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Abstract

The coordination of DNA unwinding and synthesis at replication forks promotes efficient and
faithful replication of chromosomal DNA. Disruption of the balance between helicase and
polymerase activities during replication stress leads to fork progression defects and activation of
the Rad53 checkpoint kinase, which is essential for the functional maintenance of stalled
replication forks. The mechanism of Rad53-dependent fork stabilization is not known. Using
reconstituted budding yeast replisomes, we show that mutational inactivation of the leading strand
DNA polymerase, Pol e dNTP depletion, or chemical inhibition of DNA polymerases cause
excessive DNA unwinding by the replicative DNA helicase, CMG, demonstrating that budding
yeast replisomes lack intrinsic mechanisms that control helicase-polymerase coupling at the fork.
Importantly, we find that the Rad53 kinase restricts excessive DNA unwinding at replication forks
by limiting CMG helicase activity, suggesting a mechanism for fork-stabilization by the
replication checkpoint.

INTRODUCTION

The maintenance of genomes across generations depends on the rapid, complete, and
accurate replication of DNA. Proteins involved in cellular DNA replication assemble into
large multi-subunit complexes, called replisomes, which facilitate the coordination of DNA
unwinding and DNA synthesis. In addition to limiting the generation of unstable single-
stranded DNA (ssDNA), the physical and functional coupling of helicase and polymerase
within replisomes promotes maximal fork rates—>. However, the coupling of DNA
unwinding and synthesis at replication forks is challenged in replication stress conditions
that inhibit the polymerase, but not the helicase. Uncoupling of helicase progression from
DNA synthesis has been observed when the replisome encounters DNA lesions or DNA-
protein crosslinks on the leading strand template, or as a result of the inhibition of DNA
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polymerase activity, either by mutation of Pol a-primase, chemical inhibition with
aphidicolin, or by limiting intracellular ANTP levels using the ribonucleotide reductase
inhibitor, hydroxyurea (HU)8-13, Consistent with DNA polymerase activity promoting
replisome progression, the eukaryotic replicative DNA helicase, CMG (Cdc45-MCM-
GINS), slows down significantly when uncoupled from DNA synthesis’-914. A similar
reduction in helicase speed was observed upon stochastic helicase-polymerase uncoupling at
reconstituted £. colf replication forks, which led to the proposal that the intrinsic slowing of
the replicative DNA helicase after uncoupling from DNA synthesis acts as a “dead man’s
switch” that limits the length of sSDNA tracks at the fork and facilitates helicase-polymerase
recoupling?®.

Yet, this failsafe mechanism is not sufficient to protect forks from irreversible breakdown, or
collapse, in eukaryotic cells, as these are critically dependent on a highly conserved genome
surveillance pathway, called the DNA replication checkpoint (DRC), to recover from blocks
to DNA replicationl6. The DRC is a kinase signaling cascade that is initiated by the apical
checkpoint sensor kinase, Mec1-Ddc2 in budding yeast or ATR-ATRIP in vertebrates,
culminating in the activation of the downstream checkpoint effector kinase, Rad53 in
budding yeast or CHK1 in vertebrates, which orchestrates the cellular stress response. It is
thought that ssDNA generated by CMG uncoupled from DNA synthesis provides a platform
for the activation of Mec1-Ddc2 and ATR-ATRIPY’. Thus, helicase slowing after uncoupling
from DNA synthesis may balance checkpoint activation with the generation of potentially
deleterious ssDNA’.

Although the checkpoint elicits a host of responses that promote cell viability, including cell
cycle arrest, induction of higher dNTP levels, regulation of nucleases, and inhibition of
origin firing, the essential function of the checkpoint in yeast is to prevent the collapse of
stalled forks8. How the checkpoint protects stalled forks from collapse is not known. Loss
of checkpoint function compromises the structural integrity of stalled replication forks,
resulting in the accumulation of unusual replication intermediates with abnormally high
levels of ssDNA10.13.19.20 \while the checkpoint does not seem to be required to maintain
the integrity of replisome complexes per s¢?122, it has been suggested to control replisome
progression after inhibition of DNA synthesis to suppress the accumulation of ssSDNA due to
helicase-polymerase uncoupling19-1321.23 although some studies have found that replisome
progression is not controlled by the checkpoint24-26,

Both Mec1 and Rad53 target a host of proteins in order to mediate the checkpoint response
in S phasel®. To illuminate the specific function of Rad53 at replisomes we employed the
reconstituted origin-dependent budding yeast DNA replication system*27. We describe three
different approaches that reconstitute helicase-polymerase uncoupling events to model
replication stress conditions that inactivate polymerase function: 1) Mutational inactivation
of the leading-strand polymerase, Pol e; 2) dNTP depletion; and 3) chemical inhibition of
polymerase activity. In all cases we observe uninterrupted CMG helicase progression after
stalling of DNA synthesis, demonstrating that DNA unwinding and synthesis are not tightly
coupled at eukaryotic forks. Importantly, we find that the Rad53 kinase constrains replisome
progression by limiting CMG-catalyzed DNA unwinding, suggesting a mechanism by which
the replication checkpoint mediates fork stabilization.
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RESULTS

Regulated replication of nucleosome-free plasmid templates in vitro

In eukaryotes, three DNA polymerases, Pol a, Pol §, and Pol e, are required for normal
chromosome replication28:2°, Pol a and Pol & act preferentially on the lagging strand, while
Pol e synthesizes the bulk of the leading strand. Pol2, the catalytic subunit of Pol ¢, is
unique in that it contains two exonuclease-polymerase domains, but only the N-terminal
domain is catalytically active3C. Intriguingly, while point mutations in the polymerase active
site of Pol2 are lethal, deletion of the N-terminal catalytic domain is not lethal31:32, Yet, in
previous studies, fork rates /n vitro appeared similar in the presence of Pol e harboring a
point mutation in the polymerase domain or lacking the N-terminal polymerase domain
altogether*27, Therefore, to identify differences between these Pol e variants we decided to
characterize them side-by-side.

