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ABSTRACT: The replicative polymerases cannot accommodate distortions to the native DNA sequence such as modifications
(lesions) to the native template bases from exposure to reactive metabolites and environmental mutagens. Consequently, DNA
synthesis on an afflicted template abruptly stops upon encountering these lesions, but the replication fork progresses onward,
exposing long stretches of the damaged template before eventually stalling. Such arrests may be overcome by translesion DNA
synthesis (TLS) in which specialized TLS polymerases bind to the resident proliferating cell nuclear antigen (PCNA) and
replicate the damaged DNA. Hence, a critical aspect of TLS is maintaining PCNA at or near a blocked primer/template (P/T)
junction upon uncoupling of fork progression from DNA synthesis by the replicative polymerases. The single-stranded DNA
(ssDNA) binding protein, replication protein A (RPA), coats the exposed template and might prohibit diffusion of PCNA along
the single-stranded DNA adjacent to a blocked P/T junction. However, this idea had yet to be directly tested. We recently
developed a unique Cy3-Cy5 Forster resonance energy transfer (FRET) pair that directly reports on the occupancy of DNA by
PCNA. In this study, we utilized this FRET pair to directly and continuously monitor the retention of human PCNA at a blocked
P/T junction. Results from extensive steady state and pre-steady state FRET assays indicate that RPA binds tightly to the ssDNA
adjacent to a blocked P/T junction and restricts PCNA to the upstream duplex region by physically blocking diffusion of PCNA
along ssDNA.

During S phase of the cell cycle, genomic DNA must be
faithfully copied in a short time period. To achieve the

high degree of processivity required for efficient DNA
replication, the eukaryotic replicative DNA polymerases
(pols), δ and ε, anchor to PCNA sliding clamp rings encircling
the DNA. The highly conserved structure of the PCNA ring has
a central cavity that is sufficiently large to encircle double-
stranded DNA and slide freely along it. Thus, such an
association effectively tethers these pols to DNA, substantially
increasing the extent of continuous replication.1 However, the
replicative pols have very stringent polymerase domains as well
as 3′−5′ exonuclease (“proofreading”) domains and, thus,
cannot accommodate distortions to the native DNA
sequence.2−5 Prominent examples of these are modifications
(lesions) to the native template bases from exposure to reactive
metabolites and environmental mutagens such as ultraviolet
(UV) radiation. Consequently, DNA synthesis on the afflicted
template abruptly stops upon encountering these lesions. Such
arrests may be overcome by translesion DNA synthesis (TLS),

a DNA damage tolerance (DDT) pathway in which a
specialized TLS pol binds to the resident PCNA and replicates
the damaged DNA.6 Characterized by a more open polymerase
active site, the lack of an associated proofreading activity, and
one or more PCNA binding domains, TLS pols are able to
support stable, yet potentially erroneous, nucleotide incorpo-
ration opposite damaged templates.2−5 Extensive studies of
UV-irradiated cells from various eukaryotes suggest that TLS
proceeds through at least two modes that are spatially and
temporally distinct and each dependent on PCNA.
DNA synthesis by a replicative pol abruptly stops upon

encountering a lesion it cannot accommodate, such as a
cyclobutane pyrimidine dimer (CPD), the major DNA lesion
resulting from exposure to UV irradiation. However, the
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replication fork progresses onward, exposing long stretches of
the damaged template before eventually stalling. The single-
stranded DNA (ssDNA) binding protein, replication protein A
(RPA), coats the exposed ssDNA, protecting it from cellular
nucleases and preventing formation of alternative DNA
structures such as DNA hairpins.7 One or more TLS pols
may bind to the resident PCNA and extend the blocked primer
beyond the lesion, allowing DNA synthesis by the replicative
pol to resume and, hence, progression of the replication fork to
restart. In this “on the fly” mode, replication fork restart
requires TLS.8−10 Alternatively, the damaged template may be
reprimed, leaving behind a RPA-coated ssDNA gap containing
the offending lesion. DNA synthesis by the replicative pols
resumes from the nascent primer/template (P/T) junction,
allowing fork restart, and the gap is “filled in” behind the
restarted fork (i.e., postreplicatively). In this, “postreplicative
gap filling” mode, replication fork restart requires repriming of
the damaged template rather than TLS.11−18 The seminal
studies on the cellular response to UV-induced lesions
encountered during S phase suggested that human TLS occurs
predominantly by postreplicative gap filling.15,16,19−27 Recent in
vivo studies have provided staunch supporting evidence.13,14,28

In particular, continuous DNA chain elongation in human cells
lacking pol η was severely blocked in response to UV
irradiation; however, replication fork speed was only slightly
reduced, and persistent replication fork arrest was not
observed.13 Pol η is a Y-family TLS pol responsible for the
error-free replication of CPDs in human cells.29 Thus,
replication forks blocked by UV-induced DNA lesions are
restarted predominantly by repriming of the damaged template
(postreplicative gap filling) rather than TLS (on the fly TLS).
Hence, TLS occurs within postreplicative gaps left behind
restarted replication forks.13

Both modes of TLS described above require PCNA
encircling damaged DNA. Hence, a critical aspect of

postreplicative gap filling is maintaining PCNA at or near
blocked P/T junctions during S phase. This may be achieved by
(1) inhibiting the unloading of PCNA from DNA, (2)
prohibiting diffusion of PCNA along DNA, (3) promoting
the loading of PCNA onto DNA, or (4) a combination of one
or more of these possibilities. Recent in vivo evidence suggests
that enzyme-catalyzed unloading of PCNA from a P/T junction
will not occur until the primer is completely extended and
ligated to the downstream duplex region.30 A PCNA ring may
rapidly diffuse along the newly synthesized dsDNA behind a
progressing replication fork (D = 2.24 × 107 bp2/s).31

However, subnucleosomes are rapidly reassembled on this
nascent duplex DNA within 250 bp of a progressing replication
fork.32,33 Furthermore, high-affinity transcription factors
essential for the establishment of chromatin structure also
rebind to nascent DNA duplexes immediately after replication
fork passage.34 Thus, diffusion of PCNA rings along the
dsDNA adjacent to blocked P/T junctions is likely restricted
during S phase by physical blocks, i.e., “protein roadblocks”.
However, PCNA may diffuse along the adjacent ssDNA, which
varies greatly in length and may be as long as 20 kb in human
cells.11,35 Furthermore, the majority of postreplicative gaps
generated at the onset of S phase in response to UV irradiation
persist through S phase into G2/M phase.12,14,17,18,36 If PCNA
can vacate a blocked P/T junction in this manner, new PCNA
rings are not envisioned to be continuously reloaded at
postreplicative gaps as PCNA is limiting37 and the clamp
loader, replication factor C (RFC), responsible for loading
PCNA onto DNA travels with progressing replication forks
during S phase in human cells.37,38 Thus, diffusion of PCNA
along ssDNA within postreplicative gaps must be prohibited to
maintain PCNA at blocked P/T junctions.
Human RPA binds to ssDNA with an extremely high affinity

