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Ubiquitination of proliferating cell nuclear antigen (PCNA) to ub-PCNA is essential for DNA replication across bulky
template lesions caused by UV radiation and alkylating agents, as ub-PCNA orchestrates the recruitment and switching of
translesion synthesis (TLS) polymerases with replication polymerases. This allows replication to proceed, leaving the DNA
to be repaired subsequently. Defects in a TLS polymerase, Pol m, lead to a form of Xeroderma pigmentosum, a disease
characterized by severe skin sensitivity to sunlight damage and an increased incidence of skin cancer. Structurally,
however, information on how ub-PCNA orchestrates the switching of these two classes of polymerases is lacking. We
have solved the structure of ub-PCNA and demonstrate that the ubiquitin molecules in ub-PCNA are radially extended
away from the PCNA without structural contact aside from the isopeptide bond linkage. This unique orientation provides
an open platform for the recruitment of TLS polymerases through ubiquitin-interacting domains. However, the ubiquitin
moieties, to the side of the equatorial PCNA plane, can place spatial constraints on the conformational flexibility of
proteins bound to ub-PCNA. We show that ub-PCNA is impaired in its ability to support the coordinated actions of Fen1
and Pol 3 in assays mimicking Okazaki fragment processing. This provides evidence for the novel concept that ub-PCNA

may modulate additional DNA transactions other than TLS polymerase recruitment and switching.

Introduction

The maintenance of genomic integrity requires the faithful rep-
lication of genetic information during cell division by replication
polymerases as well as an intricate network of cellular responses
to DNA damage that lead to their repair.! PCNA is a homotri-
meric DNA sliding clamp that serves as an essential partner of
DNA polymerase 8 (Pol 8) and enables processive DNA syn-
thesis. It also interacts with numerous other proteins involved
in DNA replication and repair.? Pol 8 is suggested to be largely
responsible for lagging-strand DNA synthesis in eukaryotic cells®
and also participates in the removal of RNA-DNA primers by
strand displacement to create flaps that are removed by the flap
endonucleases Fenl or Dna2, creating nicks that can be joined
by DNA ligase.

Bulky lesions caused by UV radiation and alkylating agents
can pose barriers to replication polymerases and, thus, progres-
sion of replication forks in S-phase cells. In response, eukaryotic
cells activate a DNA damage bypass maneuver in which special-
ized translesion synthesis (TLS) polymerases extend the daughter
strand across lesions.” This DNA damage tolerance mechanism
allows replication to proceed. The TLS polymerases Pol m, t,
k and Revl are members of the Y family pols, while Pol { is a

B family pol. The Y family TLS pols are not processive and gen-
erally error-prone; however, in some cases, a TLS pol can perform
largely error-free translesion synthesis in vivo, as in the case of
the bypass of UV-induced thymine dimers by Pol 1.¢ Because
TLS pols are error-prone, their activities are tightly regulated to
avoid interference with the normal processes of DNA replica-
tion. The seminal discovery by Hoege et al. was that PCNA is
monoubiquitinated on K164 by RAD6 and RADI8 in budding
yeast upon UV exposure.” Consequently, ub-PCNA provides the
key regulatory element in the recruitment of TLS pols to stalled
replication forks and a polymerase switch between the TLS pols
and the classical replication pols.*” Loss of any of the genes in
the pathway for PCNA ubiquitination leads to increased cellu-
lar susceptibility to DNA damage.®’ The monoubiquitination
of PCNA mainly occurs during S phase, when DNA damag-
ing agents are encountered and persist for a significant period of
time."” However, recent studies also indicate that PCNA ubiqui-
tination can be separated from the cell cycle in certain genetic
backgrounds; thus, post-replication repair may also be active in
other phases of the cell cycle."

There have been extensive studies at structural, functional
and genetic levels to understand the roles of PCNA ubiquitina-
tion in the process of translesion synthesis. Pol m has been the
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Figure 1. Overview of the ub-PCNA structure. (A) Structure of ub-PCNA
in ribbon representation viewed along the DNA axis. The two ubig-
uitins, ub-D and ub-E are shown in cyan. (B) Side view of ub-PCNA, at

a 90° rotation from (A) looking into the plane of the PCNA structure.

