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To ensure efficient and timely replication of genomic DNA, organ-
isms in all three kingdoms of life possess specialized translesion
DNA synthesis (TLS) polymerases (Pols) that tolerate various types
of DNA lesions. It has been proposed that an exchange between
the replicative DNA Pol and the TLS Pol at the site of DNA damage
enables lesion bypass to occur. However, to date the molecular
mechanism underlying this process is not fully understood. In this
study, we demonstrated in a reconstituted system that the ex-
change of Saccharomyces cerevisiae Pold with Polyn requires both
the stalling of the holoenzyme and the monoubiquitination of
proliferating cell nuclear antigen (PCNA). A moving Pol3 holoen-
zyme is refractory to the incoming Poly. Furthermore, we showed
that the Poly C-terminal PCNA-interacting protein motif is required
for the exchange process. We also demonstrated that the second
exchange step to bring back Polé is prohibited when Lys-164 of
PCNA is monoubiquitinated. Thus the removal of the ubiquitin
moiety from PCNA is likely required for the reverse exchange step
after the lesion bypass synthesis by Poly.

translesion DNA synthesis | ubiquitin binding domain | holoenzyme stability

he eukaryotic replicative DNA polymerase & (Pold) forms a

stable holoenzyme complex with proliferating cell nuclear
antigen (PCNA). The holoenzyme is responsible for the highly
accurate and processive DNA synthesis in eukaryotes (1). However,
in the presence of DNA damage Pold faces difficulties in synthe-
sizing through the damaged base, which results in replication fork
stalling and interruption in genomic DNA duplication. Prolonged
stalling of the replication fork causes premature replication fork
collapse and generates deleterious DNA damage in the form of
dsDNA breaks that compromises genome stability (2, 3).

Both error-free and error-prone damage avoidance mecha-
nisms have been discovered in eukaryotic cells. In the error-free
branch a template switch to sister chromatid after replication
fork regression is proposed to ensure accurate DNA synthesis
through the lesion (4-6). In the error-prone branch a specialized
translesion DNA synthesis (TLS) Pol is believed to release the
replication fork blockage by carrying out TLS through the
damaged site (7, 8). Although the essential role of the specialized
Pols in TLS has been well documented, it is not clear how a
specific Pol is selected and how an exchange between replicative
and TLS Pols occurs. The answers to these questions are crucial
for our understanding of TLS in view that it is essential to restrict
the actions of TLS Pol only to the site of DNA damage to avoid
further undesirable mutagenesis during genome replication.

The phenomenon of “polymerase exchange” was first uncov-
ered in T4 bacteriophage DNA replication. Using a catalytically
impaired T4 replicative Pol (gp43) trap, it was found that gp43
from solution undergoes active exchange with gp43 in the
holoenzyme (9). A model was proposed to explain the Pol
exchange process in T4 phage based on known x-ray crystal
structures of both gp43 and gp45. In this model T4 clamp protein
gp45 serves as a platform that interacts with both the resident
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and the incoming Pols. Because gp45 exists as homotrimer, a
transient intermediate with two Pols tethered to the same clamp
is possible with no major steric clashes given the flexibility in the
gp43 C-terminal tail. Interestingly, DNA Pol exchange has also
been shown in the bacteriophage T7 system through an inter-
action between Pol gp5 and helicase gp4 (10, 11).

A recent study in the Escherichia coli replication system
directly demonstrated that the E. coli processivity factor 3 clamp
is able to bind the replicative DNA Pol IIT and the TLS Pol IV
simultaneously (12). Indiani et al. (12) also found that such an
intermediate is essential for the exchange between Pol IV and
Pol IIT on DNA and is instrumental for the TLS in E. coli.

In eukaryotes TLS is also indispensable for the fitness of the
organism. Elegant genetic studies in Saccharomyces cerevisiae
revealed the complex nature of the initiation and regulation of
TLS inside the cell (13-15). Hoege et al. (13) found that in the
yeast cell TLS function is directly linked to the covalent modi-
fication of PCNA by monoubiquitin. In response to DNA-
damaging agents, PCNA is ubiquitinated at the conserved
Lys-164 residue by Rad6, an E2 ubiquitin (Ub)-conjugating
enzyme, and Rad18, a RING finger-containing E3 Ub ligase. It
was later established that the monoubiquitination of PCNA by
Rad6/Rad18 activates the TLS by Poln (14, 15). Recently, it was
found that many Y-family TLS Pols contain an Ub-binding
domain (UBD) (16-18), and from coimmunoprecipitation stud-
ies, it has been inferred that human Polr interacts with monou-
biquitinated PCNA through both the UBD and the PCNA-
interacting protein (PIP) motif (16, 18, 19). Despite the recent
advance in our knowledge of TLS, the molecular basis of the
regulation of TLS in eukaryotes is still not fully understood.