(less than picomolar) at physiological ionic strength and might
prohibit diffusion of PCNA along ssDNA by serving as a

Figure 1. DNA substrates utilized in this study. The sequence of the primer (29 nucleotides) and template (62 nucleotides) strands comprising each
DNA substrate are identical. When annealed, each DNA duplex mimics a blocked P/T junction.42 The size of the double-stranded P/T region (29
bp) is in agreement with the requirements for assembly of a PCNA ring onto DNA by RFC.41,45 The single-stranded DNA (ssDNA) region (33
nucleotides) adjacent to the 3′-end of the P/T junction is consistent with the footprint of RPA (22−30 nucleotides).39 When prebound to
Neutravidin, the biotin attached to the 3′-end of a template strand prevents loaded PCNA from sliding off the dsDNA, i.e., duplex, end of the
substrate. A Cy3 dye attached to the 5′-end of a primer strand serves as a FRET donor.
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protein roadblock.39,40 However, this idea had yet to be directly
tested. We recently developed a unique Cy3-Cy5 FRET pair
that directly reports on the retention of human PCNA on
DNA.41 This FRET pair was utilized in this study to monitor
the effect of RPA on the occupancy of various P/T DNA
substrates by PCNA under steady state and pre-steady state
conditions. Results from these continuous assays indicate that
RPA binds sufficiently tight to ssDNA adjacent to a P/T
junction such that it restricts PCNA to the upstream duplex
region by physically blocking diffusion of PCNA along ssDNA.

■ EXPERIMENTAL PROCEDURES
Oligonucleotides. Oligonucleotides were synthesized by

Integrated DNA Technologies (Coralville, IA) and purified on
denaturing polyacrylamide gels. Concentrations were deter-
mined from the absorbance at 260 nm using the calculated
extinction coefficients. For annealing the DNA substrates
(Figure 1), the primer strands were mixed with a 1.1-fold excess
of the corresponding complementary template strands in 1×
annealing buffer [10 mM Tris-HCl (pH 8.0), 100 mM NaCl,
and 1 mM EDTA], heated to 95 °C for 5 min, and allowed to
cool slowly to room temperature.
Proteins. Recombinant human proteins expressed and

purified from Escherichia coli were utilized for all experiments
within this study. Wild-type PCNA and a mutant PCNA that
can be site-specifically labeled with a Cy5 dye were purified as
described previously.41 The mutant PCNA was labeled with
Cy5-maleimide and checked for activity as described
previously.41 All concentrations of PCNA indicated in the
text refer to the concentration of the PCNA homotrimer.
Exonuclease-deficient pol δ (simply termed pol δ hereafter) was
prepared as previously described.42,43 The concentrations of the
four-subunit DNA pol δ complex were expressed as the
concentration of the p125 subunit.42 A truncated form of RFC
(hRFCp140ΔN555) described previously was used in all
reported studies and is simply termed RFC hereafter.41 RPA
was prepared as previously described, and the concentration
was determined from the reported extinction coefficient.44

Fluorescence Microscopy. All experiments were per-
formed at room temperature (23 ± 2 °C) in 1× replication
assay buffer [25 mM TrisOAc (pH 7.7), 10 mM Mg(OAc)2,
and 125 mM KOAc] supplemented with 0.1 mg/mL BSA and
1 mM DTT, and the final ionic strength was adjusted to 200
mM by the addition of appropriate amounts of KOAc. For
steady state fluorescence, measurements were taken in Jobin
Yvon fluoromax-4 fluorimeter. The assay solution contained
Cy3-labeled P/T DNA (100 nM Cy3P/T or Cy3P/BioT),
Neutravidin (400 nM), ATP (1 mM), and RPA (0−242 nM).
Cy5-PCNA (110 nM homotrimer) and RFC (0−110 nM)
were then sequentially added to this solution. Two minutes
after the addition of RFC, the solution was excited at 514 nm
and the fluorescence emission spectrum was recorded from 530
to 750 nm. The FRET signal (I665/I561) was calculated by
dividing the fluorescence emission intensity at 665 nm (I665,
Cy5 FRET acceptor fluorescence emission maximum) by the
fluorescence emission intensity at 561 nm (I561, Cy3 FRET
donor fluorescence emission maximum). Spectra were recorded
every minute until the FRET signal maintained a constant value
for at least 2 min. Data points within this region were averaged
to obtain the final FRET value. For pre-steady state
fluorescence, studies were performed on an Applied Photo-
physics SX20 stopped-flow machine equipped with a
fluorescence detector. All experiments contained Neutravidin

at a 4-fold excess over the total concentration of DNA
regardless of whether the DNA was labeled with biotin. Each
syringe contained 1 mM ATP such that the final concentration
of ATP upon mixing was 1 mM. The final concentrations of all
other reaction components are indicated in the respective figure
legends. FRET was monitored by exciting the Cy3 donor at 514
nm and following the resulting FRET from the Cy5 acceptor
using a 645 nm cutoff filter (Andover Corp., Salem, NH).
FRET traces were recorded over 10−60 s by collecting 2000
time points over the initial 10 s and 833 time points over the
remaining 50 s. All traces were analyzed using Kaleidagraph.
Conditions for each experiment are detailed in the respective
figure legends.

