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Dynamics of Leading-strand Lesion Skipping by the Replisome
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SUMMARY

The E. coli replisome stalls transiently when it encounters a lesion in the leading-strand template,
skipping over the damage by reinitiating replication at a new primer synthesized downstream by
the primase. We report here that template unwinding and lagging-strand synthesis continue
downstream of the lesion at a reduced rate after replisome stalling, that one replisome is capable of
skipping multiple lesions, and that the rate limiting steps of replication restart involve the
synthesis and activation of the new primer downstream. We also find little support for the concept
that polymerase uncoupling, where extensive lagging-strand synthesis proceeds downstream in the
absence of leading-strand synthesis, involves physical separation of the leading-strand polymerase
from the replisome. Instead, our data indicate that extensive uncoupled replication likely results
from a failure of the leading-strand polymerase still associated with the DNA helicase and the
lagging-strand polymerase that are proceeding downstream to reinitiate synthesis.

INTRODUCTION

The DNA replication machinery (replisome) faces considerable challenges during the
process of chromosome duplication. Protein road blocks, in the form of frozen protein
complexes, or stalled RNA polymerases, are known to stall and/or derail the replication
machinery at high frequency (Gupta et al., 2013; Merrikh et al., 2011). The replisome must
also negotiate a multitude of structurally unrelated DNA lesions that are generated during
normal cell growth. Consequently the replisome has evolved many strategies — tailored to
the specific type of barrier — to ensure that chromosome duplication is rapidly and
accurately completed.

The Escherichia coli replisome is a large multi-subunit molecular machine that possesses all
of the enzymatic activities required to catalyze rapid and processive DNA replication
(reviewed in (McHenry, 2011)). The chromosome is unwound by the hexameric DnaB
helicase translocating 5" — 3’ on the lagging-strand template (LeBowitz and McMacken,
1986). The < subunit of the DnaX clamp loader complex plays a central role in anchoring
replisome components by binding both the leading- and lagging-strand DNA polymerases
and DnaB (Gao and McHenry, 2001; Kim et al., 19964, b). On undamaged DNA, the
leading strand is synthesized continuously, whereas the lagging strand is synthesized
discontinuously in 1-2 kb long Okazaki fragments that are initiated by repeated priming by
the primase, DnaG, and subsequent p-clamp assembly catalyzed by the DnaX complex.
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Provided that DnaB translocation is not impeded, lagging-strand lesions are efficiently
bypassed (MclInerney and O'Donnell, 2004; Nelson and Benkovic, 2010); the lagging-strand
polymerase simply cycles to a new RNA primer downstream of the lesion, leaving behind a
single-strand (ss)DNA gap that can be filled subsequently by either RecA-dependent
recombination pathways or specialized translesion DNA polymerases (Kuzminov, 1999).
The fate of the replisome following a collision with a leading-strand lesion is less clear.
Following UV irradiation of E. coli cells both proficient and deficient in nucleotide excision
repair, DNA replication was inhibited (Rupp and Howard-Flanders, 1968; Setlow et al.,
1963; Swenson and Setlow, 1966). Consistent with these observations, Rudolph et al.,
(2007) showed that movement of all pre-existing replication forks was delayed following
UV exposure. These results demonstrate that UV irradiation significantly inhibits the
progress of E. coli replication forks in vivo and, assuming that lagging-strand lesions are
efficiently bypassed, are consistent with a model whereby leading-strand lesions block
replication fork progression.

In contrast, the leading-strand reinitiation model postulates that leading-strand synthesis can
be reinitiated downstream of template damage by a priming event on the leading-strand
template (Rupp, 1996). This model was born out of the observations that replication does
not stop completely following UV-irradiation, and that the nascent DNA subsequently
synthesized is considerably shorter than unirradiated controls and contains single-stranded
gaps (lyer and Rupp, 1971; Rupp and Howard-Flanders, 1968). The first mechanistic
evidence that leading-strand priming could occur outside of the origin of replication came
from experiments conducted on model replication fork substrates lacking a nascent leading
strand. Origin-independent replisome loading via the PriC-pathway (reviewed in (Heller and
Marians, 2006b)) resulted in the formation of a functional replisome that catalyzed coupled
leading- and lagging-strand synthesis via a de novo leading-strand priming event (Heller and
Marians, 2006a). Recent experiments conducted in vitro on a DNA template containing a
single, site-specific leading-strand cyclobutane pyrimidine dimer (CPD), revealed that the
replisome stalls transiently at, or close to the site of damage. However, despite the absence
of any of the known proteins required for origin-independent replisome assembly (Heller
and Marians, 2006b), replication was not permanently arrested and, following a lag, coupled
synthesis was seen to resume downstream of the lesion (Yeeles and Marians, 2011) with the
net effect being that the replisome jumped over the leading-strand lesion.