(C) Overview of ub-PCNA when the third ubiquitin molecule is modeled
in by PCNA symmetry in surface representation. The surface in magenta
represents PIP binding site. (D) Side view of ub-PCNA with all three
ubquitin molecules modeled in. (E) The negative electrostatic surface
of ubiquitin is adjacent to a negatively charged patch of PCNA. (F) The
positive electrostatic surface of ubiquitin is adjacent to a positive elec-
trostatic patch on PCNA.

most extensively studied in regard to both its recruitment to
DNA repair foci and subsequent switching with Pol 8.4 The
TLS pols possess PCNA binding peptide motifs (PIP boxes)
as well as ubiquitin binding domains (UBZ/UBM) located in
their extended C-terminal regions. These domains and motifs
provide the means for recruiting the TLS polymerases to ub-
PCNA as well as the means for competing with and displacing
Pol 8. Those studies support a model in which ubiquitin binding
greatly increases the affinity of TLS polymerases for ub-PCNA.Y
In addition, it has been shown that PCNA must be loaded onto
DNA for ubiquitination, and all three PCNA monomers are con-
currently ubiquitinated.?>*!

Despite the immense interest in understanding the functions
of ub-PCNA, no structural information on native ub-PCNA is
currently available due to the difficulties in obtaining adequate
amounts of ub-PCNA. Here, we determined the structure of
native human ub-PCNA in order to gain insights into the molec-
ular basis for polymerase switching. We also show that the pres-
ence of ubiquitin may influence other aspects of DNA replication
through modulating the binding of other PCNA-interacting pro-
teins, specifically that of Fenl.
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Results

PCNA monoubiquitination and crystallization. Fully monou-
biquitinated PCNA (ub-PCNA) was prepared by utilizing our
observations that PCNA can be stoichiometrically ubiquitinated
on K164 by the E3 ligase RNF8 and the E2 enzyme UbcH5 in
vitro.”? We were able to purify PCNA ubiquitinated on all three
monomers on a milligram scale to near-homogeneity (Fig. S1).
We crystallized ub-PCNA with sodium citrate as precipitant.
The crystals belong to space group P42 2 with cell dimensions
ofa = 161.05, b = 161.05, ¢ = 97.36 and diffract to 2.9 A.

Structure of monoubiquitinated PCNA. The structure
was solved by molecular replacement with a PCNA monomer
(1 vym) * as the initial search model. Three PCNA monomers
in each asymmetric unit were identified by molecular replace-
ment. Two of the three ubiquitin molecules were clearly identifi-
able in the initial (fo-fc) map (Fig. S2), whereas the density of
the third ubiquitin was not sufficient for model building. The
structure was refined to a nominal resolution of 2.9 A (Table S1)
with a trimeric ring of PCNA (chains A-C) and two molecules of
ubiquitin (chains D and E) in each asymmetric unit.

Three PCNA monomers in each asymmetric unit form the
prototypical trimeric ring structure.”® The PCNA trimer in
ub-PCNA superimposes well on the PCNA portions of various
PCNA complexes with minimal structural changes. The two
ubiquitin molecules are projected radially away from the trimeric
ring of PCNA at an angle of about 30° to the equatorial plane,
toward the back face of PCNA (Fig. 1A and B). The overall ori-
entation of the two ubiquitin molecules is similar, with one (E)
extending further from the PCNA ring than the other (D) by
about 2 A. The position of the third ubiquitin molecule corre-
sponding to that of the other two ubiquitins is occupied by a
symmetry molecule in the crystal packing (Fig. S3). Unresolved
electron densities indicate that the ubiquitin molecule is pushed
into the groove on either side of the ridge within the PCNA plane
(Fig. S3), in agreement with one of the conformations proposed
in molecular simulation studies.” Interestingly, ubiquitin D
forms contacts with ubiquitin E from a neighboring symmetry
unit with a buried surface area of 285 A2, thus contributing to the
defined density of both moieties (Fig. S4). Modeling of the third
ubiquitin based on the structure of ub-D provides a view of the
trimeric ub-PCNA structure (Fig. 1C and D).