■ RESULTS
RPA Stabilizes PCNA at a P/T Junction. To study the

dynamics of PCNA during TLS, we utilized FRET to directly
monitor the retention of PCNA at a P/T junction. A P/T DNA
substrate in agreement with the requirements for assembly of a
PCNA ring onto DNA by RFC was labeled with a 5′-Cy3
FRET donor and a 3′-biotin label.41,45 This substrate, herein
termed Cy3P/BioT, resembles a blocked P/T junction (Figure
1). The 3′-biotin label in complex with Neutravidin serves as a
protein roadblock and prevents the loaded clamp from sliding
off the duplex end of the DNA; a ssDNA region directly abuts
the P/T junction and is long enough (33 nucleotides) to
accommodate a single RPA molecule. PCNA was site-
specifically labeled with a Cy5 FRET acceptor on the “back”
face of the PCNA ring, as previously described.41 The Cy5 dye
label has no effect on the interaction of PCNA with RFC.41 The
Cy3P/BioT DNA substrate was tested for PCNA loading by
monitoring the steady state FRET signal in the presence of
RPA (Figure 2A). Cy5-PCNA can be excited through FRET
from Cy3P/BioT only when the two dye labels are in close
proximity of each other (less than ∼10 nm). This is indicated
by an increase in the fluorescence emission intensity at 665 nm
(Cy5 FRET acceptor fluorescence emission maximum, I665)
and a concomitant decrease in the fluorescence emission
intensity at 561 nm (Cy3 FRET donor fluorescence emission
maximum, I561). A FRET signal was observed only when both
RFC and ATP were present (Figure 2B), indicating that RFC
loads Cy5-PCNA onto the Cy3P/BioT DNA substrate in an
ATP-dependent manner and Cy5-PCNA is stable on the Cy3/
BioT DNA substrate at equilibrium.
Next, we characterized the steady state FRET signal (Figure

2C). In the presence of RFC, Neutravidin, and RPA, a robust
FRET signal is observed (column 1). As a control, RFC was
omitted to establish the zero FRET state (column 2). A FRET
signal was not observed when Neutravidin (column 3) was
omitted. Furthermore, a FRET signal was not observed in the
presence of Neutravidin on the Cy3P/T DNA substrate
(column 4) that lacks a 3′-biotin label (Figure 1). Together,
this confirms that the Neutravidin/biotin complex alone
prohibits Cy5-PCNA from diffusing off the duplex end of the
Cy3P/BioT substrate and argues against RPA holding RFC at
the P/T junction with PCNA.46,47 Rather, RFC releases Cy5-
PCNA onto the Cy3P/BioT DNA substrate, in agreement with
previous observations.41 A FRET signal was not observed in the
absence of RPA (column 5), and addition of excess pol δ (200
nM) did not compensate for the lack of RPA (Figure S1).
Under the conditions of the assay (200 mM ionic strength, 25
°C), pol δ binds to PCNA encircling a P/T junction with
significant affinity (<10 nM) and will transiently immobilize
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PCNA on DNA in the absence of DNA synthesis.41,43

However, pol δ alone will not promote the retention of Cy5-
PCNA on the Cy3P/BioT DNA substrate at equilibrium unless
the transition state for DNA synthesis (i.e., dNTP insertion) is
stabilized (Figure S1), in agreement with previous observa-
tions.48 In contrast, RPA binds to ssDNA with extremely high
affinity (less than picomolar) under the same experimental
conditions.39 RPA does not contain a PCNA binding domain,
and a direct interaction between RPA and PCNA has yet to be
reported. Altogether, this suggests that RPA is not required for
RFC-catalyzed loading of Cy5-PCNA onto the Cy3P/BioT
DNA substrate. Rather, tight binding of RPA to the ssDNA
region of the Cy3P/BioT DNA substrate is required to stabilize

Cy5-PCNA at the P/T junction, leading to a robust steady state
FRET signal. To test this, we performed a titration of the
steady state FRET signal (Figure 2D), as described below.
The concentrations of the Cy3P/BioT DNA substrate (100

nM), RFC (110 nM), and Cy5-PCNA (110 nM homotrimer)
were held constant; increasing concentrations of RPA were
added (0−242 nM), and the FRET signal (I665/I561) was
monitored. RFC and PCNA were present in slight excess
(10%) to ensure saturation of the DNA. At a physiological ionic
strength (200 mM), RPA has an occluded site size of 24
nucleotides. Hence, a single RPA molecule may bind to the
ssDNA region (33 nucleotides) within the Cy3P/BioT DNA
substrate. To ensure that all of the Cy3-labeled primer is
annealed as duplex DNA, a 10% excess of the biotin-labeled
template was utilized during annealing of the Cy3P/BioT DNA
substrate. As ssDNA, this 62-mer template strand may bind two
RPA molecules. Thus, at 100 nM Cy3P/BioT DNA, the
concentration of RPA binding sites is 120 nM (100 nM Cy3P/
BioT + 10 nM single-stranded template × 2 = 120 nM). As
observed in Figure 2D, the FRET signal increased linearly with
RPA concentration up to 125 nM and plateaued thereafter. At
the break point, the concentration of RPA (129.7 nM) is
roughly equal to the concentration RPA binding sites in the
assay (120 nM). This suggests that tight binding of a single
RPA molecule to the ssDNA region of the Cy3P/BioT DNA
substrate stabilizes a Cy5-PCNA ring at the P/T junction by
prohibiting diffusion of Cy5-PCNA off the ssDNA end.
As mentioned above, previous indirect studies suggested that

RPA holds RFC at a P/T junction with PCNA, prohibiting
diffusion of PCNA in both directions.46,47 In other words, an
RPA·RFC·DNA complex prevents Cy5-PCNA from sliding off
the ssDNA end of the Cy3P/BioT DNA substrate. To test this,
the steady state FRET signal was titrated with RFC. The
concentrations of the Cy3P/BioT DNA substrate (100 nM),
Cy5-PCNA (110 nM homotrimer), and RPA (242 nM) were
held constant; increasing concentrations of RFC were added
(0−110 nM), and the FRET signal was monitored. After
loading Cy5-PCNA onto the Cy3P/BioT DNA substrate, RFC
will not turn over (i.e., act catalytically) if it is held at the P/T
junction by RPA. Hence, limiting concentrations of RFC will
not load all Cy5-PCNA onto the Cy3P/BioT DNA substrate.
On the other hand, if RFC is released into solution after
loading Cy5-PCNA and RPA alone prevents Cy5-PCNA from
sliding off the ssDNA end of the Cy3P/BioT DNA substrate,
RFC will act catalytically. As shown in Figure 2D, the steady
state FRET signal was independent of RFC concentration and
remained constant at a level (0.565) equivalent to that observed
at saturating concentrations of RFC and RPA (0.549),
indicating that limiting concentrations of RFC can load Cy5-
PCNA onto all of the Cy3P/BioT DNA substrate. Thus, RFC
is released into solution after loading Cy5-PCNA, and RPA
alone prevents Cy5-PCNA from sliding off the ssDNA end of
the Cy3P/BioT DNA substrate. Altogether, these steady state
FRET studies suggest that RPA prevents diffusion of PCNA
along the ssDNA adjacent to a P/T junction.