We previously demonstrated that nucleosomes limit Okazaki fragment length /in vitro by
restricting strand-displacement synthesis by Pol §27. As Pol e also plays a role in histone
segregation33, we wanted to establish conditions that separate Pol ’s functions in DNA
replication and chromatin assembly. Using higher salt and lower Pol & concentrations we
observed Okazaki fragments with a physiological length distribution also on naked DNA
(Extended Data Fig. 1). The modified conditions support efficient maturation of nascent
strands by Cdc9 and Fenl (Fig 1a). The average replication termination efficiency is ~30 %
in the presence of Topl and ~45 % in the presence of Top2, resulting in the generation of
catenated plasmid dimers or decatenated plasmid monomers, respectively (Fig. 1b, Extended
Data Fig. 2 + 3a). The majority of the remainder products are late replication intermediates
(LRISs). In the absence of topoisomerase, fork stalling at positive supercoils leads to the
accumulation of early replication intermediates (ERIS) (Fig. 1b, Extended Data Fig. 3b+c).
In the presence of both Topl and Top2, replication products resembled those obtained with
Top 2 alone (Extended Data Fig. 3d). We conclude that plasmid replication proceeds through
canonical intermediate stages under these conditions.

Pol e active site mutations cause excessive DNA unwinding at replication forks

Our attempts to purify Pol e containing po/2-1632, which lacks the Pol2 catalytic domain,
were unsuccessful. We, therefore, purified Pol e2¢at 4 to study the deletion of the Pol2
catalytic domain (Fig. 1c,d). We also purified Pol e complexes harboring Pol2 mutations
D640A27 or DD875,877AA3! to test the effect of point mutations in the polymerase domain.
Consistent with previous reports*27, DNA synthesis in the presence of Pol £2¢at and Pol
eD640A was reduced relative to Pol e (Fig. 1e, Extended Data Fig. 4a). As RFC inhibits
primer extension by Pol a, the bulk of DNA synthesis in the presence of Pol £2¢at and Pol
eD640A s carried out by Pol 827. Reduced fork progression in the absence of Pol e activity is
consistent with Pol & acting distributively and physically uncoupled from CMG5-34,
However, overall DNA synthesis was even lower in the presence of Pol £P640A or Pol
eDD8TS.877AA re|ative to Pol e2¢at (Fig. 1e, Extended Data Fig. 4a+b), indicating that an
inactive N-terminal Pol2 polymerase domain inhibits DNA synthesis by Pol & at replication
forks.
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Analysis of the native structure of the respective replication products revealed striking
differences. As expected, plasmid monomers and LRIs were predominant in the presence of
Pol €™ (Fig. 1e). The fraction of © intermediates was increased in the presence of Pol e2¢at,
consistent with lower fork rates. Unexpectedly, products obtained with Pol £P840A or Pol
eDD8TS.87T7TAA exhibited a greatly increased gel mobility (Fig. 1e, Extended Data Fig. 4b).
Fast migrating plasmid forms are a product of DNA unwinding (Extended Data Fig. 4c). We
refer to these partially replicated and unwound DNA forms as U* to differentiate them from
U form DNA described previously in other systems in the absence of DNA synthesis35-37.
In conclusion, Pol e complexes harboring point mutations in the polymerase active site
inhibit Pol &, causing excessive DNA unwinding at replication forks.

CMG uncoupling from DNA synthesis is caused by free mutant Pol &

Pol e physically associates with CMG during leading strand synthesis®-34:38-41 However,
our observation that leading strand synthesis by Pol & trails the advancing CMG in the
presence of mutant Pol e suggested that Pol & was inhibited at a distance from the fork by
free Pol e. Consistent with this notion, leading strand lengths correlate inversely with the
concentration of Pol €P840A (Fig. 2a). This effect is explained by changes in the rate of
leading strand synthesis, which is 0.28 kb/min in the presence of 7.5 nM Pol £P640A pyt
only 0.04 kb/min at 60 nM Pol £P540A (Fig. 2b). Formation of U* is also dependent on the
concentration of Pol £P840A: While normal 6 replication intermediates predominate at 7.5
nM and 15 nM Pol £P640A U* predominates at 30-60 nM Pol £P840A (Fig. 2a). In contrast,
leading strand synthesis rates are constant and U* DNA is undetectable across a range of Pol
e"tand Pol e concentrations (Fig. 2¢, Extended Data Fig. 5). Interestingly, the rate of
leading strand synthesis in the presence of Pol 2%t (0.33 kb/min, Fig. 2d) is similar to that
at low concentrations of Pol £P640A (0.28 kb/min, Fig. 2b). Combined with the absence of
U* in the presence of Pol e2¢at or low concentrations of Pol £P640A  this data indicates that
Pol & extends leading strands in close proximity to the fork in those conditions.

Mutant Pol e competes with Pol & for PCNA-bound primer-template junctions

The ability of mutant Pol e to inhibit Pol & was unexpected as previous studies demonstrated
that Pol & competes Pol e at PCNA-bound primer-template junctions®3442, To clarify this
discrepancy, we tested the ability of Pol e variants to compete Pol 6 in a primer extension
assay. Pol & (4 nM) was pre-incubated with primed RPA-coated M13 ssDNA (1 nM), RFC
and PCNA, and three nucleotides to initiate primer extension (Fig. 3a). Various
concentrations of Pol e were subsequently added alongside the remaining fourth nucleotide
and DNA synthesis monitored by denaturing gel-analysis. Reactions were incubated for 3
minutes, which allows Pol §, but not Pol e, to complete daughter strand synthesis (Extended
Data Fig. 6). While Pol & is largely resistant to competition by Pol et or Pol £2¢at DNA
synthesis by Pol & was significantly inhibited by Pol eP840A (Fig. 3b). Thus, an inactive
Pol2 polymerase domain enhances the capacity of Pol e to compete Pol 6.