In this structure, there are no other contacts between ubiq-
uitin and PCNA aside from the isopeptide linkage. Ubiquitin
has negatively charged and positively charged surfaces located on
opposite sides of the molecule, oriented almost perpendicular to
the plane of the PCNA trimer. The acidic face is adjacent to an
acidic patch on PCNA (Fig. 1E), resulting in the formation of a
continuous acidic surface, and the basic face is similarly adjacent
to a basic patch on PCNA (Fig. 1F). These interactions contrib-
ute to the extended orientation of ubiquitin away from the PCNA
surface. The overall structure of ub-PCNA displays high-tem-
perature factors, with that of the ubiquitin moieties being even
higher, indicating overall significant conformational flexibility.

PCNA-interacting proteins possess a short motif, the PIP-box,
which binds to PCNA through a hydrophobic pocket next to the
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Figure 2. The orientation of ubiquitin molecules relative to PIP binding
sites. (A) The ubiquitin molecules are shown in ribbon (cyan). The PCNA
in surface representation is shown with the hydrophobic pocket for
binding PIP boxes in red, with the PIP box of the p68 subunit of Pol 8 in
blue. Ubiquitin, on the back face of ub-PCNA, is far away from the PIP
(red) binding sites on the front face. (B) Substrate design for poly-
merase assay. (C) Pol 8 was incubated with increasing concentrations

of ub-PCNA or PCNA (0, 25, 50, 75, 100, 150, 200, 400 nM) for 7.5 min,
and the products examined by gel electrophoresis. Lane c is the control
incubation without PCNA at 7.5 min. (D) Quantification of the products
of the reaction from (C); values for PCNA are shown as solid circles and
ub-PCNA as solid squares. (E and F) The relative orientations of the UBZ-
binding surface (orange) on ubiquitin and the PIP box peptide of Pol n
(orange) modeled by superimposing the structure of the PCNA-PIP
peptide of Pol m (2ZVK).

interdomain connector loop of PCNA, as shown for the PIP box
of the p68 subunit of Pol & (Fig. 2A).?° The ubiquitin molecules
extend away from the PCNA ring and bend toward the back face,
placing them far away from the PIP binding sites, which are on
the front face (Fig. 2A). Thus, the ubiquitin moieties would not
be expected to directly interfere with interactions of a PIP peptide
with PCNA. We examined the abilities of PCNA and ub-PCNA
to stimulate Pol & activity, and found that they were equally
effective (Fig. 2B-D). Similar findings have been reported for
yeast ub-PCNA.?° Thus, the ubiquitin does not appear to affect
the binding of Pol 8. Inspection of structures for the PCNA-RFC
clamp-loader complex with PCNA shows that RFC resides exclu-
sively on the front face of PCNA (Fig. S5),% consistent with the
fact that RFC can efficiently load ub-PCNA (data not shown).
Also shown in Figure 2E and F are the locations of the UBZ
binding surfaces of ubiquitin, which interact with the UBZ/
UBM ubiquitin binding domains of Pol m and other TLS pols
(Fig. S6)."°

Effect of monoubiquitination on Okazaki fragment matura-
tion. We considered the question of whether the ubiquitin moieties
of ub-PCNA could interfere with the binding of other proteins
involved in DNA replication or processing. Examination of the
structure of Fenl, which plays an important role in replication of
the lagging strand during the maturation of Okazaki fragments
in coordination with Pol 8,%% shows that the ubiquitins could
impose steric restrictions on Fenl interactions with ub-PCNA.
There are three Fenl molecules bound to the PCNA trimer in
the structure of the human Fenl-PCNA complex, each display-
ing a different conformation.” In this structure, the N-terminal
catalytic core of Fenl is joined by a short linker sequence to the
C-terminal PIP-box, which interacts with PCNA, allowing a wide
range of movement of the catalytic core. The three conformations
cover an angular range of ca. 100° from the front to the back face
of PCNA. When we align our structure of ub-PCNA with that
of the Fenl-PCNA complex, one of the three conformations of
Fenl is precluded due to steric hindrance from ubiquitin (Fig. 3A
and B). The conformational change of PCNA-bound Fenl from
the engagement state (catalysis) to the idle state can be further
illustrated with a morph movie (Video S1, 20 frames). The con-
version of the two conformations involves a rotation around the
hinge region.’® A snapshot of the conformation at the half-way
point (frame 11) shows that the negatively charged surfaces on
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ubiquitin and Fenl face each other, so that electrostatic repulsion
would further limit the conformational flexibility of Fenl bound
to ub-PCNA (Fig. 3C). Thus, these structural analyses predict
that ubiquitination of PCNA would restrict the conformational
flexibility of Fenl. The coordination of Fenl with Pol 8 for flap
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Figure 3. Structural alignment of ub-PCNA (cyan) with the PCNA-fent1
complex (magenta, 1UL1). (A) When the PCNA portions in the structures
of ub-PCNA (cyan) and the PCNA-Fen1 complex are aligned, one of the
three conformations (to the side of the PCNA ring) of Fen1 overlaps with
ubiquitin. (B) Surface representation of the PCNA-Fen1 complex further
illustrates the steric hindrance of ubiquitin molecules (cyan). When the
PCNA portions are aligned as in (A), part of the ubiquitin molecule is
buried in Fen1 (magenta). (C) Potential electrostatic repulsion between
Fen1 and ubiquitin results from modeling the conformational changes
among different conformations of Fen1. The conformational changes
of Fen1 were simulated by a morph movie (Video S1) generated on