RPA Prohibits Diffusion of PCNA along ssDNA. To
monitor the dynamics of PCNA on DNA prior to equilibrium
(i.e., pre-steady state), we preassembled a RFC·ATP·Cy5-
PCNA complex and rapidly mixed it with ATP and a Cy3-
labeled DNA substrate in a stopped-flow apparatus (Figure
3A). In the absence of RPA, a time course of the FRET traces
for the Cy3P/T and Cy3P/BioT DNA substrates looked
almost identical. Each displayed two distinct phases (Figure

Figure 2. Monitoring the retention of PCNA on DNA through FRET.
(A) Schematic representation of PCNA encircling a P/T junction
bound by RPA. When loaded onto P/T DNA by RFC, the Cy5 FRET
acceptor on PCNA faces the Cy3 FRET donor on the P/T DNA. (B)
Fluorescence emission spectra in the presence of RPA. Cy3P/BioT
DNA (100 nM), Neutravidin (400 nM), ATP (1 mM), and RPA (242
nM) were pre-equilibrated at 25 °C. Cy5-PCNA (110 nM
homotrimer) and RFC (110 nM) were sequentially added; the
solution was excited at 514 nm, and the fluorescence emission
spectrum was recorded from 530 to 750 nm. The fluorescence
emission intensities at 665 nm (Cy5 FRET acceptor fluorescence
emission maximum, I665) and 561 nm (Cy3 FRET donor fluorescence
emission maximum, I561) are indicated. Cy5-PCNA can be excited
through FRET from Cy3P/BioT only when the two dyes are in close
proximity of each other (less than ∼10 nm). This is indicated by an
increase in I665 and a concomitant decrease in I561. (C) Character-
ization of the steady state FRET signal. Cy5-PCNA was assembled
onto the Cy3P/BioT DNA substrate as in panel A with various
components omitted, and the FRET signal (I665/I561) was measured.
As a control, RFC was omitted (column 2). (D) Titrations of the
steady state FRET signal. The Cy3P/BioT DNA substrate (100 nM
with 400 nM Neutravidin) was either saturated with RFC (110 nM)
and titrated with RPA (0−242 nM) (●) or saturated with RPA (242
nM) and titrated with RFC (30−110 nM) (■). Results are plotted vs
the concentration of the respective titrant. When RPA was titrated, the
FRET signal increased linearly and then plateaued. At the break point,
the concentration of RPA (129.7 nM) is roughly equivalent to the
concentration of RPA binding sites within the assay (120 nM). When
RFC was titrated, the FRET signal remained constant at a level
(0.565) equivalent to that observed at saturating concentrations of
RFC and RPA (0.549).
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3B). First, a very rapid, single-exponential increase in the FRET
signal was observed (kinc,1), confirming that RPA is not required
for RFC-catalyzed loading of Cy5-PCNA onto the Cy3-labeled
DNA substrates. This was followed by a rapid, single-
exponential decrease in FRET (kdec). After ∼1.0−1.5 s, the
FRET signals stabilized and remained flat for up to 10 s (Figure
3C). Under the conditions of the assay, a FRET signal is not
observed on either Cy3-labeled DNA substrate at equilibrium
(Figure 2C). Hence, the flat regions observed in Figure 3
indicate that the reactions have reached equilibrium at the zero
FRET state. Altogether, these FRET studies indicate that Cy5-
PCNA initially loaded onto the Cy3-labeled DNA substrates
rapidly dissociates back into solution in the absence of RPA and
subsequent loadings are not observed. Thus, a Cy5-PCNA·Cy3-
labeled DNA complex (i.e., loaded PCNA) is disfavored at
equilibrium in the absence of RPA.
PCNA diffuses along double-stranded DNA extremely fast

(D = 2.24 × 107 bp2/s).31 Thus, Cy5-PCNA will instantly
diffuse off the unblocked duplex end (29 bp) of the Cy3P/T
DNA substrate once RFC releases the closed sliding clamp ring.
As such, this process will be rate-limited by a preceding and
obligate kinetic step along the clamp loading pathway that is

much slower than PCNA diffusion. Hence, kdec measured for
the Cy3P/T DNA substrate may describe ATP hydrolysis by
RFC, the concomitant closure of the sliding clamp ring, or RFC
release of the closed PCNA ring onto the duplex DNA region.
On the Cy3P/BioT substrate, the Neutravidin/biotin complex
prohibits Cy5-PCNA from diffusing off the duplex end (Figure
2C). However, the rate constant for the disappearance of the
FRET signal on the Cy3P/BioT DNA substrate (kdec = 3.40 ±
0.0561 s−1) is quite similar to that observed on the Cy3P/T
DNA substrate (kdec = 4.84 ± 0.379 s−1). This suggests that
Cy5-PCNA initially loaded onto these Cy3-labeled P/T DNA
substrates dissociates back into solution via the same pathway,
diffusion of PCNA along the DNA. Next, we analyzed the effect
of RPA on the pre-steady state FRET traces (Figure 3D).
For the Cy3P/T DNA substrate, the FRET trace in the

presence of RPA (Figure 3E) appeared similar to that observed
in the absence of RPA (Figure 3B), a very rapid, single-
exponential increase in FRET (kinc,1 = 20.9 ± 0.337 s−1)
followed by a rapid, single-exponential decrease in FRET (kdec
= 9.87 ± 0.464 s−1) down to the zero FRET state where it
remained flat for up to 10 s (Figure 3F). This confirms that
RPA does not prohibit diffusion of PCNA off the duplex end of

Figure 3. RFC releases PCNA onto the duplex region of P/T DNA. Each FRET trace represents the average of at least eight shots. For comparison,
all FRET traces are normalized to the same starting value (at t = 0.005 s). (A) Schematic representation of the experimental procedure for panel B.
(B) Cy5-PCNA (110 nM homotrimer) was preincubated with RFC (110 nM) and ATP. This preformed RFC·Cy5-PCNA·ATP complex was mixed
with Cy3-labeled DNA (100 nM Cy3P/BioT or Cy3P/T) and ATP in a stopped-flow instrument, and the FRET signal was followed. The loading
traces for the Cy3P/T (gray) and Cy3P/BioT DNA (black) substrates are shown, and each was fit to a double-exponential equation. The calculated
rate constants are reported for each. (C) Extended time courses (10 s) for each FRET trace from panel B. (D) Schematic representation of the
experimental procedure for panel E. (E) The experiments depicted in panel B were repeated except the Cy3-labeled DNA was preincubated with
excess RPA (242 nM). The loading trace for the Cy3P/T DNA substrate (gray) was fit to a double-exponential equation. The loading trace for the
Cy3P/BioT DNA substrate (black) was fit to a single exponential and a linear phase. The kinetic values calculated from the fits for each trace are
indicated. (F) Extended time courses (10 s) for each FRET trace from panel E.
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this DNA substrate and, hence, does not hold RFC at a P/T
junction with PCNA.46,47 Rather, RFC releases the closed
sliding clamp ring onto the Cy3P/T DNA substrate after which
Cy5-PCNA immediately diffuses off the duplex end back into
solution, and subsequent loadings are not observed. The FRET
increase (kinc,1 = 20.9 ± 0.337 s−1) was similar to that observed
in the absence of RPA [kinc,1 = 28.5 ± 0.293 s−1 (Figure 3B)].
Interestingly, the FRET decrease is ∼2-fold faster in the
presence of RPA (kdec = 9.87 ± 0.464 s−1) compared to that
observed in the absence of RPA [kdec = 4.84 ± 0.379 s−1