Next, we tested if Pol e-PCNA interaction is important to compete Pol §43. To disrupt the
Pol e-PCNA interaction we mutated Pol2 PIP-box residues F1199 and F1200 to alanines*4
to generate a Pol eP840A-APIP doyble-mutant complex. Mutation of the Pol2 PIP box
attenuated the ability of Pol eP840A to compete Pol & (Fig. 3b+c). As the balance between

Nat Struct Mol Biol. Author manuscript; available in PMC 2020 October 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Devbhandari and Remus Page 5

DNA polymerase and exonuclease activity of Pol2 is shifted towards the exonuclease under
conditions that disfavor DNA synthesis?®, we hypothesized that the exonuclease contributes
to Pol e’s affinity for PCNA-bound primer-template junctions in Pol2 polymerase mutants.
We, therefore, purified Pol e with active site mutations in both the polymerase (D640A) and
exonuclease (DD290,292AA)* domain. The Pol eP640A-ex0- qouple mutant complex is also
deficient for competing Pol 6 (Fig. 3b+c). Thus, PCNA binding and the Pol2 exonuclease
promote the competition of Pol & by inactive Pol e.

Suppression of Pol & inhibition by Pol e restores viability of pol2 mutant cells

Next, we asked if mutations in the Pol2 PIP box suppress the lethality of point mutations in
the Pol2 polymerase active site, using a plasmid shuffle approach. Since the inhibitory effect
of mutant Pol & on Pol & is concentration-dependent (Fig. 2a, 3b), we expressed the
episomal POL2 alleles from the GAL1,10 promoter to tune POL2 expression levels by
modulating galactose concentrations in the medium (Fig. 4a). While wild-type POL2
efficiently complements the loss of endogenous POL2, po/2-16is defective for supporting
cell growth (Fig. 4b). Since the growth of po/2-16 cells depends on unidentified
suppressors?6, it is likely that our plasmid-shuffle conditions do not support accumulation of
suppressors. Unlike pol2-16, pol2Acat supports robust cell growth, demonstrating that the
reduced viability of po/2-16 cells is not solely a consequence of the loss of the Pol2
catalytic domain. As expected, pol2-D640A and pol2-DD875,877AA do not support cell
growth at high galactose concentrations, but weak cell growth is observed at 0.05 %
galactose. The unexpectedly weak suppression of the lethality of po/2-D640A and pol2-
DD875,877AA at low galactose concentrations is likely a consequence of the predominantly
switch-like behavior of the GAL1,10 promoter?. In contrast, mutation of the PIP box
efficiently rescued the growth of po/2-D640A and pol2-DD875,877AA cells. These results
demonstrate that reduced intracellular Pol2 levels or disruption of the PCNA-interaction of
Pol e suppress the lethality of Pol2 polymerase point mutations, consistent with Pol &
inhibition causing the lethality of Pol2 catalytic mutations.

Excessive DNA unwinding at replication forks upon dNTP depletion

To determine if uninterrupted CMG helicase progression is a general feature of the
replisome after polymerase inhibition we performed experiments at limiting dNTP
concentrations. Incomplete leading strand extension and U™ replication products are
observed at dNTP concentrations of 0.25 uM and 0.5 pM, while near full-length leading
strands and regular 6 replication intermediates appear at 1 pM dNTPs (Fig. 5a), suggesting
that dNTP depletion causes excessive DNA unwinding at replication forks. Since limiting
dNTP concentrations promote the exonuclease activity of Pol £*°, we sought to exclude
nascent strand resection as the source for U* formation. To this end we performed pulse-
chase experiments in which DNA synthesis was initiated in the presence of 0.25 uM dNTPs
and trace amounts of a—32P-dATP, followed by a chase with 500 uM cold dATP 5 minutes
after origin activation, which maintains the remaining three dNTPs at limiting
concentrations during the chase. In the presence of either Pol %9~ or Pol ™! U* is observed
from the beginning of the chase, demonstrating that U* formation at limiting dNTP
concentrations is not due to nascent strand resection (Fig. 5b, Extended Data Fig. 7). While
U™ persisted over the 60 minute time course under limiting dNTP concentrations, it is only
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transiently detected at early time points under non-limiting dNTP conditions, likely
reflecting origin unwinding preceding DNA synthesis (Fig. 5¢). The decrease of the gel
mobility of U* concomitant with DNA synthesis suggests that DNA synthesis and
unwinding under limiting dNTP conditions occur at comparable rates of ~ 55 bp/min (Fig.
5b, lanes 1-5). However, over longer time periods and on larger plasmid templates the gel
mobility of U* continued to increase again after DNA synthesis had stalled, indicating that
DNA unwinding by CMG continues upon dNTP exhaustion (Fig. 5d). We note that U* was
formed under limiting dNTP conditions irrespective of the presence of Csm3-Tof1l-Mrcl
(CTM) (Fig. 5b, Extended Data Fig. 7), which suppresses helicase-polymerase uncoupling
in HU-treated cells!™. In conclusion, limiting dNTP conditions cause uninterrupted and
continuous replisome progression uncoupled from DNA synthesis.

Rad53 inhibits excessive DNA unwinding at replication forks after polymerase inhibition

Previous studies suggested that Rad53 inhibits replisome progression in yeast cells treated
with HU10.11.13.21 \\fe, therefore, tested the ability of purified recombinant Rad53 to inhibit
progression of reconstituted replisomes. Because Rad53 also inhibits origin firing1®, we used
a two-step approach to temporally separate fork progression from origin firing (Figure 6a).
In the first step, replication forks were formed at the origin and stalled by omission of
topoisomerase from the reaction. In the second step, the fork block was resolved by addition
of Topl and Top2, while DNA synthesis was controlled with aphidicolin. Fig. 6b shows that
addition of Topl and Top2 without aphidicolin led to efficient fork release, resulting in the
progression of normal © intermediates and formation of fully extended leading strands 10
minutes after fork release; replicated plasmid monomers appeared within 30 minutes after
fork restart. In contrast, in the presence of aphidicolin, early © replication intermediates
resulting from fork stalling were rapidly converted to U* and DNA synthesis progressed at a
greatly reduced rate. Consistent with U* being a negatively supercoiled product of DNA
unwinding, U* formed in the presence of aphidicolin is efficiently relaxed by £. coli Topo |
(Extended Data Fig. 8a). Thus, inhibition of DNA polymerase activity by aphidicolin, like
mutational inactivation of Pol e or ANTP depletion, results in excessive DNA unwinding at
replication forks.