the Molecular Movement Database morph server at Yale University

at frame 20. When we take the middle stage (frame 11) of the confor-
mational transition, the negatively charged electrostatic surface on
ubiquitin is facing a negatively charged patch on Fen1.

removal requires that either Fenl or Pol 8 reside to the side of
PCNA ring during Okazaki fragment maturation, as their access
to the DNA primer/template is mutually exclusive.

In order to test the hypothesis that ubiquitination creates a ste-
ric hindrance to a coordination of Fenl and Pol 8, we compared
the activity of Fenl in the presence of Pol & with either PCNA
or ub-PCNA using gapped oligonucleotide substrates to mimic
the Okazaki fragment maturation process.”® We also determined
that ub-PCNA did not have a reduced affinity for Fenl (not
shown). The substrates consist of a 90mer oligonucleotide tem-
plate annealed to a 30mer primer and a downstream blocking
oligonucleotide with two non-complementary 5' nucleotides to
provide a 2 nt flap structure (Fig. 4A and D). We labeled the
blocking DNA with %P, either on the 5'-end (Fig. 4A) or on the
3' end (Fig. 4D). The reactions were performed at near-physio-
logical ionic strength. Pol & filled the gap in the presence of either
PCNA or ub-PCNA and dNTPs to produce the nicked sub-
strates (Fig. S7). A representative experiment using the 5' end-
labeled substrate is shown in Figure 4B; the major productisa 3
nt fragment, which is consistent with the flap + 1 specificity dem-
onstrated with Fenl flap substrates.*# The time course of forma-
tion of the 3 nt cleavage product is shown in Figure 4C. A low
level of reaction was observed with Fenl alone. In the presence of
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Fenl, Pol & and PCNA, a marked stimulation of product forma-
tion is observed. When ub-PCNA was used instead of PCNA,
the initial flap cleavage is significantly inhibited (Fig. 4B and C).
The 3' end-labeled blocking oligonucleotide of 19 nt was used
in order to observe the initial cleavage of the preformed flap as
well as the subsequent cleavages, which reflect the combined
actions of Pol & and Fenl (Fig. 4D). The initial cleavage of the
preformed 2 nt flap gave rise to a 16 nt fragment, representing
a flap + 1 cleavage. Subsequent cleavages produced a DNA lad-
der shortened by one nucleotide (Fig. 4E). These results reflect a
cooperative strand displacement/flap removal performed by Pol
8 and Fenl in the presence of PCNA (Fig. S7b) in which Pol
9 strand displacement is limited, so that a single nucleotide is
cleaved by Fenl, rather than larger flaps of 2—10 nucleotides that
are preferred by Fenl alone. This has been previously demon-
strated with yeast Pol 8 and Fenl1® but has not been previously
demonstrated for human Pol 8 and Fenl. The quantification of
the 16 nt product confirmed the inhibition observed with the
3' end-labeled substrate (Fig. 4F). These results indicate that the
coordinated actions of Pol 8/Fenl are inhibited by the presence of
the ubiquitin molecules in ub-PCNA. The reduced ability of ub-
PCNA to support the actions of Pol 8 and Fenl is consistent with
our structural analysis, which indicates that ubiquitination of
PCNA would hinder the conformational flexibility of Fenl. Also
noteworthy is that there is no qualitative change in the products
formed, i.e., a selective inhibition of Fenl that might result in
longer flaps from Pol & strand displacement is not observed. This
is consistent with a tight coupling of the Pol 8 and Fenl1 actions.