(Figure 3B)]. As discussed above, this phase represents the
rate-limiting step for diffusion of Cy5-PCNA off the duplex end
of the Cy3P/T DNA substrate. Thus, RPA may promote ATP
hydrolysis by RFC (and concomitant closure of the sliding
clamp ring) or release of the closed PCNA ring from RFC.
On the Cy3P/BioT DNA substrate, the Neutravidin/biotin

complex prohibits Cy5-PCNA from diffusing off the duplex
end. The FRET signal observed on this P/T DNA substrate at
equilibrium requires RPA (Figure 2), suggesting that RPA
prohibits diffusion of Cy5-PCNA along the ssDNA adjacent to
the P/T junction. According to this model, a decrease in FRET
should not be observed for the Cy3P/BioT DNA substrate

when RPA is present in the pre-steady state FRET experiments
depicted in Figure 3D. As shown in Figure 3E, FRET rapidly
increased in the presence of RPA (kinc,1 = 26.3 ± 3.24 s−1) in a
manner similar to that observed in the absence of RPA [kinc,1 =
21.2 ± 2.51 s−1 (Figure 3B)]. Such behavior agrees with that
observed for the Cy3P/T DNA substrate and, hence, reaffirms
that RPA is not required for RFC-catalyzed loading of Cy5-
PCNA onto the Cy3-labeled DNA substrates. Interestingly, the
rapid FRET increase observed for the Cy3P/BioT DNA
substrate in the presence of RPA is followed by what appears to
be a linear increase in FRET [slope of (0.153 ± 8.47) × 10−4

V/s] over the remainder of the time course (Figure 3F). This
suggests that (1) RPA prohibits diffusion of Cy5-PCNA off the
ssDNA end of the Cy3P/BioT DNA substrate and (2) upon
release from RFC, Cy5-PCNA repositions to an equilibrium
FRET state in which the Cy5 label on PCNA is closer to the
Cy3-labeled duplex end of the Cy3P/BioT DNA substrate.
However, the concentrations of Cy5-PCNA (110 nM
homotrimer) and RFC (110 nM) are slightly greater than
that of the Cy3P/BioT DNA substrate (100 nM). Thus, it
cannot be concluded unequivocally that the linear increase in
FRET observed in Figure 3F in the presence of RPA does not

Figure 4. RPA prohibits diffusion of PCNA along ssDNA. Each FRET trace represents the average of at least seven shots. For comparison, all FRET
traces are normalized to the same starting value (at t = 0.005 s). (A) Schematic representation of the experimental procedure for panel B. (B) Cy5-
PCNA (100 nM homotrimer) was preincubated with RFC (100 nM) in the presence of ATP. This preformed RFC·Cy5-PCNA·ATP complex was
mixed with Cy3-labeled DNA (200 nM Cy3P/BioT or Cy3P/T), RPA (285 nM), and ATP in a stopped-flow instrument, and the FRET signal was
followed. The loading traces for Cy3P/T (gray) and Cy3P/BioT (black) DNA substrates are shown, and each was fit to a double-exponential
equation. The calculated rate constants are reported for each. (C) Initial 3 s of the FRET traces from panel B. (D) Schematic representation of the
experimental procedure for panel E. (E) Cy5-PCNA (100 nM homotrimer) was preincubated with Cy3-labeled DNA (200 nM Cy3P/BioT or
Cy3P/T), RPA (285 nM), and ATP. This solution was mixed with RFC (100 nM) and ATP in a stopped-flow instrument, and the FRET signal was
followed. The loading trace for the Cy3P/BioT DNA substrate (black) was fit to a double-exponential equation, and the calculated rate constants are
reported. The loading trace for the Cy3P/T DNA substrate (gray) did not change over time. (F) Initial 3 s of the FRET traces from panel E.
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simply reflect the slow loading of more than one Cy5-PCNA
onto the Cy3P/BioT DNA substrate. Furthermore, the absence
of a FRET signal at equilibrium when both ends of the Cy3-
labeled DNA substrates are not blocked (Figures 2 and 3) is
quite puzzling given the rapid FRET increase (kinc,1) observed
in the pre-steady state assays upon mixing (Figure 3). To clarify
these ambiguities, we studied the loading of Cy5-PCNA onto
the Cy3-labeled DNA substrates in greater detail, as described
below.
First, the assays depicted in Figure 3D were repeated with

excess Cy3-labeled DNA. RFC (100 nM) was preincubated
with Cy5-PCNA (100 nM homotrimer) and ATP (Figure 4A).
RFC binds tightly to PCNA (KD = 0.2 nM) in the presence of
ATP and opens the PCNA ring for assembly on P/T DNA.41,49

This process requires only ATP binding, not hydrolysis.49,50

The preassembled RFC·ATP·Cy5-PCNA complex was then
rapidly mixed with a 2-fold excess of Cy3-labeled DNA (200
nM Cy3P/T or Cy3P/BioT), saturating RPA (285 nM), and
ATP in a stopped-flow apparatus, and the FRET was monitored
over an extended time course [60 s (Figure 4B)]. Under these
conditions, the appearance of a FRET signal after mixing will be
rate-limited by the binding of the preassembled RFC·ATP·Cy5-