As U* mobility was maximal 5 minutes after fork release in the presence of aphidicolin
(Fig. 6b), we assessed the effect of Rad53 on U* formation within 2.5 minutes of fork
release; DNA synthesis did not progress noticeably within this period (Fig. 6¢). In the
absence of Rad53, U* was formed 1-1.5 minutes after fork release. In contrast, in the
presence of Rad53 the rate of U* formation was strongly reduced. Inhibition of DNA
unwinding was dependent on the Rad53 kinase activity (Extended Data Fig. 8b+c). Thus,
Rad53 controls DNA unwinding at replication forks following polymerase inhibition.

Rad53 inhibition of DNA unwinding at replication forks is not dependent on CTM or Cdc45

How does Rad53 control DNA unwinding at replication forks? Both Csm3-Tofl and Mrcl
promote normal fork rates#4849, are phosphorylated by Rad53 during replication stress®%:51,
and are required for the restriction of replisome progression in cells treated with HU1L,
Moreover, Mrcl acts as an adaptor for Rad53 during checkpoint activation®2. However, we
find that CTM is not required for the Rad53-dependent inhibition of DNA unwinding at
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replication forks (Fig. 7, Extended Data Fig. 9). Cdc45 has been shown to target Rad53 to
stalled replication forks®3. Phosphorylation of two threonine residues, T189 and T195, on
the surface of Cdc45 mediates the binding of Rad53 to Cdc45 via the Rad53 FHAL domain.
We purified Cdc45-2A, which contains alanine substitutions at T189 and T195, to disrupt
the Cdc45-Rad53 interaction®3. However, replacement of Cdc45 with Cdc45-2A did not
detectably attenuate the ability of Rad53 to inhibit U* formation (Fig. 7a). This is consistent
with cdc45-2A cells exhibiting no apparent growth defect under replication stress®3.
Moreover, although the cdc45-2A allele sensitizes cells to HU treatment when combined
with the checkpoint-deficient mrc1-AQ allele>3, omission of CTM from reactions containing
Cdc45-2A did not prevent Rad53 from inhibiting excessive DNA unwinding after helicase-
polymerase uncoupling (Fig. 7b). It is noteworthy that the rate of U* formation is reduced in
reactions lacking CTM, suggesting that CTM promotes the rate of DNA unwinding by
CMG. We, therefore, propose that CTM promotes fork rates by directly stimulating the
CMG helicase.

Rad53 inhibits the CMG helicase irrespective of DNA synthesis

Next, we tested if DNA synthesis at forks is a prerequisite for the inhibition of replisome
progression by Rad53. For this, we modified an approach for origin-dependent CMG
assembly and activation that avoids initiation of DNA synthesis#. To separate the inhibitory
effect of Rad53 on CMG assembly from its potential role in regulating the CMG helicase,
we assembled and activated CMGs on plasmid DNA in the absence of topoisomerase to stall
active CMGs at template supercoils. Stalled CMGs were mock-treated or treated with
Rad53, before being released from the topological block by addition of Topl. CMG helicase
activity is detected by the generation of U form DNA in native gels. While the gel-mobility
of U form DNA generated prior to CMG stalling continued to increase after block removal
in the absence of Rad53, it persisted in the presence of Rad53, demonstrating that Rad53
inhibits DNA unwinding by CMG (Fig. 8a). We note that this data does not exclude the
possibility that proteins other than CMG are targeted by Rad53 to regulate CMG activity, as
some replisome components, e.g. Pol e and Mcm10, which promote replisome
progression®45 are included in the CMG helicase assay here.

To determine if Rad53 limits CMG activity only after inhibition of DNA synthesis, we tested
the ability of Rad53 to inhibit fork progression in the absence of aphidicolin. As before, in
the absence of Rad53, addition of Topl and Top2 induced efficient and synchronous release
of stalled forks, with leading strand synthesis largely complete 5 minutes after fork release,
coincident with the appearance of fully replicated plasmid daughter monomers (Fig. 8b). In
contrast, fork progression was markedly reduced in the presence of Rad53. Thus, Rad53
inhibition of fork progression is not dependent on the inhibition of DNA synthesis.

DISCUSSION

We have shown that polymerase inhibition at a eukaryotic replication fork causes
uninterrupted CMG helicase progression uncoupled from DNA synthesis. This indicates that
DNA synthesis and DNA unwinding are not tightly coupled in the replisome. Our data
support a model in which the coordination of DNA synthesis and unwinding at replication
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forks is maintained by the catalytic rates of the helicase and polymerase, rather than by their
tight physical interaction. Consequently, helicase-polymerase uncoupling may occur
stochastically even under normal conditions. Combined with the observation that lagging
strand synthesis can be uncoupled from leading strand synthesis at eukaryotic forks6-10 this
may indicate an autonomy of the DNA synthesis and DNA unwinding machineries at
eukaryotic replication forks analogous to that observed in £. co/®, possibly to increase the
robustness of the DNA replication process.

In E. coli, the intrinsic slowing of the replicative helicase after uncoupling from polymerase,
the “dead-man’s switch”, limits the generation of ssSDNA and facilitates helicase-polymerase
recoupling®®. Some evidence suggests that CMG inherently unwinds DNA also at rates that
are below those of normal forks”-914, which may be due to CMG slippage or loss of the
driving force of DNA synthesis314. Consistent with this notion, our data suggests that the
rate of DNA unwinding by yeast CMG does not greatly exceed ~ 55 bp per minute if
uncoupled from DNA synthesis, well below the normal fork rate of ~ 1-2 kb per minute.
Thus, intrinsic helicase slowing upon uncoupling from DNA synthesis may buffer transient
helicase-polymerase uncoupling and permit rapid re-coupling without the need for
checkpoint activation. Recoupling of the CMG to leading strand synthesis may involve Pol
&, which exhibits a rate of DNA synthesis that exceeds normal fork rates*®56, and which
competes free Pol e at PCNA-bound primer-template junctions®34,

However, as the helicase does not arrest after uncoupling from DNA synthesis, the “dead
man’s switch” failsafe mechanism is insufficient to maintain fork integrity when DNA
synthesis is stalled for extended periods of time, as occurs during replication stress. Under
such conditions, maintenance of fork integrity is strictly dependent on checkpoint
signaling926, Our observation that Rad53 further restricts DNA unwinding by the CMG
provides a molecular mechanism for the previously observed checkpoint-dependent control
of replisome progression10:11.13.21.23 Restriction of replisome progression by Rad53 may
limit the generation of sSDNA to prevent replication catastrophe from RPA exhaustion and
protect forks from nuclease attack®”:58, CMG inhibition by Rad53 may also help maintain
the replisome near the site of polymerase stalling to facilitate the recoupling of CMG to
leading strand synthesis.