Discussion

The ub-PCNA monomer is an unusual structure representing
two independent globular proteins linked by a tether with lim-
ited direct surface contacts, in which the ubiquitin is radially
extended away from PCNA. A structure of split yeast ub-PCNA
has been reported, in which PCNA was split into two frag-
ments between residues 163 and 164, and a ubiquitin molecule
was fused via its C terminus and a linker (two glycines, for total
of four glycine residues N-terminal to K164) of the C-terminal
PCNA fragment.** This structure differs from native ub-PCNA,
in that the ubiquitin has extensive contacts with PCNA and is
tucked under the plane of PCNA, with the UBZ domain inter-
acting with PCNA (Fig. S9). In vivo, split ub-PCNA exhibits
the ability to confer UV resistance in yeast strains in which it
replaced PCNA.>* However, other fusions of ubiquitin to PCNA
(N-terminal, C-terminal or split ub-PCNA) can substitute
monoubiquitination PCNA in Saccharomyces cerevisiae to confer
UV resistance as well 4%

In solution, the ubiquitin moiety in our structure could be
expected to display a limited range of motion governed by the
length of the tether as well as interactions with the surface of
PCNA. We cannot discount the possibility that the location of
ubiquitin in split ub-PCNA is one that is possible with native
ub-PCNA. However, our structure indicates that the electro-
static repulsions we presented in Figure 1 between ubiquitin and
PCNA (which is conserved in yeast ub-PCNA when modeled)
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Figure 4. Ubiquitination of PCNA impairs the coordinated processing of Okazaki fragments by Fen1 and Pol 3 in vitro. (A) The oligonucleotide sub-
strate consists of a 30 nucleotide primer and a 18 nucleotide blocking oligonucleotide containing a 2 nt flap labeled with 2P at the 5'-end annealed to
a template. (B) Phosphorimage of a sequencing gel of Fen1 activity assays showing the formation of the 3 nt cleavage product from the 5'-end label
substrate in the presence of different enzyme combinations with increasing time (1, 3 and 5 min). (The complete gel is shown in Fig. S8a). (C) Quanti-
fication of cleavage products in the preceding part. The relative amounts of 3 nt cleavage products formed was expressed as a percentage of highest
amount of the product formed in the assay. Data in the presence of PCNA, Pol & and Fen1 are shown as solid circles, in the presence of ub-PCNA, Pol &
and Fen1 as solid squares. (D) Template design when the 3'-end of the flap oligonucleotide is labeled (Fig. S7B). (E) Phosphorimage of Fen1 activity as-
says when the 3'-end is labeled showing the formation of the 16 nt product from the initial flap cleavage and the subsequent limited strand displace-
ment/flap cleavage (the complete gel is shown in Fig. S8b). (F) The relative amounts of cleavage products (16mer oligonucleotide).

could contribute to the extension of the ubiquitin moiety. The
ionic repulsions between PCNA and ubiquitin are present
despite the fact that human ub-PCNA was crystallized in high
ionic strength (> 1 M sodium citrate), indicating that the con-
formation adopted in the native ub-PCNA is preferred. A small
angle X-ray scattering (SAXS) analysis of split PCNA in solu-
tion provided a predicted shape, in which a single ubiquitin was
shown projecting away from the PCNA surface, indicating that
ubiquitin did not occupy the position observed in the crystal
structure.” In the same study, computation modeling of ub-
PCNA using tethered Brownian dynamics was used to generate a
large number of conformations of a ubiquitin molecule tethered
to a PCNA trimer. This showed a range of favored conforma-
tions that lie to the side of PCNA in the equatorial plane.”> Our
structure is consistent with these findings for split ub-PCNA and
suggests that the captured conformation in our crystals is a rel-
evant conformation in solution.