In this study, we demonstrated in a reconstituted system that
Pol exchange transpires between the yeast replicative DNA Polé
and the TLS Poln. We also found that an efficient exchange of
S. cerevisiae Pold with Poln requires both the stalling of the
holoenzyme and monoubiquitination of PCNA. By using Poln
mutants that are defective in the PIP motif we showed that PIP
is strictly required for Pol exchange. Furthermore, our results
suggest that the monoubiquitin moiety needs to be removed
from PCNA after the lesion-bypass synthesis to resume normal
DNA synthesis by Pold. Our results indicate a safety mechanism
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in regulating the TLS that is crucial to keep the mutagenic load
low in eukaryotic cells.

Results

Native Monoubiquitinated PCNA and PCNA-Ub Fusion Protein. The S.
cerevisiae PCNA has been successfully monoubiquitinated at
Lys-164 in the reconstituted system comprising Rad6/Rad18,
Ubal, and Ub (20, 21). It was found that replication factor C
(RFC) and DNA are required for the efficient monoubiquiti-
nation of PCNA. Previously, PCNA-Ub fusion proteins were
constructed to mimic the native monoubiquitinated PCNA (16,
22). Bienko et al. (16) showed that an in-frame fusion of Ub to
the C terminus of PCNA allowed the coprecipitation of human
Pole and the chimeric PCNA-Ub from transfected cells. Parker
et al. (22) fused Ub to either the N or C terminus of PCNA
through a 6-aa linker and found the fusion proteins can partially
sustain the DNA damage tolerance pathway in vivo in a yeast
strain compromised in PCNA ubiquitination. Here, we have
compared the effects of native monoubiquitinated PCNA and
the PCNA-UD fusion protein on Pol exchange.

In this study, the Lys-164 monoubiquitinated PCNA was
prepared following the published protocol (20). The reaction
solution contained Ubal, Rad6/Rad18, Ub, RFC, and DNA. The
DNA was a primer-template DNA oligo with both ends blocked
with streptavidin through interaction with the biotin moieties
attached to DNA ends. The purification procedure after the
ubiquitination reaction ensured that all PCNA trimers contained
at least one Ub moiety at Lys-164 (20).

We also constructed a PCNA-UDb fusion protein by genetically
fusing the Ub gene in-frame to the C terminus of PCNA. The
recombinant protein was purified to homogeneity as described in
Materials and Methods. To ensure the PCNA-UDb fusion functioned
normally, we first determined whether the protein was loaded onto
DNA by RFC by using an ATPase activity assay as described before
(23). The results showed that at the same molar concentration both
PCNA-UD and PCNA stimulate the ATPase activity of RFC to a
similar level in the presence of a forked DNA substrate, suggesting
that fusion of the Ub moiety to the C terminus of PCNA does not
affect the normal loading of PCNA onto DNA.

Next, we compared the processivity of the Polé holoenzyme
assembled with either unmodified PCNA or monoubiquitinated
PCNA (native monoubiquitinated K164-Ub-PCNA or PCNA-Ub
fusion). A singly primed single-stranded M13 DNA (9) was used to
measure the processivity of the Pol6~PCNA holoenzyme. RFC was
included in the reaction solution for loading PCNA onto the primer
end and for the formation of Pol-PCNA holoenzyme. Processive
DNA synthesis was initiated by the addition of a full set of ANTPs.
Processive DNA synthesis by Polé holoenzyme was observed in all
cases [supporting information (SI) Fig. S1]. The rate of processive
DNA synthesis by the Pol6~-PCNA holoenzyme was measured to be
~110 bp per second on a primed single-stranded M13 DNA coated
with E. coli ssDNA-binding protein (SSB). When PCNA was
substituted with the PCNA-UDb fusion protein or K164—-Ub-PCNA,
the rate of processive synthesis was close to the value measured for
the unmodified PCNA (see Fig. S1). Therefore, both forms of
monoubiquitinated PCNA support normal processive DNA syn-
thesis by Polé.