How Rad53 inhibits the CMG helicase is not clear. While Mrc1 mediates the activation of
Rad53 at stalled forks and is itself a target for Rad53%2, our data demonstrate that, once
activated, Rad53 can inhibit DNA unwinding by CMG in the absence of Mrc1. Redundant
mechanisms may be involved in Rad53-dependent fork control. For example, Cdc45
provides an additional docking site for Rad53 that acts synergistically with Mrc1 to protect
cell viability during replication stress®3. However, we find that Rad53 can inhibit replisome
progression independently of both Mrcl and Cdc45. Rad53 is recruited to replisomes /in vivo
even after disruption of its interaction with both Mrc1 and Cdc45°3, indicating that Rad53
interacts with yet other replisome components. The inhibition of CMG activity by Rad53
may involve Mcm10 or Pol e, both of which have been implicated in promoting fork
progression38:5455 or CMG may be targeted directly by Rad53. For example, Chk2 has
been shown to inhibit CMG directly in Drosophils®®. Elucidating the Rad53-dependent
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replisome control mechanism will require the identification of the critical Rad53
phosphorylation sites in the replisome.

The inhibition of CMG activity by Rad53 does not require prior inhibition of DNA
polymerase activity. This supports a model in which stressed forks signal the Rad53-
dependent inhibition of normal forks in frans (Fig. 8c). Such a mechanism may provide an
additional strategy to preserve dNTP levels during replication stress and prevent further fork
stalling events. While Mec1-Ddc2-dependent Rad53 activation is bypassed here by the use
of active recombinant Rad53%0, reconstitution of this pathway will provide a gateway to
differentiate between global and local Rad53 effects in the future.

Our observation of helicase-polymerase uncoupling in the presence of Pol e complexes
harboring an inactive polymerase domain was unexpected. The data suggests that
compensatory leading strand synthesis by Pol & can occur close to the fork at limiting
concentrations of Pol e polymerase point mutants (Extended Data Fig. 10). However, at
concentrations that exceed those of active forks, free mutant Pol e complexes compete with
Pol 6. We propose that this inhibition is the cause of lethality by po/Z2alleles harboring an
inactive polymerase domain. Pol e mutants lacking the N-terminal polymerase domain, on
the other hand, cannot compete Pol & at primer-template junctions, explaining why such
mutants are viable. Contrary to po/2-16, we find that the po/2Acat allele and polymerase-
dead po/2alleles lacking a functional PIP box efficiently rescue the lethality of po/2A cells.
Thus, the loss of leading strand synthesis by Pol e is significantly better tolerated by cells
than previously thought, although it remains to be seen how efficient and stress-resistant
replication forks are in cells lacking Pol e polymerase activity.

METHODS

DNA templates

Plasmids used in this study are listed in Supplementary Table 1. Plasmids pARS1 (4.8kb)
and pARS305 (9.8kb) have been described previously (27, 61). For use in DNA replication
reactions, plasmids were purified by sucrose gradient centrifugation following maxiprep
column purification (Qiagen). Templates for primer extension reactions were generated by
annealing the circular DNA template (M13mp18 ssDNA, NEB) to an oligonucleotide of the
sequence 5’-CCCAGTCACGACGTTGTAAAACG-3’. Excess oligonucleotides were
removed after the annealing reaction using S-400 spin column chromatography (GE
Healthcare).

Protein purification

Details on the methods used for protein purification can be found in Supplementary Note 1.
A summary of purification steps for each protein is listed in Supplementary Table 2. Yeast
strains generated in this study are listed in Supplementary Table 3.

Standard DNA Replication assay

All steps were carried out at 30°C. First, Mcm2-7 loading was performed in a 10 pl reaction
by incubating 10 nM plasmid DNA template, 50 nM ORC, 50 nM Cdc6 and 100 nM
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Cdtl-Mcm2-7 in a buffer consisting of 25 mM HEPES-KOH (pH7.6), 0.02 % NP-40, 10
mM magnesium acetate, 5 % glycerol, 100 mM potassium acetate, 2 mM DTT, and 5 mM
ATP for 15min. DDK was then added to 125 nM and incubation continued for a further 15
min. Unless otherwise stated, DNA replication was initiated by the addition of 15 ul master
mix of replication proteins resulting in final concentration of 60 nM Sld3-7, 80 nM Cdc45,
50 nM Clb5-Cdk1, 80 nM GINS, 30 nM Dpb11, 30nM Pol &, 80 nM Sld2, 120 nM RPA, 60
nM Pol a, 35 nM Ctf4, 20 nM RFC, 70 nM PCNA, 4 nM Pol &, 20 nM Csm3-Tof1, 20 nM
Mrcl, 15 nM Mcm10, 30 nM Topl, and 30 nM Top2. The final replication reaction also
included 0.2 mg / ml BSA, 40 uM each dATP /dGTP /dTTP / dCTP, 200 uM each GTP /
CTP /UTP, 66 nM a32P-dATP (3,000 Ci / mmol), 16 mM creatine phosphate, 0.04 mg / ml
creatine kinase, 190 nM potassium acetate, 20 mM sodium chloride, and 15 mM potassium
chloride. Reactions were terminated at times indicated in the respective figures by adding 40
mM EDTA, 1.6 U Proteinase K, and 0.25 % SDS, and incubating the mix at 37°C for 30
minutes. DNA was isolated by phenol / chloroform extraction and unincorporated
nucleotides removed with G-50 spin columns equilibrated in TE buffer. The sample was then
fractionated on a 0.8% alkaline agarose gel (30 mM NaOH and 2 mM EDTA) or 0.8% native
agarose gel (in TAE) dried, and imaged using Typhoon FLA 7000. Quantification of the gel
images was performed using the ImageJ software.