One of the key functions of ub-PCNA is to recruit trans-
lesion polymerases to replication forks stalled at sites of DNA
damage. The recruitment of these polymerases depends on their
possession of multiple ubiquitin binding domains (UBZ/UBM
domains) and PIP boxes.* These reside in their respective C ter-
mini, which range in length from 250-400 residues,'® much
of which is unstructured.’” The conserved features of extended
C-terminal regions as well as duplication of protein interaction
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domains can now be placed in context with the crystal struc-
ture of ub-PCNA. Multiple dynamic attachment modes utiliz-
ing different combinatorial interactions are possible, given that
ub-PCNA is a hexavalent molecule (Fig. 5A and B). The distant
location of the ubiquitins on the opposite face from the PIP bind-
ing surfaces on PCNA imposes spatial demands on the spacing
of the UBZ/UBM and PIP-boxes in the C termini of the TLS
pols. The length of these C termini, if present as unstructured
regions, is unknown but could be quite long, given that they
span several hundred residues.'®” Thus, the structure of ub-
PCNA now provides a rationale for the conserved features of
the TLS pols viz., multiple protein interaction sites spaced along
an extended C-terminus. The extension of the ubiquitins away
from PCNA trimer also supports a model in which multiple TLS
pols may be associated with ub-PCNA at the stalled replication
fork," particularly when the extended nature of their C termini
are considered. The combinatorial nature of TLS pol-ub-PCNA
interactions could provide the versatility needed for arrangement
of multiple TLS pols on ub-PCNA. This flexibility may account
for the observations that various fusions of ubiquitin to PCNA
can substitute monoubiquitinated PCNA in §. cerevisiae to con-
fer UV resistance.’** However, it is not known if these substitu-
tions are functional in mammalian cells.

The juxtaposition of these general features of the arrangement
of protein-interaction sites in the C termini of TLS pols with the
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Figure 5. Proposed model of polymerase recruitment and switching. (A) Structure of ub-PCNA with PIP motifs (cyan, from p21) ¢ and UBM domains
(magenta)® modeled in. (B) A diagrammatic view illustrates the potential for combinatorial interactions between ub-PCNA and a TLS polymerase

such as Pol m. The upper figure shows ub-PCNA, emphasizing that ubiquitination converts PCNA from a trivalent to a hexavalent molecule, with three
binding sites for UBZ on the side and three binding sites for PIP boxes on the front. This allows multiple modes of interaction with the C-terminus of
Pol . The bar shows the C-terminal region of Pol n to approximate scale, with the location of the UBZ and two PIP boxes as shown. Also shown is Pol §,
which has at least 3 PIP sequences. (C) The catalytic domain of human Pol & (brown) is shown modeled onto PCNA (3K4X) and a DNA primer template
based on the structure of yeast Pol 3 (3IAY). The hydrophobic pockets on PCNA for binding of PIP motifs is shown in red. (1) PCNA is ubiquitinated
when the replication fork stalls. The UBZ/UBM binding domains on ubiquitin are shown in brown. (2) Ubiquitin molecules on ub-PCNA then recruit

Pol m (3MFH) through its UBZ domain. The dotted line indicates the extended C-terminus of Pol 1. (3) Once bound to ub-PCNA, Pol m switching with
Pol & occurs via an intramolecular process as its PIP boxes compete with and displaces those of Pol &.

structure of ub-PCNA now allows the consideration and testing
of models for their recruitment to the ub-PCNA/Pol 8 complex at
the replication fork and the switching mechanisms involved. One
such model is shown in Figure 5C, which essentially envisages a
two-stage process. Following ubiquitination of PCNA, the first
stage is binding of the TLS pol (Pol m) via its UBZ domain to
ubiquitin (Figs. 2 and 5C). Once bound to ubiquitin, the switch-
ing process is an intramolecular reaction (Figs. 3 and 5C) that
favors the ability of the TLS pols to displace Pol 8. In this regard,
it is noted that Pol 8 has the potential for a trivalent interaction
with PCNA, given that the p125,% p68 ** and p12 *° subunits can
interact with PCNA (Fig. 5B). Given that both Pol & and the
TLS polymerases have multiple PIP motifs, this could involve a
stepwise process of displacement of the Pol 8 binding interactions
during switching.