Multiple reactions must be coordinated at the replication fork to enable coupled replication
(i.e., coordinated leading- and lagging-strand synthesis catalyzed by one replisome) to be
reinitiated. (1) Following collision with the damage, sufficient ssDNA must be exposed on
the leading-strand template to enable primer synthesis to occur. (2) Recruitment of DnaG,
presumably via an interaction with DnaB, and subsequent primer synthesis. (3) Assembly of
a new B-clamp around the primer-template. And (4) recruitment of a leading-strand
polymerase and the resumption of leading- and lagging-strand synthesis. In this study we
have sought to investigate how and when these processes occur and the relative
contributions that they make to the overall kinetics of the leading-strand lesion skipping
reaction that we reported previously (Yeeles and Marians, 2011). Our data reveal that the
replisome stalls, or slows significantly, a short distance downstream of the lesion, with
lagging-strand synthesis frequently continuing beyond the site of damage. The data also
suggest that the rate limiting steps for leading-strand reinitiation involve primer synthesis
and the subsequent assembly of the new 3 clamp, and that once replication is reinitiated,
normal replication rates are resumed and the replisome is capable of responding to a second
lesion in the leading-strand template. We also report the unexpected finding that a DnaX
complex lacking the domains required to interact with DnaB can enhance the efficiency of
leading-strand replication restart, a result that is consistent with -clamp assembly being a
key rate-limiting step in the leading-strand reinitiation pathway. Finally, we demonstrate that
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during polymerase “uncoupling,” when extensive lagging-strand synthesis occurs
downstream of the lesion in the absence of leading-strand synthesis, the leading-strand
polymerase appears to remain associated with the lagging-strand polymerase and the
replication fork helicase.

DnaB and Lagging-strand Synthesis Progress Forward Slowly After the Replisome
Encounters a Leading-strand Template Lesion

To investigate the complete structure of a stalled fork, we utilized the unidirectional
replication system that we developed previously (Yeeles and Marians, 2011) to generate a
population of stalled replication forks for subsequent analysis. Origin-dependent replication
is initiated on oriC-containing plasmid templates (Figure S1A) in the absence of a
topoisomerase to form early-replication intermediates (ERISs). Replisomes are then released
synchronously from the ERIs by cleavage with the restriction enzyme EcoRI. The counter-
clockwise-moving fork is blocked by the Tus:TerB complex, enabling progression of the
clockwise-moving fork to be monitored. Reaction products are digested post-replicatively
with Pvul to remove the origin and counter-clockwise-moving fork, leaving an essentially
linear template. In this system, stalled replication forks are resolved to generate fully-
replicated products (restarted leading strands and lagging strands) (Yeeles and Marians,
2011). To ensure that stalled forks were the predominant starting reaction species, reactions
on the CPD-C template (Figure S2) were arrested at early time points (30 and 40 sec).
Restriction enzyme mapping was used to investigate fork architecture. Three potential
structures that could be generated were considered (Figure 1A). (i) The replisome could
arrest in close proximity to the CPD, without extensive unwinding of the template
downstream from the damage. (ii) DnaB-catalyzed template unwinding could continue
beyond the lesion in the absence of both leading- and lagging-strand synthesis, generating
regions of sSSDNA on both template strands. (iii) Uncoupled replication beyond the CPD -
where lagging-strand synthesis continues in the absence of leading-strand synthesis — would
generate a region of sSDNA specifically on the leading-strand template. Each fork structure
will give a distinctive cleavage pattern when digested post-replicatively with enzymes that
cut a short distance downstream from the CPD (Figure 1A) and analysis with multiple
enzymes that cleave at different positions will provide information about the location where
the replisome stalls (Figure 1B).

Restriction digests generated up to three novel cleavage products (Figure 1C, e.g., enzyme
A), the patterns of which were influenced by both the restriction enzyme site location and
the replication reaction time length. To identify these products, stalled forks were digested
with enzyme A and analyzed by two-dimensional gel electrophoresis (Figure S1B). The
product that migrated in the location of the original stalled fork contained both the leading-
strand stall fragment and Okazaki fragments, demonstrating that it was a stalled replication
fork resistant to enzyme A digestion (Figure 1A (ii)). The band migrating directly below the
original fork, but above the position of full-length duplex DNA, also contained both leading-
and lagging-strand products, identifying it as a truncated fork, where the downstream
unreplicated region of the template had been removed (Figure 1A (i)). The 9.5 kbp band
(leading sister CP) was composed exclusively of the nascent leading strand, whereas the
faster migrating species of approximately 6.5 kbp (lagging sister CP) consisted mainly of
Okazaki fragments. These species were likely generated by a single cleavage event on the
lagging strand at the stalled fork (Figure 1A (iii)), liberating the lagging-strand sister, while
the leading-strand sister remained associated with the downstream region of the template
and therefore migrated in a position similar to that of full-length duplex DNA. We saw little
evidence for the interconversion of replication fork structures by branch migration during
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the course of restriction digests, perhaps because of the replisome remaining resident on the
templates. Consistent with this idea, removal of replication proteins prior to restriction
digests resulted in the conversion of uncut forks to truncated forks (data not shown).

For reactions arrested 30-sec post EcoRI cleavage, only enzymes A and B produced
significant amounts of leading- and lagging-sister cleavage products, whereas enzymes C, D
and E generated truncated forks almost exclusively (Figure 1C, 30 sec). Thus the majority of
replication forks either stalled, or significantly reduced in speed, such that they had not yet
reached the enzyme C site 266 bp downstream from the CPD. The data also demonstrate
that in the majority of cases where the replisome reached a restriction site, uncoupled
replication (Figure 1A, Fork iii) was more prevalent than template unwinding in the absence
of synthesis, as leading- and lagging-sister cleavage products were more prominent than
uncut forks (Fork il) for enzymes A and B. Comparison of the digest patterns at 30 and 40
sec revealed an increase in leading- and lagging-sister cleavage products at 40 sec for
enzymes A, B, C, and D. Only enzyme E, which maps 912 bp downstream from the CPD,
failed to generate such products when forks were arrested 40-sec post EcoRlI cleavage.