The Pol3-PCNA Holoenzyme Is Resistant to a Pol5*2 Trap. Previously,
an active exchange process was observed for the T4 Pol holoen-
zyme (9). To test whether a similar Pol exchange occurs for yeast
Pold we constructed a Pold trap (PoldA4) by mutating the two
active-site aspartates of the catalytic subunit of Polé to alanine
(Pol3 D762A, D764A). Pold is a heterotrimeric protein com-
prised of subunits Pol3, Pol31, and Pol32. The mutated Pol3
subunit is void of Pol activity (data not shown). However, a
residual Pol activity (<5% of WT Pol$ activity) was detected for
the purified mutant Polé complex, presumably because of the
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Fig. 1.  Stability of the Pol§ holoenzyme assembled with PCNA or K164-Ub-
PCNA. (A) The processive DNA synthesis by Pols holoenzyme assembled with
PCNA or K164-Ub-PCNA in the presence of increasing Pol§*A trap concentra-
tion is shown. The experiment was carried out under stalled condition (see
Materials and Methods). (B) The DNA synthesis by Pold holoenzyme assembled
with PCNA (black bars) or K164-Ub—PCNA (gray bars) after 1, 5, and 10 min of
incubation with X 10 Pol8*A trap is shown.
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incorporation of the WT Pol3 subunit endogenous to the S.
cerevisiae host cell (the Polé mutant was overexpressed and
purified from the yeast S. cerevisiae cell strain). Nonetheless, the
residual Pol activity is unlikely to be problematic for the trapping
experiment because the Pol§*A mutant preparation contains
>95% inactive species and should have a dominant negative
effect in the assay.

The processive DNA synthesis by Pol6~PCNA holoenzyme in
the presence of a PoldA# trap was assayed by using the single-
stranded M13 DNA substrate described above. Our results
indicated that addition of Pold*# did not significantly affect the
processive DNA synthesis by Pol&—~PCNA holoenzyme (see Fig.
14). At the highest Pol6A4 concentration (10-fold excess to WT
Pold) we still observed a tight band of DNA synthesis product
with unchanged size and intensity (Fig. 14). Conversely, prein-
cubation with the Pol§4A trap followed by addition of Pol§
showed only background level of DNA synthesis as observed for
the PoldA4 trap alone (data not shown), indicating the Pold44
trap forms a stable holoenzyme complex with PCNA at the DNA
end. These results clearly suggest that the integrity of the
holoenzyme is not compromised in the presence of the PoldA4
trap. In a parallel experiment using K164-Ub-PCNA, normal
processive DNA synthesis was observed in the presence of X5
and X10 Pold*A trap. Furthermore, we incubated Pol§4 with
the assembled holoenzyme for an extended period (up to 10 min)
and measured the DNA synthesis by Polsd. The holoenzyme
assembled with PCNA or K164-Ub-PCNA showed similar
levels of DNA synthesis by Pold at each time point (Fig. 1B).
These results suggest that the attachment of Ub moiety to PCNA
does not compromise the stability of the Pold holoenzyme under
our assay condition. Collectively, the absence of trapping by
PoldAA suggests that there is no measurable dissociation of Pold
from DNA during this time period.

Because both the Pol32 and Pol31 subunits of Polé have been
shown to interact with PCNA (24), a binary subcomplex of Pol
& consisting of subunits Pol31 and Pol32 was also tested as a trap
in the same exchange experiment. We observed no changes in
either the size or the amount of DNA product.

Poln Exchanges with Pold More Efficiently with Monoubiquitinated
PCNA Compared with Unmodified PCNA. We examined the exchange
between Polm and the holoenzyme Pold under a stalled condi-
tion. To mimic this scenario in which the Pol6~PCNA holoen-
zyme is stalled by a DNA lesion, we assembled the holoenzyme
in the presence of two deoxynucleotides (dATP and dTTP).
After incorporation of the two deoxynucleotides the holoen-
zyme stalls because of nucleotide omission.

A control experiment was first carried out to determine the
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Fig. 2. The exchange between Poln and Pold under stalled condition. (A)
Schematic illustration of the reaction sequence is shown. (B) The DNA synthe-
sis by Pold holoenzyme at different times of incubation with Poln (270 nM) is
shown. The DNA synthesis in the presence of PCNA (m) or K164-Ub—PCNA (#)
are compared. In a control reaction (®) PCNA was used and buffer was added
instead of Poln.

time required for completing the holoenzyme assembling pro-
cess. By varying the incubation time for Pol6~PCNA holoenzyme
formation from 0 to 4 min we found that the holoenzyme
assembly was completed within 2 min under our condition. To
ensure no unwanted dissociation of the Polé holoenzyme com-
plex occurred during the time frame of our experiments, the full
set of ANTPs was added as a control at different times after the
assembling of Pol8-PCNA holoenzyme and DNA synthesis was
quantified. As shown in Fig. 2B the final DNA synthesis is
constant for all incubation times used, thus suggesting that there
is no significant dissociation of the assembled Polé holoenzyme
within the time frame of our experiment.