The front face of PCNA acts as a platform on which several
proteins can engage the primer terminus/template in a coopera-
tive manner. The replication proteins of the hyperthermophilic
archeon Sulfolobus solfataricus represent an orthologous system
to that of the eukaryotes.”** In this system, PCNA consists
of three non-identical subunits, each has a selective specificity
for binding of the polymerase (PolBl), Fenl and DNA ligase,
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respectively. Elegant structural and biochemical studies of the
S. solfataricus replication proteins have provided experimental
support for a model of a lagging-strand replication complex in
which PolB1, Fenl and DNA ligase are simultaneously bound
to PCNA. In this model, a single PCNA molecule functions as
a platform on which PolBI, Fenl and DNA ligase are placed in
a stereochemically defined order and act sequentially in Okazaki
fragment processing as a physical complex.**> In order to permit
their individual access to the primer terminus, all three enzymes
have to adopt multiple conformations, such that they can switch
positions at the primer terminus in a hand-off process.*>%® These
studies provide an important perspective for eukaryotic Okazaki
fragment processing. A quaternary structural complex of a poly-
merase, Fenl and DNA ligase I in eukaryotes has not been
established. However, there is functional evidence in that Pol &
and Fenl act cooperatively in the presence of PCNA, since their
combined actions lead to cleavage products of a single nucleotide,
rather than the preferred flap cleavage of 2—-10 nucleotides exhib-
ited by Fen1.2%%% Structures of both bacterial® and eukaryotic
Fenl ** and DNA ligase®® show that they have hinge regions,
which allow large domains to move into different conformations
that would facilitate their alternating access to the DNA primer
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terminus. Our interpretation of the inhibition of the cooperative
activity of Pol 8/Fenl is that Fenl is impeded as it attempts to
move to the side of PCNA, occupied by the ubiquitin molecules,
to hand off the primer/template terminus to Pol 8 and vise versa.
This inhibition indirectly supports the possibility that the coop-
erative Pol 8 and Fenl reaction conforms to the S. solfataricus
model, where the coupled reaction is based on the presence of a
physical complex. Our findings differ significantly from earlier
studies with proteins from S. cerevisiae, in which PCNA and ub-
PCNA displayed no difference in stimulating Pol 8 and Fenl
cooperation.”’ These differences could be due to the fact that
human Pol 8 is a four-subunit protein, whereas S. cerevisiae Pol &
has three subunits.

The ability of ub-PCNA to alter the efficiency of Okazaki
fragment processing raises the likelihood that this would lead to
a reduction in the rate of replication fork progression in vivo,
i.e., inhibition of DNA synthesis. The inhibition of DNA syn-
thesis after DNA damage in response to UV in S phase cells is
a well-established event, which is referred to as the intra-S phase
checkpoint. Among the causes for inhibition of DNA synthesis
is a reduced rate of replication fork progression (the elongation
checkpoint).®® The molecular basis for this is still unclear, but
the inhibition of Okazaki fragment processing by ub-PCNA
could be a factor. Another possibility is the loss of the p12 sub-
unit of Pol & that occurs upon UV damage.”* Our findings that
ubiquitination of PCNA inhibits the coupled Pol 8/Fenl reaction
also raises the question of whether ub-PCNA could act to regu-
late conformational flexibility of other proteins that use PCNA
as a platform. The unique features of ub-PCNA structure will
provide further impetus for elucidating the mechanism of poly-
merase switching and the construction of working models for
eukaryotic DNA replication and repair.

Materials and Methods

Protein preparation and crystallization. Purification of ub-
PCNA and human Pol 3 were as reported in references 22
and 52. Ub-PCNA was crystallized by the hanging-drop
vapor diffusion method in a mixture of 1 ul protein (15 mg/
ml) and 1 pl precipitant (0.9-1.2 M sodium citrate, pH 6.5).
The crystals were frozen in liquid propane with paraffin oil as
cryoprotectant.