We considered two potential explanations for the digest pattern changes observed between
30 and 40 sec. Because stalled-fork production was not saturated at 30 sec (data not shown),
replisomes released later from ERIs — between 30 and 40 sec — might have arrested
further downstream from the CPD, giving rise to the additional leading- and lagging-sister
cleavage products. Alternatively, rather than the replisome coming to a complete halt
following collision with the damage, uncoupled replication might have continued
downstream from the damage before coupled synthesis was resumed by leading-strand
repriming. To distinguish between these two possibilities, pulse-chase experiments were
conducted where a 25-fold excess of unlabeled dGTP was added 30 sec post-EcoRI cleavage
to prevent further incorporation of [a-32P]dGTP. This enabled the fate of replication forks
stalled within the first 30 sec of the reaction to be monitored (Figures 1D and 1E). (The
elevated dGTP concentration did not affect either the kinetics of the reaction or the
distribution of products, Figure S3.) Aliquots were taken at 40, 50 and 60 sec post-EcoRI
addition for restriction enzyme analysis. When stalled forks were digested with enzymes A,
C, and D, both the leading- and lagging-sister cleavage products increased in intensity across
the time courses (Figures 1D and E), and this increase appeared to be coupled to a decrease
in the truncated stalled fork (Figure 1D, enzyme A). Crucially, for all three enzymes the
increase in leading- and lagging-sister cleavage products was considerably greater (~5-fold)
than the increase in full-length duplex products (fully-resolved replication products
consisting of both lagging strands and restarted leading strands) for undigested samples
(Figure 1E). As such, the digest pattern changes could not be accounted for by cleavage of
fully-resolved replication products that were synthesised during the chase. Rather, we
conclude they result from cleavage of forked structures generated by continued uncoupled
replication occurring downstream from the CPD. This uncoupled replication appears to
occur at a reduced rate compared to that reported for coupled DNA synthesis (500-1000 bp
s71), given that, although the population of replisomes have travelled at least a few hundred
base pairs downstream from the CPD, they have not yet reached the end of the template (2.7
kb beyond the CPD, which would be replicated in 5-6 seconds at 500 bp s~1) during the 20-
second chase.

Replication Rates Do Not Change Significantly Following the Reinitiation of Leading-
strand Synthesis

Full-length product formation on a single CPD-containing template was delayed by up to
several minutes relative to an undamaged control template (Yeeles and Marians, 2011). The
cause of this delay may simply result from replication occurring more slowly downstream
from the CPD, delaying the arrival of the replisome at the distal end of the template. We
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estimate that replication rates would have to slow at least 10-fold to less than 50 bp s™1 to
give rise to the observed lag. Alternatively, if normal replication rates are resumed following
leading-strand reinitiation, the lag might be the consequence of a rate-limiting step, or series
of steps, that occur prior to the reinitiation of leading-strand synthesis, for example, priming
on the leading-strand template, or assembly of a new  clamp around the primed leading-
strand template. To test these hypotheses, we constructed three single-CPD templates where
the position of the CPD was varied relative to the EcoRI and Pvul sites (Figures 2A, S1A,
and S2). Should the rate of DNA synthesis following leading-strand reinitation slow
significantly enough to dictate the overall reaction kinetics (>10-fold), the kinetics by which
full-length products are produced should vary significantly between the three templates.
However, if normal replication rates are resumed following leading-strand reinitiation,
similar overall kinetics would be expected, given that the maximum predicted difference in
replication time for the CPD-distal region at a rate of 500 bp s~ would be 6 seconds
between CPD — A (6 kb) and CPD - C (2.7 kb).

Restart products were generated on all three templates (Figure S2B, denaturing).
Furthermore, uncoupled products — where template unwinding and only lagging-strand
synthesis continue to the distal end of the template — were not detected (Figure S2B, native),
indicating that in almost all cases where the replisome reached the end of a template,
leading-strand synthesis was reinitiated. Thus the location of the CPD does not significantly
influence the efficiency of leading-strand reinitiation. To obtain more accurate kinetic
information about the rate by which stalled forks are resolved to generate full-length
products (lagging strands and restarted leading strands) pulse-chase experiments were
conducted (Figure 2). The kinetics of full-length DNA production were very similar for the
three templates tested, with product formation saturating approximately 4-5 minutes post
EcoRI addition (Figure 2). No correlation was observed between the time taken to fully
replicate a template and the length of the CPD distal region, demonstrating that the rate of
DNA synthesis does not slow significantly following leading-strand reinitiation downstream
from a CPD. The overall kinetics of the reaction appear therefore to be dictated by a rate
limiting step(s) that occurs prior to the resumption of coupled DNA replication.