Next, we introduced Poln after holoenzyme assembly and
incubated Poln with assembled Pol6~PCNA holoenzyme. The
assay was carried out as depicted in Fig. 2A4. Briefly the
Pol8-PCNA holoenzyme is assembled on the primed single-
stranded M13 DNA. After 2 min Poln at a concentration of 270
nM was added to the solution that contained 6 nM Polé. The
reaction solution was incubated for varying times up to 120 s
before the addition of dNTPs to initiate the processive DNA
synthesis by Pol6—~PCNA holoenzyme for another 20 s. It should
be noted that Poln is not processive in DNA synthesis even in the
presence of loaded PCNA (25). Therefore, the DNA product
synthesized by Poln was not detected by alkaline agarose gel
electrophoresis because of its small size. Only the DNA synthesis
product by Pol6-PCNA holoenzyme that survives the exchange
by Poln was detected and quantified.

We did parallel experiments with both unmodified PCNA and
K164-Ub-PCNA. As shown in Fig. 2B, only a small time-
dependent decrease in DNA synthesis was observed when
unmodified PCNA was used for assembling the Polé holoenzyme
(=15% decrease in DNA synthesis). However, when K164-Ub-
PCNA instead was used, a more pronounced decrease in DNA
synthesis was observed. The time-dependent decrease of DNA
synthesis was fit to a single-exponential equation to obtain an
observed rate constant of 0.06 s~! for K164-Ub-PCNA. The
curve reaches a plateau at 1 min with a ~60% decrease in DNA
synthesis, which suggests that almost two-thirds of holoenzyme
undergoes exchange with Poln. Although the amplitude of
decrease in DNA synthesis is smaller for unmodified PCNA, the
kinetics of the exchange process is similar with a measured rate
constant of 0.05 s~1. From the fact that the presence of Poln, but
not Pold”*4 (see Fig. 1), leads to exchange with the Pold
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Fig. 3. The exchange between Poln and Pold under moving condition. (A)
Schematic illustration of the reaction sequence is shown. (B) The DNA synthe-
sis by Pol§ holoenzyme in the presence of increasing Poln concentration is
shown. The DNA synthesis in the presence of PCNA (®) or K164-Ub-PCNA (m)
are compared.

holoenzyme, we infer that this process is active (dependent on
the identity of the Pol) rather than passive.

A Moving Pol5-PCNA Holoenzyme Is Resistant to Exchange with Poly.
After demonstrating that a stalled Pold holoenzyme is prone to
exchange with Polr, we investigated how a moving Pol8 holoen-
zyme responds to the challenge by Polw. This was achieved by
following the reaction sequence shown in Fig. 34. The primed
single-stranded M13 DNA substrate allows processive DNA
synthesis by Polé holoenzyme up to ~1 min. In our experiment
Poln was added while Pold was undergoing processive DNA
synthesis. In a marked difference from what was observed for a
stalled holoenzyme, the presence of Poln at concentrations up
to 320 nM did not significantly inhibit the DNA synthesis by Pold
holoenzyme (Fig. 3B). When K164-Ub-PCNA was used for
assembling the holoenzyme only a slight decrease in DNA
synthesis (<10%) was observed with increasing Poln concen-
tration. A similar trend was observed when the unmodified
PCNA was used for assembling the holoenzyme. This observa-
tion suggests that a moving Pol6-PCNA holoenzyme is refrac-
tory to the exchange with Poln, even with a Polyn concentration
50-fold higher than Pols.

The Requirement of Poln PIP Motif for Pol Exchange. The yeast Poln
contains a PIP motif at its C terminus encompassing residues
621-628, which is required for the interaction of Poln with PCNA
(25). To probe the role of PIP motif in Pol exchange we used two
Poln PIP mutants, Poln (1-624) and Poln FF627,628AA (see Fig.
4A4 for a schematic illustration of Poln domains). In Poln (1-624)
the C-terminal eight amino acid residues of Poln are deleted, and
in Poln FF627,628 A A the two conserved phenylalanine residues in
PIP motif are mutated to alanine. Both mutants were shown to
possess identical Pol activity as the WT Poln (25). The exchange
experiments were carried out under the stalled condition with
increasing concentrations of full-length or mutant Poln. We first
used the PCNA-UD fusion protein for assembling the holoenzyme.
The full-length Polrn resulted in the largest decrease in DNA
synthesis at each protein concentration tested (Fig. 4B). With Poln
concentration increasing from 0 to 320 nM an exponential decrease
in DNA synthesis (Fig. 4B) was observed. Varying NaCl concen-
tration in the assay buffer from 25 to 100 mM had little effect on
the extent of Pol exchange. At the highest Poln concentration a
large decrease in DNA synthesis (66% when normalized to the
DNA synthesis in the absence of Poln) was observed. When the PIP
motif mutants, Poln (1-624) and Poln FF627,628A A, were used, a
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Fig.4. The exchange between Pol8 with various forms of Poln under stalled
condition. (A) Schematic illustration of PIP motif and UBZ domain in Poln
sequence isshown. (B) The quantification of DNA product by Pol§ holoenzyme
assembled with PCNA-Ub in the presence of different forms of Poln as
indicated is shown. (C) The quantification of DNA product by Pol§ holoenzyme
assembled with K164-Ub-PCNA is shown.