Data collection and structure solution. Diffraction data were
collected on the X-ray Operations and Research beamline 191D
at the Advanced Photon Source, Argonne National Laboratory,
and processed with the HKL-3000 system.”® The crystals belong
to space group P42 2 with cell dimensions of a = 161.05, b =
161.05, ¢ = 97.36 and diffract to 2.9 A. The structure was solved
by molecular replacement with PCNA monomer (1 vym)® as
the initial search model with Phenix’* software packages. Model
building was conducted in Coot.”® The ubiquitin moieties were
identified by the difference Fourier map after refinement with the
initial PCNA trimer model by the maximum entropy refinement
(BUSTER).® Two of the three ubiquitin molecules were clearly
identifiable in the initial (fo-fc) map (molecule D and E), whereas
the density of the third ubiquitin was not sufficient for model
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building. The structure was refined to a nominal resolution of
2.9 A (Table S1) with a trimeric ring of PCNA (chain A, B and
C) and two molecules of ubiquitin in each asymmetric unit with
Phenix with R factors of 22.2% (R ) and 29.2% (R
were prepared with Pymol.

o) Figures

Oligonucleotide primer templates. All oligonucleotides were
purchased from Integrated DNA Technologies and purified by
PAGE before use. For the DNA replication assay, the 90 nt tem-
plate was annealed to a 5' *’P-labeled primer P30 (5-AGG GAA
GGG AGA GGG AGG AGA AGA AGG GAG-3). For the Fenl
cleavage assay, the 90 nt template was annealed to cold P30 and
the 5' **P-labeled downstream blocking sequence, DF2 (5'-CCC
CCA AAA CCA ACC CAQ). For the Fenl cleavage assay with
a 3' labeled blocking sequence, the 90 nt template was annealed
to DF2 (5-CCC CCA AAA CCA ACC CAC) first and then
labeled with [a-**P] dTTP by Klenow fragment. The template
was subsequently annealed to unlabeled primer (P30) % before
use.

Pol 8 purification and assay. Human Pol & was prepared
to near homogeneity, and its activities on oligonucleotide sub-
strates were analyzed by electrophoresis of the reaction products
on polyacrylamide gels; radioactive products were visualized
by phosphorimaging and analyzed with ImageQuant software
(Amersham Biosciences). The standard polymerase assay (10 pl)
contained 50 mM TRIS-HCI (pH 8.0), 1 mg/ml BSA, 125 mM
NaCl, 5 mM DTT, 0.5 mM ATP, 200 pM dNTP, 100 nM oli-
gonucleotide substrate, 400 nM PCNA or ub-PCNA, 10 nM
human Pol 8 and 5 mM MgCl,. The reactions were initiated by
the addition of MgCl,.

Fenl/Pol & cleavage assay. Fenl activities were analyzed
by sequencing gels using linear oligonucleotide primer-tem-
plates.?® The 10 .l assay mixture contained 50 mM TRIS-HCI
(pH 8.0), I mg/ml BSA, 125 mM NaCl (final ionic strength of
0.15 M), 5 mM DTT, 0.5 mM ATP, 200 M dNTP, 50 nM 3’
or 5' end-labeled oligonucleotide substrate, 30 nM PCNA (tri-
mer) or ub-PCNA (trimer), 30 nM human Pol 8 and 30 nM
Fenl. DNA synthesis and cleavage products were visualized by
phosphorimaging.

Model building of Pol 8 in complex with PCNA and Pol
in complex with ub-PCNA. The duplex B DNA was located
according to the structure of PCNA in complex with DNA
(3K4X)*” after minimization of structural overlaps. The loca-
tion of the PIP motif of the p68 subunit of Pol 8 was identi-
fied after alignment of PCNA molecules (3K4X and 1U76).%
The relative localization of Pol & catalytic domain was based on
the structural alignment of the template (first 6 bases) from the
yeast Pol & in complex with substrate (3IAY).”® The localization
of Pol m relative to ub-PCNA was identified through the align-
ment of the DNA template (3FMH).”” The localization of PIP
motifs was based on the structure of PCNA in complex with the
Pol m PIP motif peptide (2ZVK) or the Pol v PIP motif peptide
(2ZVM).** The UBM and UBZ binding to ub-PCNA was based
on the alignment of the ubiquitin molecules between ub-PCNA
and UBM-ubiquitin complexes (2KWU and 2150).6-¢3

Acession number. The coordinates and structure factors have
been deposited at Protein Data Bank with accession code 3TBL.
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