Modified replication assays

In Figure 1A, the master mix of replication proteins included Fenl and Cdc9 as indicated,
resulting in final concentrations of 15 nM and 12 nM, respectively. In Figure 1E, the
concentration of Pol e or its variants was 15 nM. For the dNTP titration experiment in
Figure 5A (lanes 1-3) the final concentration of a32P-dATP was 3.3 nM; the shown
experiment was performed in the absence of Csm3-Tofl and Mrcl. For reactions with
limiting dNTPs in Figure 5B and Extended Data Figure 7, the final concentration of dNTPs
was 250 nM each.

To stall replisomes in absence of topoisomerase (Figure 6), replication was initiated with
master mix devoid of Topl and Top2 and continued for 10 minutes, followed by
simultaneous addition of Topl, Top2 and aphidicolin (or DMSO as control), as indicated, to
final concentrations of 30 nM, 30 nM and 30 pM, respectively. In experiments involving
Rad53, 7 minutes after the addition of master mix (lacking Topl and Top2), Rad53 was
added to final concentration of 100 nM or as indicated (Figure 7a) and incubation was
continued for an additional 7 minutes prior to addition of either Top1 and Top2 with or
without aphidicolin.

For protein titration experiments, the stock of the corresponding protein was serially diluted
in respective storage buffer and equal volumes of the protein dilutions were added to the
initiation master mix. For time course assays, equal volumes of a replication reaction were
removed from a single master reaction and terminated at indicated times as described above
for standard replication assay.
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dNTP pulse-chase replication reactions

Reactions in Figure 2 were carried out identically to the standard replication assay with the
exception that the dATP concentration was lowered to 2 UM during the pulse and the
addition of cold dATP to final concentration of 1 mM for the chase. Reactions were pulse-
labeled for 10 mins (Figure 2B) or 2.5 mins (Figure 2D). In Figures 5B and 5C, the final
concentration of cold dATP was raised to 500 uM after 5 minutes.

Primer extension assay

Primer extension reactions were performed at 30°C in polymerization buffer (25 mM Tris-
HCI pH 7.5, 8 mM Mg-Acetate, 50 mM K-glutamate, 5 % glycerol). First, 1 nM of DNA
template was incubated with 1 mM ATP, 1 mM DTT, 80 uM dATP, 80 uM dGTP, 80 uM
dCTP and 400 nM of RPA for 5 mins. PCNA and RFC were then added to 70 nM and 4 nM
respectively and incubation was continued for 5 more minutes. Then, 4 nM Pol § and 33 nM
a32P-dATP (3,000 Ci / mmol) was added to the reaction resulting in a primer extension by 9
bp (due to lack of dTTP). After 5 mins, variants of Pol e (to final concentrations as
indicated) and 80 uM dTTP were added to the mix and the extension was continued for 3
minutes. The reactions were stopped by the addition of EDTA and SDS to final
concentrations of 40 mM and 0.25 %, respectively. Products were fractionated on a 0.8 %
alkaline agarose gel (30 mM NaOH and 2 mM EDTA), dried, and imaged using Typhoon
FLA 7000. Quantification of the gel images was performed using the ImageJ software.

CMG helicase assay

All steps were carried out at 30°C. First, Mcm2-7 loading was performed by incubating 140
fmol of plasmid DNA template with 50 nM ORC, 50 nM Cdc6 and 100 nM Cdt1-Mcm2-7
in a buffer consisting of 25 mM HEPES-KOH (pH7.6), 0.02 % NP-40, 10 mM magnesium
acetate, 5 % glycerol, 100 mM potassium acetate, 2 mM DTT, 5 mM ATP, 40 mM creatine
phosphate and 0.1 mg / ml creatine kinase for 15 minutes. DDK was then added to 125 nM
and incubation continued for a further 15 minutes. Then a master mix of proteins for CMG
activation was added to the reaction resulting in final concentration of 75 nM SlId3.7, 100
nM Cdc45, 60 nM CDK, 100 nM GINS, 40 nM Dpb11, 30 nM Pol &, 100 nM Sld2, 135 nM
RPA, 15 nM Mcm10, and 0.4 mg / ml BSA. The reaction mix was incubated for 10 minutes
and Rad53 was then added, as indicated, to a final concentration of 100 nM. Incubation was
continued for 5 minutes and Topl was added to final concentration of 30 nM. Aliquots of the
reaction were removed at indicated times and terminated by adding 25 mM EDTA, 1.6 U
Proteinase K and 0.25% SDS, and incubating the mix at 42°C for 20 minutes. DNA was
isolated by phenol / chloroform extraction and unincorporated nucleotides removed by
centrifugation through G-50 spin columns equilibrated with TE buffer. Products were
fractionated on a 1.0 % native agarose gel (in TAE) and visualized by staining the gel with
1x TAE consisting of 0.5 pg / ml of ethidium bromide for 1 hour followed by de-staining
with 1x TAE / 1 mM magnesium sulfate for 1 hour.

Plasmid Shuffle assay with Pol e variants

Yeast strain T-1925-5 (W303 feu2-3,112 trp1-1 can1-100 ura3—1 ade2-1 his3-11,15
POIZA:;:KAN pRS5416-Pol2-3HA::), a kind gift of Xiaolan Zhao (MSKCC), was transformed
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with respective pRS315G-POL2 tester plasmids and grown on selective minimal plates
lacking uracil and leucine. Resulting transformants were re-streaked on minimal plates
lacking leucine and grown for 24 hours at 30°C to allow loss of pRS416-POL2Wt,
Transformants were then re-streaked on minimal plates lacking leucine and containing 0.1 %
5-fluorooratic acid (5-FOA), 2 % raffinose, and either 0.05 % or 1 % galactose, as indicated.
For the Western blot analysis in Figure 4A, transformants were grown to the density of 2 x
107 cells / ml in selective media lacking leucine and uracil and containing 2 % raffinose.
Galactose was then added to final concentration of either 0.05 % or 1 %, and cells collected
after 3 hours and lysed and processed for western blotting.