decrease in DNA synthesis was also observed, albeit to a less extent.
The effects of the two PIP mutants were comparable. Approxi-
mately a 38% decrease in DNA synthesis was measured at the
highest protein concentration of Poln (1-624) and Poln
FF627,628 AA that was used.

In yeast Poln the UBD is an Ub binding zinc finger (UBZ)
between residues 548 and 577 (22, 26). We used a truncated Poln
(residues 1-513) missing both the PIP motif and UBZ domain to
test the effect of the loss of both Poln PIP motif and UBZ
domain on Pol exchange. Varying the Poln (1-513) concentra-
tion from 0 to 320 nM resulted in no significant decrease in DNA
synthesis (see Fig. 4B). Because Poln (1-513) retains normal
deoxynucleotidyl transfer activity (27, 28) and thus normal DNA
binding ability, the lack of impact of Poln (1-513) on the
processive DNA synthesis of Polé holoenzyme suggests that with
the PCNA-Ub fusion protein, both PIP and UBZ domains
contribute to Pol exchange.

We also tested the effect of the same Poln mutants on the Pold
holoenzyme assembled with K164-Ub-PCNA. Similar to the
PCNA-UD fusion, with K164-Ub-PCNA, the inhibitory effect of
full-length Poln on the DNA synthesis by Polé holoenzyme was
most prominent, although the amplitude of decrease in Pold
synthesis was smaller compared with the PCNA-UDb fusion (=50%
decrease) (Fig. 4C). However, unlike the PCNA-Ub fusion, with
K164-Ub-PCNA we observed very little inhibitory effect on Polé
synthesis on the addition of either Polm PIP mutant (see Fig. 4C).
Hence our data suggest that the PCNA-Ub fusion does not
recapitulate the effects seen for K164—-Ub-PCNA.

Monoubiquitination of PCNA Prevents Pol5 from Replacing Poly. The
above experiments mimic the exchange between the replicative and
the lesion bypass Pols when Pold holoenzyme is stalled by a DNA
lesion. The exchange process recruits Poln to the DNA damage site
for lesion bypass DNA synthesis. After the synthesis a second Pol
exchange presumably happens to replace Poln with the normal
replicative Pold. To address this process we designed an experiment
to mimic the reverse Pol exchange step (see Fig. 54). After the
loading of either unmodified PCNA or K164-Ub-PCNA by RFC
onto the singly primed M13 DNA substrate, the full-length Poln was
introduced to form a complex with the processivity factor on DNA.
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Fig.5. Thereverse exchange between Poldand Polnin the presence of either
PCNA or K164-Ub-PCNA. (A) Reaction sequence of reverse exchange between
Poln and Pol§ is shown. (B) Alkaline agarose gel electrophoresis of the DNA
synthesis product by Pold in the presence of increasing concentration of Poly
is shown. (C) The quantification of DNA product as shown in B is depicted.

Then Polé and dNTPs were added to initiate the processive DNA
synthesis. If Polé can effectively replace Poln and regain control of
PCNA, a processive DNA synthesis should be observed. Our results
indicate that when unmodified PCNA was used, the presence of
Poln had little effect on DNA synthesis by Pol6-PCNA holoenzyme
(Fig. 5 B and C). However, when K164—-Ub-PCNA was used, the
presence of Poln dramatically reduced the DNA synthesis by Polé
with the largest decrease of 60% at the highest Poln) concentration
tested. Our results suggest that monoubiquitination of PCNA
prevents the back exchange of Pols.

Discussion

Monoubiquitination of PCNA Does Not Appreciably Reduce the Sta-
bility of Pol5 Holoenzyme. In addressing the possible role of PCNA
monoubiquitination in TLS we first considered whether the cova-
lent modification of PCNA destabilizes the Pol6-PCNA holoen-
zyme, and thus facilitates the dissociation of Pold from DNA. We
first compared the processivity of Pold holoenzyme assembled with
unmodified PCNA versus monoubiquitinated PCNA. Under our
assay condition monoubiquitination of PCNA does not reduce the
processivity of the Pold holoenzyme, which is in accord with a
previous study (21). The similar replicative properties displayed by
holoenzyme assembled with either PCNA or monoubiquitin-
modified PCNA indicate that the covalent modification of PCNA
does not adversely affect the stability of Polé holoenzyme.