The Replisome Restarts Replication Downstream From a Second Leading-strand CPD

A key predication of the above model is that the presence of a second CPD in the leading-
strand template should delay the arrival of a replisome at the distal end of the template, even
if leading-strand synthesis is efficiently reinitiated downstream of a second lesion. To test
this idea, two DNA templates were synthesized that each contained two site-specific
leading-strand template lesions (Figures 3A and S4A). We first compared replication on the
single damage CPD-A and the double damage CPD-A+C templates. One minute post EcoRI
addition, the replication products were almost indistinguishable, with the products from both
templates consisting predominantly of a stalled replication fork (Figure 3B). As the reactions
proceeded, some clear differences became apparent. Instead of full-length duplex products
being generated two minutes post EcoRI addition, as is the case for the CPD-A template, a
novel product migrating more slowly than the original stalled fork was formed in reactions
on the CPD-A+C template. This product was generated with kinetics very similar to those of
full-length product formation with the CPD-A template and it migrated in an identical
position to the stalled fork generated on the single-damage CPD-C template (Figure S2,
CPD-C). The data can be explained if replication is restarted downstream from the first
CPD, but the replisome then stalls again when it encounters the second CPD located further
along the template. Remarkably — having reached a peak at approximately 4 min — the
second stalled fork begins to be resolved and full-length duplex DNA products are formed.
If leading-strand reinitiation is occurring downstream of both lesions, distinct restart
products should be detectable in a denaturing gel. Restart products on the CPD-A template
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migrated as a smear up to a length of approximately 6 kb (Figures 3B and S2B, denaturing).
This smear was entirely absent when a second leading-strand CPD was located downstream
of CPD-A, suggesting that close to 100% of the double-damage template contained the
second lesion. In contrast to the restart products on the CPD-A template, those generated on
the CPD-A+C template migrated as a broad smear spanning a region from approximately
2-3 kb (Figure 3B, denaturing). To differentiate the restart products generated downstream
of CPD-A and CPD-C, reactions were conducted with the CPD-A+C template and products
were digested with enzymes that mapped to either the region between the two CPDs (Pacl)
or downstream of the second CPD (Eagl) (Figures 3C and D). Digestion with Pacl removed
the upper portion of the restart smear and conversely Eagl cleavage removed the bottom
portion of the smear. This result is consistent with the CPD locations, as the distance
between the two CPDs — where the Pacl site is located — is 600 bp longer than the
distance downstream of the second CPD. Cleavage with either enzyme generated uniform
products (Figure 3D, Cut restart), likely due to removal of the heterogeneous 5 ends of the
restart products. The kinetics with which the two cut restart products were generated
revealed that Pacl-sensitive products were produced earlier in the reaction than Eagl-
sensitive products, while reciprocal kinetics were observed for resistant products, as would
be expected if leading-strand reinitiation is occurring sequentially, first downstream of CPD-
A, and then downstream of CPD-C.

To compare the kinetics by which fully-resolved products were formed on the single and
double-damage templates, we again utilized the pulse-chase assay (Figures 3E and S5). For
both double-damage templates there was a significant lag prior to the formation of full-
length duplex products compared to the single-damage templates. Whereas product
formation began to plateau with the single-damaged templates after approximately 4 min, a
plateau was reached at about 8 min post EcoRI cleavage with the double-damaged templates
(Figures 3E). The data illustrate that the overall reaction kinetics are primarily influenced by
the number of CPDs in the leading-strand template, rather than their location, and further
highlight the significance of a rate limiting step(s) that occurs prior to the resumption of
leading-stand synthesis.

Leading-strand Priming Plays a Critical Role in Dictating the Kinetics of Restart

Leading-strand priming is likely to be one of the earliest events that takes place at the stalled
replication fork. As DnaG functions distributively during lagging-strand synthesis (Wu et
al., 1992), we reasoned that the concentration of DnaG might modulate leading-strand
reinitiation in some way. To test this hypothesis, we conducted DnaG titrations using the
CPD-A and CPD-C templates (Figure 4). At low DnaG concentrations a significant
proportion of the stalled forks persisted 6 min post EcoRI addition for both templates. As the
concentration of DnaG increased, the proportion of stalled forks remaining at 6 min
decreased, suggesting that the kinetics of stalled-fork resolution could be dependent on
DnaG concentration (Figure 4B). To test this idea further, we compared replication of the
CPD-A+C template at 200 nM (a sufficiently high concentration of DnaG to ensure efficient
leading-strand reinitiation) and 800 nM DnaG (Figures 4C and S6) and found that full-
length product formation was appreciably slower at the lower DnaG concentration. Another
striking effect of the concentration of DnaG was on the distribution of fully-resolved
replication products. At low DnaG concentrations, replication with the CPD-A template
produced unit-length products, in addition to a smear that migrated directly below.
Uncoupled products were not detected, even at the lowest concentration of DnaG tested. At
higher concentrations of DnaG, the smear became less apparent and the full-length band
more prominent (Figure 4B). There are two potential, non-mutually exclusive, explanations
for such a result. At lower DnaG concentrations, less frequent priming on the lagging strand
could result in ssDNA gaps forming between Okazaki fragments that might affect the
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migration of replicated lagging strands. Or, on the leading strand, the distance between the
CPD and downstream priming site might be increased at lower DnaG concentrations,
resulting in larger ssSDNA gaps between the 3’ end of the stall product and the 5’ end of the
restart product. This idea is supported by the distribution of restart products in the
denaturing gel, as a higher proportion of longer products were generated at elevated DnaG
concentrations (Figures 4B and 5A, denaturing). Comparison of the reaction products on the
CPD-A and CPD-C templates revealed some interesting differences. Below 160 nM DnaG,
uncoupled products were generated specifically on the CPD-C template (Figures 4A and B).
The distance downstream of the CPD is 2-fold longer on the CPD-A template compared to
the CPD-C template (Figure S2A), indicating that the propensity for uncoupled products to
be generated is dependent on the distance from the CPD to the end of the template. At
higher DnaG concentration, priming appeared to occur closer to the CPD and uncoupled
products (Figure 4A) were not generated on either template.