PCNA complex to the Cy3-labeled DNA. Thus, kinc,1 is a
second-order rate constant describing a bimolecular association
and, hence, should increase when the concentration of Cy3-
labeled DNA is increased. Indeed, kinc,1 was similar for the
Cy3P/T (39.8 ± 8.00 s−1) and Cy3P/BioT (42.1 ± 6.45 s−1)
DNA substrates, and each value was significantly elevated
compared to the corresponding values observed at 100 nM
Cy3-labeled DNA (Figure 3). On the Cy3P/T DNA substrate
lacking a 3′-biotin label, the fast FRET increase was followed by
a rapid, single-exponential decrease in FRET (kdec = 6.80 ±
0.351 s−1) down to the zero FRET state where it remained flat
for up to 60 s (Figure 4B). This agrees with that observed in
Figure 3E (kdec = 9.87 ± 0.464 s−1) and reaffirms that RPA does
not hold RFC at the P/T junction with PCNA.46,47 Rather,
RFC releases the closed sliding clamp ring onto the Cy3P/T
DNA substrate after which Cy5-PCNA immediately diffuses off
the duplex end back into solution, and subsequent loadings are
not observed. On the Cy3P/BioT DNA substrate in which the
Neutravidin/biotin complex prohibits diffusion of Cy5-PCNA
off the duplex end, the fast FRET increase was followed by a
slow, single-exponential increase in FRET (kinc,2 = 0.0232 ±
0.00191 s−1) over the remainder of the time course such that

Figure 5. Catalytic loading of PCNA is rate-limited by dissociation of RFC from RPA-coated ssDNA. Each FRET trace represents the average of at
least eight shots. For comparison, all FRET traces are normalized to the same starting value (at t = 0.005 s). (A) Schematic representation of the
experimental procedure for panel B. (B) Cy5-PCNA (180 nM homotrimer) was preincubated with RFC (180 nM) in the presence of ATP. This
preformed RFC·Cy5-PCNA·ATP complex was mixed with Cy3P/BioT DNA (200 nM), RPA (285 nM), and ATP in a stopped-flow instrument, and
the FRET signal was followed. The loading trace was fit to a double-exponential equation, and the kinetic values are reported. (C) Schematic
representation of the experimental procedure for panel D. (D) Unlabeled P/BioT DNA (200 nM) was preincubated with RPA (285 nM), Cy5-
PCNA (180 nM homotrimer), RFC (180 nM), and ATP. This solution was then mixed with Cy3P/BioT DNA (200 nM), RPA (285 nM), and ATP
in a stopped-flow instrument, and the FRET signal was followed. The loading trace was fit to a single-exponential equation, and the rate constant is
reported. (E) Schematic representation of the experimental procedure for panel F. (F) The experiments depicted in panels C and D were repeated
except RPA (285 nM), Cy5-PCNA (180 nM homotrimer), RFC (180 nM), and ATP were preincubated with unlabeled P/T DNA (200 nM). The
loading trace was fit to a single-exponential equation, and the kinetic values are reported.
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the total amplitude (AT) for the FRET increase was 3.40 ±
0.132. This confirms that upon release from RFC onto the
Cy3P/BioT DNA substrate, Cy5-PCNA repositions to an
equilibrium FRET state in which the Cy5 label on PCNA is
closer to the Cy3-labeled duplex end.
Next, these experiments were repeated with identical

concentrations except the order of addition was rearranged
(Figure 4D). Cy3-labeled DNA, saturated with RPA, was
preincubated with ATP and Cy5-PCNA. This solution was then
rapidly mixed with RFC and ATP. Under these conditions,
RFC must first bind to the Cy5-PCNA ring and open it for
assembly onto the Cy3-labeled DNA substrates. This process
may be decelerated by nonproductive binding of the RFC·ATP
complex to the Cy3-labeled DNA or free RPA.46 On the Cy3P/
BioT DNA substrate, the slow increase in FRET (kinc,2 = 0.0203
± 0.000335 s−1) as well as the total amplitude for the FRET
increase (AT = 3.37 ± 0.625) were unaffected (Figure 4E).
Together, this further validates that RPA prohibits diffusion of
Cy5-PCNA along the ssDNA adjacent to the P/T junctions
and confirms that kinc,2 describes the repositioning of loaded
Cy5-PCNA to an equilibrium FRET state after release from
RFC rather than additional loading of Cy5-PCNA. Further-
more, the initial increase in FRET (kinc,1) was reduced to 0.134
± 0.0104 s−1, more than 300-fold slower than that observed in
Figure 4B (42.1 ± 6.51 s−1) when the RFC·ATP·Cy5-PCNA
complex was assembled prior to mixing. This indicates that
loading of free Cy5-PCNA onto the Cy3-labeled DNA
substrates and, hence, the initial increase in FRET (kinc,1) are
now rate-limited by a kinetic step along the clamp loading
pathway that occurs prior to and much slower than binding of
the RFC·ATP·Cy5-PCNA complex to the Cy3-labeled DNA
substrates. If so, then a FRET signal should not be observed
under these conditions for the Cy3P/T DNA substrate where
dissociation of Cy5-PCNA into solution (kdec = 6.80 ± 0.351
s−1) is more than 50-fold faster than loading of Cy5-PCNA
onto Cy3-labeled DNA (kinc,1 = 0.134 ± 0.0104 s−1). Indeed, a
FRET signal is not observed on the Cy3P/T DNA substrate
when the RFC·ATP·Cy5-PCNA complex is not preassembled
(Figure 4E). This provides a likely explanation for the absence
of FRET changes after the initial loading of Cy5-PCNA onto a
Cy3-labeled DNA substrate in which both ends are not blocked
(Figures 3 and 4). When the RFC·ATP·Cy5-PCNA complex is
preassembled, the initial loading of Cy5-PCNA (FRET
increase; kinc,1 = 39.8 ± 8.00 s−1) is ∼6-fold faster than
dissociation of Cy5-PCNA from the Cy3P/T DNA substrate
(FRET decrease; kdec = 6.80 ± 0.351 s−1). Thus, an increase in
FRET is observed, and the FRET signal has a finite lifetime. In
subsequent loadings (i.e., turnovers) where RFC, ATP, and
Cy5-PCNA are free in solution, dissociation of Cy5-PCNA
from the Cy3P/T DNA substrate (FRET decrease; kdec = 6.80
± 0.351 s−1) is more than 50-fold faster than the loading of free
Cy5-PCNA (FRET increase; kinc,1 = 0.134 ± 0.0104 s−1).
Hence, Cy5-PCNA immediately dissociates from the Cy3P/T
DNA substrate after loading such that changes in FRET and,
hence, a FRET signal are not observed after the initial loading.
To confirm this, we directly monitored RFC turnover on RPA-
bound DNA as described below.
RFC Slowly Dissociates into Solution after Loading