To quantify this notion we used a catalytically impaired Pol8
mutant (Pold**) as a dominant negative trap to probe the
stability of Pold holoenzyme. Pol8** has a double mutation
(D762A, D764A) in the active site of the catalytic subunit Pol3.
This mutant was purified following the same protocol used for
the WT Pold as a ternary complex of Pol3, Pol31, and Pol32.
Because the mutation is localized in the enzyme active site it is
unlikely that it alters the enzyme’s affinity for PCNA. This
notion was confirmed by the experiment showing that PoldAA—
PCNA holoenzyme assembled at the DNA primer end prohib-
ited the DNA synthesis by the WT Polé.

We first demonstrated that the PoldA4 trap does not adversely
affect the processive DNA synthesis by the Polé holoenzyme,
which is in marked difference from the T4 DNA Pol holoen-
zyme. This distinction may be understood in view of the struc-
tural difference between yeast Pold and the T4 gp43. Although
the processivity factors PCNA and gp45 are highly similar in
their 3D structures (both are toroids with a diameter of ~60 A),
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the yeast Pold (220 kDa) is twice as large as gp43 (100 kDa) and
probably has more sites of interactions with its cognate clamp
protein than the T4 Pol (24). The bulkiness of Pold may exclude
the simultaneous binding of two copies of Pols to PCNA, which
could be an essential intermediate for the active Pol exchange
process as suggested by a previous study (9).

Therefore we were able to use Pol§44 as a passive trap protein
to probe the stability of the Pol6~PCNA holoenzyme in the
presence or absence of PCNA monoubiquitination. If monou-
biquitination of PCNA reduces the stability of the Pols holoen-
zyme, the presence of Pold*4 would disrupt the DNA synthesis
by competing with WT Polé for rebinding to the processivity
factor PCNA. However, prolonged incubation of Pols holoen-
zyme formed with either PCNA or monoubiquitinated PCNA
with the Pol8*4 trap showed no difference in their time-
dependent activity profiles. Thus we conclude that monoubiq-
uitination of PCNA does not appreciably reduce the stability of
the Pol6-PCNA holoenzyme.

The Exchange Process Is Regulated by the Movement of Holoenzyme
and the Monoubiquitination of PCNA. Most known TLS Pols, includ-
ing yeast Poln, are low-fidelity copiers. Therefore it is imperative to
restrict the access of TLS Pols to the vicinity of the DNA lesion. The
current study identified two molecular events, namely the stalling of
holoenzyme and the monoubiquitination of PCNA, as major reg-
ulating factors for the Pol exchange step in TLS. Our conclusion
partially mirrors the findings from E. coli replication system,
showing that low-fidelity Pol IV only gains access to the primer/
template DNA when Pol III is stalled (12). Intriguingly, the
eukaryotic DNA replication seems to possess another level of
complexity in regulating TLS, namely the posttranslational modi-
fication of PCNA by Ub. Although previous studies have pointed
to monoubiquitination of PCNA as an important step in eukaryotic
TLS (14, 15, 29), the current study provides direct biochemical
support of this notion in a reconstituted system.

The Role of Poly PIP Motif in Promoting Pol Exchange. In the current
study we used Poln mutants that harbor defects in the PIP motif or
carry a C-terminal deletion in which both the PIP and the UBZ
domain have been removed. We found that when the PCNA-Ub
fusion was used to assemble holoenzyme, alteration in the PIP motif
by either mutating the essential hydrophobic residues (Phe-627—
Ala, Phe-628-Ala) or truncation of PIP only attenuates Poln’s
ability to promote Pol exchange, whereas the loss of both the PIP
motif and the UBZ domain in Poln completely abolished Pol
exchange. However, when the native K164 monoubiquitinated
PCNA was used in combination with the Poln PIP mutants, no
significant Pol exchange was observed. This observation agrees with
a previous genetic study that examined the ability of the same rad30
(residues 1-624) and rad30 FF627,6284A4 mutant genes to com-
plement the UV sensitivity of the rad5A rad30A double mutant
(25). It was found that both mutant genes are highly defective in
complementing the UV sensitivity of rad30A mutation. Hence, the
binding of PCNA by Poln through its PIP motif is essential for Pol
exchange to occur. Thus, although both the PCNA-Ub and K164—
Ub-PCNA fusions can promote Pol exchange, our results suggest
that they differ in the underlying mechanisms; as, for example, with
the PCNA-Ub fusion, the binding of Poln to the Ub moiety
apparently overrides the absolute requirement for the PIP motif as
is seen for the K164-Ub-PCNA.