Replisome-independent Assembly of § on the Downstream Primer Enhances the
Efficiency of Leading-strand reinitiation

Following primer synthesis, B-clamp assembly is likely to be one of the next events that
occurs before leading-strand reinitiation. To gain insight into the factors that affect this
reaction, we isolated ERIs and their associated replisomes from non-DNA associated
proteins by gel filtration (Yeeles and Marians, 2011). This method serves to remove
unbound Pol 111* (which contains the clamp-loader DnaX complex), that may be able to
influence the assembly of § around newly-primed DNA. Following column isolation the
distributively acting proteins — SSB, DnaG, and B — were added back and ERIs were
released by EcoRlI cleavage. In the absence of DnaG neither lagging-strand synthesis nor
leading-strand reinitiation were observed and the entire CPD distal region was unwound to
generate uncoupled products (Figure 5A, native) (Yeeles and Marians, 2011). As DnaG
concentration increased, uncoupled products decreased and there was a concomitant increase
in restart products (Figure 5A, denaturing and figure S7). In contrast to bulk reactions with
the CDP-A template, even at the highest concentration of DnaG assayed (960 nM), some
replisomes reached the end of the template without reinitiating leading-strand synthesis,
suggesting that reinitiation was occurring less efficiently following column isolation.

We speculated that assembly of the f-clamp might have been compromised relative to bulk
reactions because of the removal of unbound Pol I11* that may have been aiding B-clamp
assembly around the new leading-strand primer. If unbound Pol 111* was indeed performing
such a function, then a DnaX complex unable to interact with either DnaB or DNA
polymerase 111 might be able to substitute. The DnaX complex consists of three copies of the
dnaX gene product (v or v), x, v, 8 and &'. < is the full-length product of dnaX, whereas v is a
C-terminally truncated protein that lacks the last 213 amino acids (Flower and McHenry,
1990; Tsuchihashi and Kornberg, 1990). The C-terminal region of © binds both DnaB and
the a-subunit of Pol 111 core (Dallmann et al., 2000), thereby ensuring that helicase
movement is coupled to leading- and lagging-strand synthesis (Kim et al., 1996a). Despite
lacking the domains required for these interactions, y can be constituted into functional
clamp-loader complexes. DnaX-y3 complexes reconstituted in vitro can efficiently assemble
B-clamps around primer-template DNA (Downey and McHenry, 2010), although they are
unable to form fully-functional replisomes (Kim et al., 1996a). Column-isolated reactions
were conducted in the presence or absence of a DnaX-yz complex that was added 45-sec
post EcoRI addition. In the presence of DnaX-y3 complex, no uncoupled products were
observed in the native gel and there was a clear increase in the intensity of restart products
(Figure 5B). This suppression of uncoupled-product formation may have resulted from the
DnaX-y3 complex increasing the rate of f-clamp assembly so that leading-strand synthesis
was reinitiated prior to DnaB reaching the end of the template. If this was indeed the case,
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addition of DnaX-y3 complex should have no effect on uncoupled products that have already
been generated. To test this idea, uncoupled products were synthesized in an 8-min reaction,
DnaX-y3 complex was added 10 sec later, and the reactions incubated for an additional 170
sec (Figure 5C). This essentially post-replicative addition of DnaX-y3 complex had no
appreciable affect on the uncoupled products and there was no visible increase in restart
compared to lanes lacking DnaX-y3 complex. The data supports the hypothesis that the
replisome must still be resident on the DNA template in order for DnaX-y3 complex to
enhance the efficiency of restart.

Leading-strand Synthesis Remains Coupled to DnaB Unwinding Following DnaX-y3
Complex-facilitated Leading-strand Reinitiation

To further investigate how the DnaX-y3 complex was facilitating leading-strand restart, we
compared replication on the double-damage CPD-A+C template in the presence or absence
of the complex. A low DnaG concentration (200 nM) was used to reduce the efficiency of
leading-strand reinitiation (Figure 5A) and therefore maximize the potential effects of
DnaX-vy3 addition. Uncoupled products were generated where leading-strand synthesis was
not reinitiated downstream of either lesion (Figure 6, Uncoupled A), and the second stalled
fork (Figure 6, Stalled fork C), generated by replisomes that restarted downstream of the
first CPD (CPD-A), was less prominent than in bulk reactions. At later time points, a second
uncoupled product was formed (Figure 6, Uncoupled C), presumably when replisomes failed
to reinitiate leading-strand synthesis downstream of the second CPD (CPD-C) in reactions
where leading-strand synthesis was reinitiated downstream of the first CPD. Addition of
DnaX-y3 complex had several effects on the reaction. Uncoupled products were suppressed
and more replication forks stalled at the second CPD (Figure 6, compare Stalled fork C —/+
DnaX-vy3 complex). This result indicates that leading-strand synthesis is required for CPD
recognition and replisome stalling, which is not unexpected given that DnaB translocates on
the opposite strand of the duplex.

Another striking difference was manifest in the kinetics with which fully-resolved
replication products (uncoupled and full length) were formed. Addition of DnaX-y3 slowed
the production of these species. For example, uncoupled A and full-length products were
visible within 2-3 minutes in its absence, but full-length products were not readily detected
until 5 minutes in its presence. Because of the low DnaG concentration, the majority of
replisomes failed to reinitiate leading-strand synthesis downstream of CPD-A in the absence
of DnaX-ys. Essentially, under these conditions, most replisomes appeared not to ‘see’ the
second CPD. The reaction proceeded in a manner more similar to a column-isolated reaction
on a single-damage template, than it did a bulk reaction on a double-damage template, and
this was also reflected in the kinetics (compare figures 5B and 6 - DnaX-y3 complex and
figure 3B). The major effect of added DnaX-vy3 appears to be increased leading-strand
reinitiation, which in turn leads to increased stalling at the second CPD. Therefore it seems
highly likely that it is this additional replisome-stalling event that delays the production of
full-length products relative to complete uncoupled replication beyond CPD-A, which is the
pathway that predominates in the absence of DnaX-vy3. Furthermore, as recognition of the
second CPD by the leading-strand polymerase delayed the arrival of DnaB at the distal end
of template (as inferred by the production of fully-replicated products), the data strongly
suggest that forward movement of DnaB remained coupled to leading-strand synthesis
following DnaX-y3 facilitated leading-strand reinitiation.