PCNA onto a RPA-coated P/T Junction. Results from the
experiments described above indicate that Cy5-PCNA
repositions to an equilibrium FRET state after release from
RFC. Hence, this repositioning is rate-limited by a slow kinetic
step (kinc,2) in the clamp loading pathway that occurs after ATP

hydrolysis by RFC, concomitant closure of the PCNA ring, and
RFC release of PCNA onto DNA. Given the rapid diffusion
constant of human PCNA on duplex DNA (D = 2.24 × 107

bp2/s),31 repositioning (kinc,2) is not rate-limited by diffusion of
Cy5-PCNA along the duplex region of the CyP/BioT DNA
substrate. The human clamp loader binds directly to RPA in the
absence of ATP, and such an interaction enhances the retention
of RFC on RPA-bound ssDNA.46,48 Thus, kinc,2 may describe
the slow dissociation of RFC (or an RFC·ADP complex) from
an RPA-bound P/T junction after loading PCNA. If so, RFC
turnover will be rate-limited by kinc,2. To test this, we monitored
the loading of Cy5-PCNA onto the Cy3P/BioT DNA substrate
under various conditions (Figure 5). First, the RFC·ATP·Cy5-
PCNA complex was preassembled and rapidly mixed with
Cy3P/BioT DNA, saturating RPA, and ATP (Figure 5A).
Under these conditions, all Cy5-PCNA (180 nM homotrimer)
will be loaded onto the Cy3P/BioT DNA substrate (200 nM)
by RFC (180 nM) and stabilized by RPA (285 nM). An
extended time course (Figure 5B) displayed two distinct FRET
increases as expected (kinc,1 = 46.7 ± 3.30 s−1, and kinc,2 =
0.0305 ± 0.00380 s−1) and a total amplitude (AT) of 5.58 ±
0.644. Next, these experiments were repeated by adding
unlabeled P/BioT DNA (200 nM) and saturating RPA (285
nM) to the RFC·ATP·Cy5-PCNA complex prior to mixing
(Figure 5C). Under these conditions, all Cy5-PCNA (180 nM
homotrimer) will be loaded onto the unlabeled P/BioT DNA
substrate (200 nM) by RFC (180 nM) and stabilized by RPA
prior to mixing. In the absence of RFC-catalyzed unloading of
PCNA and diffusion of PCNA off the DNA ends, the only
pathway for dissociation of Cy5-PCNA from the unlabeled P/
BioT DNA substrate is through spontaneous opening of the
subunit−subunit interfaces within the PCNA ring [kopen = (6.30
± 1.70) × 10−3 s−1],41 which is approximately 5-fold slower
than the purported dissociation of RFC from an RPA-bound P/
T junction (kinc,2 = 0.0305 ± 0.00380 s−1). Hence, loading of
Cy5-PCNA onto the Cy3P/BioT DNA substrate will be rate-
limited by opening of the PCNA ring.41 Indeed, a single phase
was observed for the FRET increase (Figure 5D) with a rate
constant (kinc,1 = 3.71 × 10−3 ± 2.54 × 10−4 s−1) that agreed
very well with spontaneous opening of the PCNA ring. This
validates that RPA stabilizes all Cy5-PCNA on the Cy3P/BioT
DNA substrate by prohibiting diffusion of the sliding clamp
ring off the ssDNA end. Thus, the total amplitude observed
above in the absence of the unlabeled P/BioT DNA [AT = 5.58
± 0.644 (Figure 5B)] indicates the amount of Cy5-PCNA (180
nM homotrimer) loaded onto the Cy3P/BioT DNA substrate
(200 nM). Finally, these experiments were repeated by adding
unlabeled P/T DNA (200 nM) and saturating RPA (285 nM)
to the RFC·ATP·Cy5-PCNA complex prior to mixing (Figure
5E). Under these conditions, all Cy5-PCNA (180 nM
homotrimer) will be loaded onto the unlabeled P/T DNA
substrate (200 nM) by RFC (180 nM) prior to mixing. In the
absence of the Neutravidin/biotin complex, all loaded Cy5-
PCNA instantly diffuses off the unblocked duplex end of the P/
T DNA substrate and is available for reloading. Hence, loading
of Cy5-PCNA onto the Cy3P/BioT DNA substrate will be
rate-limited by dissociation of RFC from the RPA-bound P/T
DNA substrate. Indeed, a single-exponential increase in FRET
was observed (Figure 5F) with a rate constant (0.0184 ±
0.00228 s−1) that agreed with the kinc,2 measured in Figure 5B
(0.0305 ± 0.00380 s−1). Furthermore, the total amplitude (AT
= 2.97 ± 0.701) for the FRET increase was half (0.533) that
observed in the absence of RPA-bound P/BioT DNA [AT =
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5.58 ± 0.644 (Figure 5B)]. Such behavior is expected on this
time scale as the unlabeled and labeled DNA substrates are
identical and, hence, RFC will have an equal probability of
loading Cy5-PCNA onto the unlabeled P/T DNA substrate
and the Cy3P/BioT DNA substrates. Collectively, this indicates
that RFC turnover is rate-limited by the slow dissociation of
RFC (or RFC·ADP) from an RPA-bound P/T junction upon
release of a closed PCNA ring. This process (kinc,2 = 0.0184 ±
0.00228 s−1) is >370-fold slower than the rate-limiting step for
release of PCNA onto DNA (kdec). Therefore, RFC turnover
and, hence, an equilibrium FRET signal are not observed when
both ends of the Cy3-labeled DNA substrates are not blocked
because Cy5-PCNA immediately dissociates back into solution
after loading.

■ DISCUSSION
A critical aspect of human TLS is maintaining PCNA at or near
blocked P/T junctions within postreplicative gaps. As discussed
above, PCNA does not vacate a blocked P/T by enzymatic
unloading or extensive diffusion along the nascent duplex DNA
adjacent to the blocked P/T junction.30−34 However, PCNA
may diffuse along the adjacent ssDNA, which may be as long as
20 kb in human cells,35 and new PCNA rings will not be
continuously reloaded.37,38 Thus, diffusion of PCNA along
ssDNA must be prohibited. In the study presented here, we
utilized a unique Cy3-Cy5 FRET pair developed in the
Benkovic lab41 to directly and continuously monitor the
retention of human PCNA on a DNA substrate that mimics a
blocked P/T junction (Figure 1). Results from the extensive
steady state and pre-steady state FRET assays clearly indicate
that RPA restricts PCNA to the upstream duplex region by
directly prohibiting diffusion of PCNA along ssDNA. This may
be achieved by one of three pathways: (1) significantly
decreasing the diffusion coefficient of PCNA along ssDNA by
increasing the frictional drag of the PCNA ring,31 (2) effectively
tethering loaded PCNA to the P/T junction, or (3) binding
tightly to ssDNA and physically blocking diffusion, i.e., a
protein roadblock. Below, we discuss the results from this study
in the context of these pathways.
RPA Is a Protein Roadblock to Diffusion of PCNA