At present the interaction between full-length Poln and
monoubiquitinated PCNA has not been quantified. A recent
NMR study measured a modest binding affinity (=73-81 uM)
between the Polm UBZ domain and Ub moiety (30). However,
despite the poor affinity of UBZ for Ub, because the covalently
attached Ub moiety is located at the outer rim of PCNA toroid
the interaction of Poln with the Ub moiety on PCNA could serve
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as an initial step in recruiting Poln to the site of DNA damage,
followed by the PIP-PCNA interaction.

The Reverse Pol Exchange Step in TLS Requires Deubiquitination of
PCNA. The TLS across a damaged DNA site requires more than one
Pol exchange step. After the synthesis past a lesion, a second Pol
exchange is needed to restore the replicative DNA Pol. Our results
suggest that a complex formed between monoubiquitinated PCNA
and Poln masks the DNA primer-template end and blocks Pold
binding to DNA. In contrast, Polé can readily reform holoenzyme
with unmodified PCNA in the presence of Poln. A binary complex
between S. cerevisiae Polnm and PCNA was detected by size exclusion
chromatography (25). Using a FRET approach we measured a
dissociation constant of 100 = 20 nM between Poln and PCNA
(Z.Z.,unpublished results). Although both experiments were done
in the absence of DNA, the physical interaction between Poln and
PCNA should be retained on DNA. The stimulation of Poln
synthesis activity by PCNA observed on primed M13 DNA is in
accord with this notion (25). This stimulation is specific because the
alteration of the Poln PIP motif abolished the stimulation. Thus we
conclude that even in the absence of monoubiquitin a ternary
complex of Poln-PCNA-DNA is readily formed. But in the ab-
sence of the Ub modification of PCNA, the Poln-PCNA complex
does not exclude rebinding by Polé.

Although a cocrystal structure of Poln and PCNA is not
available, we can gain useful insight from the E. coli Pol IV little
finger domain-B clamp costructure. Pol IV is a low-fidelity Pol
that shares significant sequence similarity with Poln. The little
finger domains of Pol IV and the PAD domain of Poln are highly
conserved in their structures. The Pol IV little finger-8 clamp
structure reveals a nonproductive conformation of Pol IV
binding to the B clamp with Pol I'V active site angled away from
the primer-template DNA (12, 31). Thus it is possible that Poln
binds to PCNA in two different conformations, i.e., unproduc-
tive versus productive conformations. Monoubiquitination of
PCNA may modulate the binding of Poln to PCNA by favoring
a productive conformation for Poln. As a result Poln is able to
access the primer-template DNA and may effectively compete
with the replicative DNA Polé for the DNA 3’ end.

Monoubiquitination of PCNA Plays Multiple Roles in the Regulation of
TLS. PCNA monoubiquitination could contribute to TLS in
multiple ways. First, it might attract a TLS Pol to the site of DNA
lesion. Second, monoubiquitination of PCNA may favor a pro-
ductive replication conformation for Poly. Third, after lesion
bypass synthesis the removal of Ub moiety will reduce the
affinity of Poln to the DNA end, thus facilitating the return of
Pols. At present we do not know whether Pold and Poln bind to
PCNA simultaneously during the TLS process, similar to what
has been demonstrated for E. coli Pol IV and Pol I11. However,
given the trimeric structure of PCNA and the finding that the
exchange depends on the identity of the trapping Pol a tool-belt
mechanism may be applicable. If this is indeed the case the
exchange between various Pols is determined by which Pol has
access to the DNA end. Therefore a conformational change will
play an essential role in switching between participating Pols.

Our results also suggest a deubiquitination step is necessary
after the successful lesion-bypass DNA synthesis. Although in S.
cerevisiae the enzyme that catalyzes such deubiquitination reac-
tion remains elusive, in human USP1 is able to deubiquitinate
PCNA (32). The regulatory role of USP1 in damage tolerance
has been demonstrated by showing that UV irradiation of cells
results in the autocleavage of USP1, which favors the mono-
ubiquitinated form of PCNA (32).