DISCUSSION

Our results show that following replisome collision with a leading-strand CPD, DnaB and
lagging-strand synthesis advance past the site of damage at the majority of replication forks.
Continued template unwinding is likely to be crucial for leading-strand reinitiation, as it
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ensures sufficient ssSDNA is generated on the leading-strand template to enable primer
synthesis to occur. Previous studies have shown that leading-strand synthesis, coupled to
DnaB via the C-terminus of T, is required for optimal DnaB unwinding rates of up to 1000
bps~1. Replisomes lacking t move at a markedly reduced rate of ~ 35 bps~1, and the C-
terminus of < alone is not sufficient to stimulate the unwinding rate of DnaB in the absence
of replication (Dallmann et al., 2000; Kim et al., 19964, b). If, following replisome collision
with a lesion, DnaB was to simply continue unwinding the template at a reduced rate of 35
bps~1, 1050 bp would on average be unwound within the first 30 sec. Yet pulse-chase
experiments showed that 30 sec after addition of the chase the vast majority of templates
remained intact 266 bp downstream of the damage, implying that DnaB had yet to advance
beyond this point. Movement of DnaB therefore appears to be restricted in the immediate
aftermath of the replisome's collision. If the stalled leading-strand polymerase remained
associated with both the DNA template and the t-subunit of the clamp loader, it could
potentially form a tether that might be inhibitory to DnaB movement. In this scenario, any
continued template unwinding beyond the site of damage would generate a loop of sSDNA
on the leading-strand template that would be expected to persist until the polymerase either
dissociated from the template or the clamp loader (Figure 7, Stalled fork). Such a tether may
be required to prevent DnaB advancing too far ahead of the damage site prior to the
reinitiation of leading-strand synthesis.

Resolution of stalled-replication forks yielded either restarted leading-strand, or uncoupled
products (Figure 7), and the balance between these two events was influenced by leading-
strand priming frequency, the efficiency of f-clamp assembly on the downstream primer,
and the length of the CPD distal region. Furthermore, the overall reaction kinetics, i.e., the
rate at which fully-replicated products were synthesized, was influenced by the
concentration of DnaG. If forward translocation by DnaB is indeed limited by continued
association with the stalled leading-strand polymerase, priming and subsequent -clamp
assembly on the loop of sSDNA generated should enable leading-strand reinitiation to occur
in close proximity to the damage (Figure 7, i, and iii). This reaction would likely be favored
at high DnaG concentrations, when stochastic priming should be more frequent, and may
explain why there is a larger population of longer restart products at elevated DnaG
concentrations (Figure 4B). It may also explain why the overall reaction kinetics are
influenced by DnaG concentration, as more frequent priming could lead to accelerated
cycling of the stalled leading-strand polymerase and therefore faster release of the replisome
to continue downstream replication. It is tempting to speculate that leading-strand priming in
such a loop could also help to facilitate B-clamp assembly by the replisome associated
clamp-loader, negating the need for an exogenous complex. However, because some
uncoupled products were still observed at high DnaG concentrations following column
isolation in the absence of DnaX-y3 complex, it is likely that exogenous DnaX complex
would also be required to participate in this reaction occasionally.

Alternatively, the leading-strand polymerase could dissociate from the original p-clamp
prior to priming and clamp assembly, releasing any potential restrictions on DnaB
translocation and enabling it to unwind the downstream region of the template (Figure 7, ii).
In this scenario the speed at which DnaB unwinds DNA is currently unknown. However,
from our data it can be inferred that the uncoupled replisome moves at least as fast as
previous estimates for DnaB unwinding in the absence of leading-strand synthesis (35
bps™1), because uncoupled products were generated on the CPD-A template within the first
3 min of column-isolated reactions (Figure 5B), which involves unwinding of an
approximately 6 kbp region. Uncoupled products will be generated if priming and/or f3-
clamp assembly are not accomplished prior to DnaB reaching the end of the template
(Figure 7, v). Alternatively, if leading-strand primer synthesis and clamp assembly do occur
prior to complete template unwinding, leading-strand reinitiation could still be achieved
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(Figure 7, iv), and our experimental observations suggest this possibility. In bulk, uncoupled
products were generated at low DnaG concentrations on the CPD-C but not CPD-A
templates, where the downstream regions of the templates are 2.7 and 6 kbp, respectively.
Thus, under these conditions, the propensity to generate uncoupled products is inversely
related to the length of the template distal to the CPD. This effect is as predicted if complete
uncoupled replication beyond the damage is a function of the time taken for DnaB to unwind
the template, compared to the rates of primer synthesis and B-clamp assembly. The result
would also be explained if DnaB either lacks the processivity or necessary unwinding rate to
fully unwind the downstream region of the CPD-A template during the course of the
reactions. However, this is unlikely given that uncoupled products are efficiently generated
within 3 min in column-isolated reactions on the CPD-A template. Two previous studies
concluded that the E. coli replisome predominantly uncouples following collision with a
leading-strand lesion (Higuchi et al., 2003; Pages and Fuchs, 2003). However, these
experiments were conducted on templates with damage-distal regions of only up to 1.8 kbp
that, based on findings presented herein, may have precluded the detection of leading-strand
reinitiation.