along ssDNA. Human RPA does not contain a PCNA binding
domain, and a direct interaction between RPA and PCNA has
yet to be reported in the literature, ruling out pathway 1. The
human clamp loader, RFC, interacts directly with RPA in the
absence of ATP.46 Thus, it is possible that RPA may hold RFC
at a P/T junction with PCNA (pathway 2).46,47 However, upon
closing a PCNA ring around a P/T junction, a process that
requires ATP hydrolysis,40,50 RFC’s affinity for PCNA
decreases by ∼3 orders of magnitude49,51 and PCNA is
released onto the dsDNA adjacent to the P/T junction.51−55

Experiments in this study on the Cy3P/T DNA substrate
(Figures 2−5) indicate that PCNA immediately diffuses off the
unblocked duplex end upon release from RFC, confirming this
mechanism. Furthermore, steady state titration experiments on
the Cy3P/BioT DNA substrate (Figure 2) indicate that RPA
does not hold RFC at a P/T junction as limiting RFC can load
all Cy5-PCNA onto the Cy3P/BioT DNA substrate in the
presence of RPA. Interestingly, the pre-steady state assays on
the Cy3P/BioT DNA substrate depicted in Figures 4 and 5
reveal that RFC turnover after loading PCNA onto a P/T
junction is rate-limited by dissociation of RFC from the
adjacent RPA-coated ssDNA. This process is rather slow (t1/2 ∼
30 s) and may explain why previous studies on biotin-labeled

P/T DNA substrates observed RFC, RPA, and PCNA after
isolation with biotin affinity beads.46,47 Altogether, this indicates
that RPA does not hold RFC at a P/T junction with PCNA
(pathway 2). Human RPA binds to ssDNA with an extremely
high affinity (less than picomolar) at physiological ionic
strength and might prevent diffusion of PCNA along ssDNA
by acting as a protein roadblock (pathway 3).39 The steady
state titration experiments on the Cy3P/BioT DNA substrate
(Figure 2) indicate that a single RPA molecule stabilizes a
stoichiometric amount of Cy5-PCNA on the Cy3P/BioT DNA
substrate. The pre-steady state assays on the Cy3P/T and
Cy3P/BioT DNA substrates (Figures 3−5) indicate that RPA
alone prohibits diffusion of PCNA along the ssDNA adjacent to
the P/T junction but has no effect on diffusion of PCNA along
the duplex region. Altogether, results from these experiments
indicate that RPA binds tightly to ssDNA adjacent to a P/T
junction and directly prohibits diffusion of PCNA along the
ssDNA by acting as a physical block (pathway 3).

The Ability of RPA To Prohibit Diffusion of PCNA
along ssDNA Is Likely Unique. Human TLS involves a large
ensemble of proteins, many of which bind directly to PCNA,
DNA, or both.7 Thus, it is possible that additional proteins
apart from RPA may prohibit diffusion of PCNA along ssDNA
by one or more of the aforementioned pathways. In a recent
biophysical study of human PCNA, the diffusion coefficient of
human PCNA decreased only 2.1-fold when its molecular
radius and, hence, frictional drag were increased 4-fold by the
attachment of a large object (Q-Dot).31 This suggests that a
large protein simply binding to PCNA encircling a P/T
junction will not prohibit diffusion of PCNA along the adjacent
ssDNA (pathway 1). Indeed, human pol δ will not promote the
retention of Cy5-PCNA on the Cy3P/BioT DNA substrate at
equilibrium (Figure S1). Under the conditions of the assay,
human pol δ binds to PCNA encircling a P/T junction with
significant affinity (<10 nM) but has a dramatically low affinity
for P/T DNA in the absence of DNA synthesis.42,43,48,56

Perhaps a protein (or protein complex) with multiple binding
domains tethers loaded PCNA to a blocked P/T junction by
concurrently binding PCNA and the adjacent P/T junction (or
ssDNA) with a high affinity (pathway 2). The replicative pols, δ
and ε, are obvious possibilities. In agreement with that
described above for Figure S1, a recent report from our lab
revealed that human pol δ rapidly dissociates into solution
upon stalling at a DNA lesion it cannot accommodate, leaving
PCNA behind on the DNA.42 Furthermore, pol δ alone retains
Cy5-PCNA on the Cy3P/BioT DNA substrate only when the
transition state for DNA synthesis (i.e., dNTP insertion) is
stabilized (Figure S1), in agreement with observations from
similar studies.48 Analogous studies have yet to be reported for
the leading strand pol, pol ε, but similar behavior is expected.
First, the affinity of pol ε for PCNA encircling DNA is rather
weak compared to that of pol δ.57−61 Second, on the basis of
the concentration of pol ε (550 copies of the catalytic subunit
per cell) and the number of replication origins active at any
given time within a human cell (∼10−15% of 30000−50000
origins/cell = 3000−7500), it is likely that human pol ε travels
with progressing replication forks to keep up with ongoing
DNA replication.62−64 Indeed, pol ε was not identified at or
near blocked P/T junctions within human cells upon inhibition
of DNA synthesis.38 Collectively, this suggests that the
replicative pols, δ and ε, do not remain engaged with the
blocked P/T junction and the resident PCNA upon
encountering a DNA lesion they cannot accommodate. Rev1
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and Rad6/Rad18 are also possibilities; both are imperative for
human TLS, and each contains distinct binding sites for PCNA
and ssDNA.7,65 Although the possibility cannot be ruled out, it
is unlikely that these proteins serve as protein bridges to
prohibit diffusion of PCNA along ssDNA (pathway 2). After
irradiation with UV at the G1/S border of the cell cycle, the
level of Rev1 expression peaks in G2/M phase when the
majority of DNA replication, i.e., S phase, has already been
completed.66 Extensive studies indicate that Rad6/Rad18 is
recruited to blocked P/T junctions by persistent RPA-coated
ssDNA downstream of the offending damage, i.e., after the
ssDNA has been generated and coated with RPA.7 Altogether,
this suggests that the ability of RPA alone to prohibit diffusion
of PCNA along ssDNA within postreplicative gaps may be
unique among the ensemble of proteins involved in human
TLS.
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