Quantification and statistical analysis

Data were quantified and statistically analyzed using Image J and Graphpad Prism 7.0
softwares, respectively. For the pulse-chase experiments in Figure 2, lane profiles of the gels
were generated using the Image J and the maximum product length was approximated as the
intersection of two straight lines, corresponding to a straight line manually fitted to
background and a second straight line manually fitted to the leading edge of the leading
strand population. A standard curve generated from molecular marker was used to convert
the point of intersection to length in base pairs. Replication rates were calculated by fitting
the data into a linear regression and calculating the slope of the regression.

For the quantification of relative DNA synthesis in Figure 3B, total DNA synthesis per lane
was first calculated using the lane profiles and divided by the amount of DNA synthesis in
lane 1 (without Pol &). In Extended Data Figure 3A, the percent dissolution was calculated
as the fraction of full-length linear product relative to total replication products in each lane.

REPORTING SUMMARY

Further information on experimental design is available in the Nature Research Reporting
Summary linked to this article.

DATA AVAILABILITY

Source Data for graphs in Fig. 2 and 3, and Extended Data Fig. 3 and 4 are available with
the paper online.

Extended Data
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a 90 184 b
134 234 KOAc [mM] 5 75 10 Pols [nM]

lead
lead

Extended Data Fig. 1. Reaction conditions affecting lagging strand synthesis in vitro
a, Standard replication reactions were performed at various final salt concentrations as

indicated. Template: pARS305. b, Titration of Pol & into standard replication reactions.
Template: pARS1. Reaction products were analyzed by 0.8 % alkaline agarose gel-
electrophoresis and autoradiography. Uncropped gel images are available as source data.
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Extended Data Fig. 2. Plasmid replication intermediates
Leading strands are in red, lagging strands in blue. ERI: early replication intermediate; LRI:

Late replication intermediate.
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Extended Data Fig. 3. Characterization of replication products
a, Standard replication reactions with pARS1 were carried out in the absence or presence of

Topl or Top2, as indicated. Reactions were stopped 60 minutes after origin activation, and
replication products analyzed by native agarose gel-electrophoresis and autoradiography
after linearization with the unique cutter Nde I, which cuts near the origin (fully replicated
DNA molecules will resolve into linear monomers after linearization, whereas replication
products containing unreplicated regions will resolve into double Y-shaped intermediates.
Representative gel is shown on the left. The bar diagram depicts the average dissolution
efficiency (fraction of linear full-length molecules per reaction) and s.d. of three independent
experiments. b, Replication products from experiment in Figure 1b were analyzed by
alkaline agarose gel-electrophoresis and autoradiography. ¢, Pulse-chase experiment
demonstrating that the ERI is a precursor of the LRI. Replisomes were formed on chromatin
templates in the presence of a—32P-dCTP and stalled by omission of topoisomerase from the
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reaction (lane 1). After 15 minutes, Topl was added to the reaction to release the stalled
replisomes and intermediates chased by simultaneous addition of excess cold dCTP. At the
indicated time points (lanes 2 and 3) replication products were isolated and analyzed by
native (left) or denaturing agarose gel-electrophoresis and autoradiography. d, Standard
replication reactions carried out in the presence of either Topl, Top2, or both. Replication
products were analyzed by native agarose gel-electrophoresis and autoradiography.
Uncropped gel images and data for graph in panel a are available as source data.
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Extended Data Fig. 4. Reduced DNA synthesis and excess DNA unwinding in the presence of Pol
e polymerase mutants.

a, Total relative DNA synthesis in reactions of Figure 1e were measured using ImageJ and
plotted over time. b, Standard DNA replication reactions were carried out in the presence of
wild-type or the indicated Pol e variants (60 nM). 45 minutes after origin activation
reactions were stopped and replication products analyzed by alkaline (left) or native (right)
agarose gel-electrophoresis and autoradiography. Template: pARS1. ¢, Model for formation
of © and U* replication intermediates during plasmid replication /n vitro. In normal DNA
replication, the origin is initially unwound upon CMG activation (top left), followed shortly
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thereafter by the commencement of DNA synthesis and the coupling of leading strand
synthesis to DNA unwinding by CMG (top center). Compensatory positive supercoils
formed in the template during unwinding and fork progression are removed by Topl1 and/or
Top2. After deproteinization, the resulting © structure is maintained (top right). In contrast,
under conditions that slow-down DNA synthesis after origin unwinding the CMG helicase
progresses along the template (bottom left) in advance of DNA synthesis; compensatory
positive supercoils generated during DNA unwinding are removed by Top1 and/or Top2, and
the unwound single-stranded DNA is stabilized by RPA binding (bottom center). Upon
deproteinization, unwound complementary DNA strands reanneal, causing compensatory
negative supercoils and thus resulting in a partially replicated, negatively supercoiled
replication intermediate, U* (bottom right). Data for graph in panel a and uncropped gel
images for b are available as source data.
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Extended Data Fig. 5. Effect of Pol e concentration on fork progression
Pol e"t was titrated into standard replication reactions, reactions stopped 45 minutes after

origin activation, and replication products analyzed by denaturing (left) or native (right)
agarose gel-electrophoresis and autoradiography as indicated. Template: pARS1. Uncropped
gel images are available as source data.
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Extended Data Fig. 6. Primer extension by Pol & and Pol e
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a, Reaction scheme: Singly primed single-stranded M13mp18 DNA was pre-incubated with
RPA, RFC/PCNA, three nucleotides, and Pol & to initiate primer extension; Pol e was
subsequently added along with the remaining fourth nucleotide and incubation continued for
3 minutes. b, Denaturing agarose gel analysis of primer extension products obtained
according to reaction scheme in a, but with either Pol 6 or Pol e omitted from the reaction.