The efficiency of leading-strand reinitiation in vivo remains to be determined, as does the
extent to which replication becomes uncoupled in its absence. Even if uncoupling distances
were to be limited in vivo, perhaps by nucleoid-associated proteins such as RNA
Polymerase, it seems likely that significant sSSDNA would still be generated. The fate of the
original replisome in this situation is currently unknown. Should it dissociate, origin-
independent replisome loading by PriC would enable direct restart by repriming (Heller and
Marians, 2006a). Replication could also be reinitiated by fork remodeling and damage
removal, or by translesion DNA synthesis.

Our study has revealed the unexpected finding that an exogenous DnaX-y3 complex can
participate in the reinitiation of leading-strand synthesis, despite there currently being no
available evidence that the complex is able to interact directly with the replisome. We
considered two distinct mechanisms by which DnaX-y3 complex might be facilitating
restart. Either the complex could be assembling f-clamps around leading-strand primers that
were missed by the replisome-associated DnaX complex, or the DnaX-y3 complex could be
unloading the B-clamp associated with the stalled leading-strand polymerase, which would
potentially accelerate polymerase cycling and enhance restart. We strongly favor the first
mechanism for several reasons. The -unloading reaction that is catalyzed by DnaX-y3
complex is relatively slow, with a rate constant of 0.015 s™1, and a Ky, of 280 nM (Leu et
al., 2000), far in excess of the 2.5 nM used in these experiments. Additionally, association of
the leading-strand polymerase with < during replication has been shown to protect the -
clamp from unloading by exogenous DnaX complex (Kim et al., 1996¢). Thus, under these
conditions, it seems unlikely that DnaX-y3 complex would be able to unload B-clamps at a
sufficient rate to influence leading-strand reinitation significantly on the timescale of our
experiments. Invivo, the DnaX complex participates in multiple reactions in addition to its
role at the replication fork, such as nucleotide excision repair, post-replicative translesion
synthesis, and p-clamp unloading (Leu et al., 2000). The ability to perform such functions is
in part because of the reasonably high expression levels of the individual components. In
fact, several studies (Leu et al., 2000; Reyes-Lamothe et al., 2010) have shown that many
DnaX-complex subunits are more abundant than Pol 111 core, and therefore a proportion of
the complexes found within the cell are likely not to be associated with the replicative
polymerase. Given these high expression levels, and the low concentration of DnaX-vy3 that
is required to enhance restart in vitro, it seems probable that such a reaction should be able
to function in vivo following replisome collision with leading-strand damage.
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EXPERIMENTAL PROCEDURES

DNA Templates and Replication Proteins

DNA templates containing site-specific cyclobutane pyrimidine dimers were synthesized
using M13-JY'13 (see Supplementary Information for construction) ssDNA as described
previously (Yeeles and Marians, 2011). For sequences of the three CPD-containing primers
used see Supplementary Information. For templates containing two site-specific CPDs, two
CPD-containing oligonucleotides were simultaneously annealed to the ssSDNA and templates
were synthesized as described (Yeeles and Marians, 2011). Replication proteins were
purified as described previously (Yeeles and Marians, 2011).

Replication Reactions

Complete details can be found in Supplementary Information. Standard (bulk) replication
reactions (10-40 pl) were essentially as described in Yeeles and Marians (2011). Reactions
were initiated by the addition of replication proteins. After a 2-min incubation at 37 °C,
[a-32P]dATP was added and ERIs were released by the addition of EcoRI-HF (NEB).
Reactions were stopped at the indicated times by the addition of a stop buffer that contained
a 10-fold excess of AMP-PNP over ATP and 2/, 3’-dideoxyribonucleoside 5’-triphosphates
over dNTPs. Reactions were then digested with Pvul and analyzed by gel electrophoresis.
For pulse-chase reactions, [a-32P]dATP was substituted with [a-32P]dGTP. Label was
chased by the addition of a 25-fold excess of unlabeled dGTP. Full-length replication
products were quantified using ImageGuage software. The counts for full-length products at
each time point were divided by the total lane counts at 50 seconds.

For column-isolated reactions, replisome-associated ERIs were generated in standard
replication reactions (30 pl). Following a 2-min incubation at 37 °C, KCI was added to a
final concentration of 100 mM and the entire sample was applied to a 3 x 195 mm
Sepharose-4B column equilibrated and developed in replication reaction buffer that included
three dNTPs at 4 pM and 0.5 pM ATP. Fractions containing ERIs were pooled, SSB, DnaG,
and B were added back and replication reactions were performed and analyzed as above.