To date, Pol exchange has been observed in T4 bacteriophage,
E. coli, and S. cerevisiae. Although a common paradigm regard-
ing Pol exchange can be found in all three systems, the hierarchic
nature of its regulation is evident. In T4 phage the Pol exchange
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between Pol gp43 occurs readily during the whole genomic DNA
replication and a regulatory mechanism seems to be lacking. In
E. coli the switch between Pol I'V and Pol 11 is regulated by the
movement of the holoenzyme that prevents the low-fidelity Pol
from introducing unwanted mutation. The eukaryotic replica-
tion machinery has adapted a more complex “double-safety”
mechanism that involves both the movement of the holoenzyme
and the monoubiquitination state of PCNA. The tighter regu-
lation of TLS is essential to maintain the fitness of eukaryotic
organism by regulating the extent of error-prone DNA repair.

Materials and Methods

[a-32P]dGTP and [«a-32P]dCTP were purchased from PerkinElmer. Unlabeled
deoxynucleotides were purchased from Roche Biochemicals. The S. cerevisiae
proteins were purified as described (25, 33). To overexpress the WT and
catalytically inactive forms of the yeast Pols holoenzyme, the genes encoding
the Pol3 catalytic subunit and the accessory subunits Pol31 and Pol32 were
cloned downstream from a GAL-PGK promoter as described (34). GST-tagged
WT or the catalytically inactive Pold complex was expressed and purified from
yeast strain YRP654 harboring the plasmids pBJ1244 (GST-Pol31), pBJ1180
(Pol32), and either pBJ1231 (Pol3) or pBJ1259 (Pol3 D76,D764 AA) as described
(34). The K164-Ub-PCNA and PCNA-Ub fusion proteins were prepared fol-
lowing published procedures (16, 20).

Pol Exchange Assayed Under Stalled Condition. A 46-mer DNA primer (5'-TCT
GAC CTG AAA GCG TAA GAATAC GTG GCA CAG ACAATATTT TTG A-3') was
annealed to M13mp18 ssDNA (positions 5017 to 5062). A typical reaction was
carried out in a solution containing 2.3 nM singly primed M13 ssDNA, 6 nM
Pol§, 60 nM RFC, 70 nM PCNA or K164-Ub—PCNA, 1.4 uM E. coli SSB, 1 mM ATP,
and 100 uM dNTPs. E. coli SSB can be interchanged for yeast RPA in processive
DNA synthesis by Pol-PCNA holoenzyme (35). The reaction solution also
contained 25 mM Tris (pH 7.5), 5 mM MgCl,, 10% glycerol, 25 mM NaCl, 1 mM
DTT, and 0.1 mg/ml BSA. The Pol exchange was found to be insensitive to
different salt concentration (25, 50, 75, and 100 mM NacCl). The reactions were
carried out at 37°C. The reaction solution containing primed M13 DNA, Pol3,
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RFC, PCNA, or K164-Ub-PCNA was incubated with ATP, dATP, and dTTP for 2
min to assemble the Pols holoenzyme. Either Poln or Pol§** was then added
and the reaction solution was incubated for varied times. Lastly, dNTPs with
radioactive nucleotide were introduced to initiate the DNA synthesis. The
DNA synthesis was allowed to proceed for 20 s before it was stopped by rapid
addition of quench solution (500 mM EDTA, pH 8.0). DNA synthesis products
were separated by 1.2% alkaline agarose gel electrophoresis and quantified
by Phosphorimager (Storm; GE Healthcare Bioscience). The amount of DNA
product was reported as cpm.

In another set of experiments, Poln mutants, including Poln (1-624), Poln
FF627,628AA, and Poln (1-513), at varied concentrations were added into the
reaction solution containing the assembled Pol§ holoenzyme. The reaction
solution was incubated for 1 min. Then dNTPs with radioactive nucleotide
were introduced to initiate the DNA synthesis for 20 s before being stopped
by rapid addition of quench solution (500 mM EDTA).

Pol Exchange Assayed Under Moving Condition. The Pol§ holoenzyme was
assembled on the singly primed M13 DNA substrate as described above. A
mixture of dNTPs with radioactive nucleotide was added to initiate the
processive DNA synthesis by Pol§ holoenzyme. Ten seconds after the addition
of dNTPs Poln with varied concentration was added into reaction solution. The
reaction was then allowed to proceed for another 30 s before being quenched
by the addition of 0.5 M EDTA solution.

The Reverse Pol Exchange. A solution containing 25 nM PCNA or K164-Ub-
PCNA, 40 nM RFC, 2.3 nM DNA, 450 nM SSB, 1 mM ATP, 25 uM dATP, and 25
uM dTTP were incubated for 1 min to load the PCNA or K164-Ub-PCNA onto
DNA. Poln at increasing concentrations (0-80 nM) was then added, and the
reaction solution was incubated for 1 min. Lastly, 8 nM Pol§ was added with
the full set of dNTPs (50 uM) with radioactive nucleotide to initiate the DNA
synthesis (2 min).
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