (43.3)

I/σI 14.8 (4.4)

Completeness (%) 100 (99.5)

Redundancy 12.6 (8.8)

Refinement

Resolution (Å) 45.5 – 2.8

Number of reflections 20832

Rwork/Rfree (%) 23.1/25.3

Number of atoms

 Protein 2649

 Water 0

B-factors (Å2) 78.7

r.m.s.d.

 Bond lengths (Å) 0.012

 Bond angles (°) 1.450

Crystallization was performed manually using the hanging drop method. The best diffracting crystals were obtained by combining equal volumes
of protein (20 mg/ml) with a reservoir solution containing 2.0 M ammonium sulfate and 0.1 M sodium citrate (pH 5.6) at 18°C for 5 days. Protein
crystals were presoaked in a mother liquor containing 25% (v/v) ethylene glycol before flash cooling in liquid nitrogen. Data was collected at 100
K at the 4.2.2. beamline at the Advanced Light Source in the Lawrence Berkeley National Laboratory with a crystal-to-detector distance of 150

mm. The data were processed and scaled using d*TREK36. Molecular replacement was performed using PHASER37 first with the structure of the

full length, unmodified PCNA (PDB 1PLQ)1 and then with the structure of a SUMO mimic (PDB 3GOE)38. Simulated annealing was performed

to remove any structural bias using PHENIX39 before refinement with REFMAC5 from the CCP4 package40. Model building was performed

using Coot41. Ramachandran analysis showed that 93% of the residues were in favored conformations and 7% were in allowed conformations.
Data collection values in parentheses are for the highest resolution shell.
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