Replication Fork Mapping Experiments

Fork mapping experiments were performed exactly as described for standard replication
reactions. Following incubation at 37 °C, samples were quenched in 3 volumes of a 1.33X
stop buffer containing: 50 mM Hepes-KOH pH 8, 75 mM potassium glutamate, 10 mM
Mg(OAC),, 10 mM DTT, 100 pg/ml BSA, and a 20-fold molar excess of ddNTPs and ATP-
v-S. Reaction products were immediately digested for 10 min with Pvul and additional
enzymes where indicated. Following quenching with 30 mM EDTA, samples were treated
with 0.25% SDS and 0.2 mg/ml proteinase K for 30 min at 37 °C. Products were separated
by electrophoresis through 0.8% native gels as described previously.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Lagging-strand Synthesisand Template Unwinding Proceed Slowly After the
Replisome Stalls at a L eading-strand Lesion

(A) Hlustration of replication fork structures that could be generated following fork stalling.
(i) The replisome arrests at the site of damage and little template unwinding occurs
downstream. (ii) Template unwinding continues downstream of the damage in the absence
of leading- and lagging-strand synthesis. (iii) Template unwinding and lagging-strand
synthesis continue downstream of the damage in the absence of leading-strand synthesis.
Different fork architectures can be identified by restriction mapping with enzymes that are
located downstream of the lesion. A single cleavage event on the lagging-strand sister will
generate leading- and lagging-strand sister cleavage products, denoted leading sister CP and
lagging sister CP.

(B) Schematic illustrating the positions relative to the CPD of the restriction sites used for
fork mapping. Enzyme A, Kpnl; B, Pstl; C, Bsal; D, Ahdl and E, ApaLl.

(C) Restriction mapping of stalled replication forks. Standard replication reactions were
conducted using the CPD-C template (Figures 2A and S2) for the indicated times. Following
quenching, stalled forks were digested with the indicated restriction enzymes and analyzed
by native gel electrophoresis. Digested products were identified by two-dimensional
electrophoresis (Figure S1B). Note that the leading sister CP migrates to a position
indistinguishable from that of full-length products (fully replicated lagging strands and
restarted leading strands).

(D) Pulse-chase reaction followed by restriction mapping. The experiment was conducted as
in (C), except that a 25-fold molar excess of unlabelled dGTP (chase) was added 30-sec post
EcoRlI addition.
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(E) Quantification of the data shown in panel (D). Data has been normalized by subtracting

the initial value (40 sec) from the remaining time points. Error bars represent the standard
error of the mean (SEM) from three independent experiments.
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Figure 2. The Kinetics of Full-length DNA Production Are Independent of the CPD L ocation
(A) Pulse-chase analysis of replication on three templates where the location of the CPD
was varied as indicated. Reactions were conducted under standard replication conditions
with [a-32P]dGTP. Forty seconds post-EcoR | addition, a 25-fold excess (1 mM) of
unlabelled dGTP was added to prevent further incorporation of labeled nucleotide and
aliquots were withdrawn at the indicated times post-EcoR | cleavage. The maximum lengths
(kbp) of the putative leading-strand stall and restart products are illustrated.

(B) Quantification of pulse-chase experiments in (A). Error bars represent the SEM from a

minimum of three independent experiments.
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Figure 3. The Replisome Can Reinitiate L eading-strand Synthesis Downstream from a Second

Polymerization-blocking L esion

(A) Single- and double-damage replication templates. The maximum lengths (kbp) of the
putative leading-strand stall and restart products are illustrated.

(B) Comparison of replication products generated from the single-damage template, CPD-A,
and the double-damage template, CPD-A+C, under standard replication conditions.

(C) Hlustration showing the position of the Pacl and Eagl restriction enzyme sites.

(D) Replication was conducted with the CPD-A+C template under standard conditions for
the indicated times. To aid visualization of the shorter restart product downstream of CPD-
C, [a-32P]dATP was substituted with [a-32P]dGTP, as the leading-strand template in this
region is cytosine rich relative to the region between CPD-A and CPD-C. Following
quenching, the reaction products were digested with the indicated enzymes prior to alkaline

gel electrophoresis.

(E) Quantification of pulse chase experiments (Figures 2B and S5) comparing the rate of
full-length product formation for the single- and double-damage templates. Error bars
represent the SEM from a minimum of three independent experiments.
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Figure 4. Primase Concentration Influences the Rate of L eading-strand Reinitiation
(A) Hlustration of the replication products generated following restarted replication, or
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complete uncoupled replication downstream from the CPD.

(B) Titration of DnaG using standard reaction conditions for 6 min.
(C) Quantification of full-length replication products (restarted leading strands and lagging
strands) from pulse-chase experiments conducted using 200 nM and 800 nM DnaG on the
CPD-A+C template. Note that complete uncoupled replication is not observed at either
concentration of DnaG (Figure S6). Error bars represent the SEM from three independent

experiments.
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Figure5. The DnaX Complex Enhances the Efficiency By Which L eading-strand Synthesisis
Reinitiated Downstream of a Lesion

(A) DnaG titration following column isolation of ERIs. Reactions were conducted for 6 min
on the CPD-A template.

(B) Column-isolated replication reactions using the CPD-A template and 1 uM DnaG in the
presence or absence of DnaX-y3 complex that was added 45 sec post EcoRl.

(C) Column-isolated replication reactions conducted at 250 nM DnaG with the CPD-A
template. DnaX-y3 complexes (2.5 nM) were added at different time points following EcoRI
addition.

* ERISs that are labeled but not extended.
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Figure 6. Leading-strand Synthesis Remains Coupled to DnaB Template Unwinding Following
Replication Restart

Column-isolated replication reactions conducted with the CPD-A+C template at 200 nM
DnaG in the presence or absence of DnaX-y3 complex that was added 45 sec post EcoRI. *
ERIs that are labeled but not extended.
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Figure 7. Model for Stalled Fork Resolution by L eading-strand Reinitiation and Uncoupling
The model is described in the Discussion.

* Assembly of the new B-clamp around the leading strand primer can be catalyzed either by
the DnaB-associated DnaX complex or an exogenous DnaX complex not associated with the
replisome (i.e DnaX-vy3).
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