Uncropped gel images are available as source data.
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Extended Data Fig. 7. Excessive DNA unwinding under limiting dNTP conditions in the absence
of Csm3-Tofl-Mrcl and presence of Pol et

Pulse-chase experiment of standard replication reaction performed at 0.25 uM each dNTP as
in Figure 5h, with the following changes: 1) Pol e"t was used instead of Pol £8°-; 2) Csm3-
Tofl and Mrc1 were omitted from the reaction; 3) pARS305 instead of pARS1 served as a
template. Time indicates minutes after origin activation. The reaction was chased with 500
UM cold dATP 5 minutes after origin activation. Reaction products were analyzed by
agarose gel-electrophoresis and autoradiography. Uncropped gel images are available as
source data.
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Extended Data Fig. 8. Inhibition of DNA unwinding after CMG uncoupling from DNA synthesis
is dependent on the kinase activity of Rad53

a, Experiment demonstrating that U* DNA obtained in the presence of aphidicolin is
negatively supercoiled. DNA isolated from the reaction analyzed in Figure 6c, lane 5, was
either mock-treated (lane 1) or treated with £. co/i Topo | (lane 2) and analyzed by native
agarose gel-electrophoresis. b, Purified wild-type and kinase-dead Rad53 (Rad53kd).
Rad53-P: Autophosphorylated forms of Rad53. ¢, Effect of Rad53 kinase activity on U*
formation after fork release from topological block in the presence of aphidicolin. Reactions
were carried out as in Figure 6¢, except that wild-type (lanes 1-5) or kinase-dead (lanes 6—
10) Rad53 was added to the reaction prior to fork release. Uncropped gel images are
available as source data.
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Extended Data Fig. 9. Inhibition of DNA unwinding after CMG uncoupling from DNA synthesis
does not require CTM

Experiment is as in Figure 6c, except that Csm3-Tofl and Mrc1 were omitted from the
reaction. Uncropped gel images are available as source data.
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(i) Pol2 wildtype: (iii) Pol2 polymerase domain deletion:
Fast, coupled, processive Slow, uncoupled, distributive
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Extended Data Fig. 10. Models for modes of fork progression in the presence of wild-type and
catalytically dead Pol e
N and C indicate the N- or C-terminal exo-pol domain of Pol2. X indicates inactive mutant

N-terminal Pol2 polymerase domain.
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Figure 1: Active site mutations in the Pol e polymerase domain inhibit DNA synthesis and induce
excessive DNA unwinding at replication forks.

a, Nascent strand maturation by Cdc9 and Fenl in standard DNA replication reactions.
Template: pARSL. Replication products were analyzed by 0.8 % alkaline agarose gel-
electrophoresis and autoradiography. lead: leading strands; lag: lagging strands; ccc:
covalently closed circle; ssL: single-stranded linear; cat: catenated dimer. b, Native agarose
gel-analysis of standard replication products. Template: pARS1. LRI: late replication
intermediate; ERI: early replication intermediate. Note that reactions were performed in the
absence of Cdc9 and Fenl, resulting in the formation of nicked plasmid daughters. c,
Domain structure of Pol2. Amino acids mutated in this study are indicated at the bottom.
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Pol2 regions retained in Pol2-16 and Pol2-Acat are indicated on top. N: N-terminal domain;
EXO: exonuclease domain; POL: polymerase domain; (exa): inactive exonuclease domain;
(pol). inactive polymerase domain; C: C-terminal domain. d, Purified Pol e variants. e, Time
course analysis of standard DNA replication reactions performed with indicated Pol e
variants (15 nM); template: pARS1. Replication products were analyzed by 0.8 % alkaline
(left) or native (right) agarose gel-electrophoresis and autoradiography. U*: partially
replicated and unwound DNA. Uncropped gel images for panels a-e are available as source
data.
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Figure 2: Pol & polymerase point mutants impede leading strand synthesis in a concentration-
dependent manner.

a, Titration experiment to determine the effect of Pol eP%40A concentration on fork
progression; reactions were stopped 45 minutes after origin activation. Template: pARS1. b,
Pulse-chase experiments to determine leading strand synthesis rates in the presence of 7.5
nM or 60 nM Pol £P640A; time indicates minutes after chase with cold dATP; maximum
leading strand positions are plotted on the right. Template: pARS305. c, Titration experiment
to determine effect of Pol e2¢@t concentration on fork progression. Template: pARS1. d,
Pulse-chase experiment to determine rates of leading strand synthesis in the presence of 30
nM Pol e"t (left) or Pol e2¢3t (middle); time indicates minutes after chase. Template:
pARS305. Maximum leading strand positions are plotted on the right. Uncropped gel

images for panels a-d and data for graphs in b and d are available as source data.
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Figure 3: PCNA binding and exonuclease activity of Pol2 are required for inhibition of Pol & by

Pol e mutants.

a, Primer extension reaction scheme to measure Pol & competition by Pol e. b, Left:
Denaturing agarose gel analysis of primer extension products obtained with Pol & in
presence of increasing concentrations of indicated Pol e variants. FL: full-length (7.25 kb).
Right: Average DNA synthesis, normalized to DNA synthesis by Pol & in absence of Pol «;
error bars indicate s.d. of two independent experiments. ¢, Titration experiments to
determine the effect of Pol ¢P840A-€x0- o pg| D640A-APIP concentration on fork progression.
Reactions were stopped 45 minutes after origin activation. Template: pARS1. Uncropped gel
images of panels b and c and data for graph in b are available as source data.
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Figure 4: Inhibition of Pol e competition of Pol & suppresses the lethality of Pol2 polymerase
active site mutations.

a, Western blot analysis of galactose-induced Pol2 levels in cells expressing Pol2 variants
from episomal plasmids. b, POL2 plasmid shuffle assay. Tester cells were transformed with
the indicated plasmids and assayed for growth on media containing glucose and lacking 5-
FOA, or containing 5-FOA, 2 % raffinose, and the indicated concentrations of galactose.
Uncropped blot images for panel a are available as source data.
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Figure 5: Helicase-polymerase uncoupling at limiting dNTP concentrations.
a, Standard replication reactions were performed in the presence of 0.25 pM, 0.5 uM, or 1

UM dNTPs and 30 nM Pol "t (lanes 1-3), or 40 uM dNTPs and 60 nM Pol £P840A (lane 4).
Template: pARS1. b, Pulse-chase experiment of standard replication reaction performed in
presence of 0.25 UM each dNTP. Pol £#X°- was used in place of Pol €™, Times indicate
minutes after origin activation. Chase (500 uM cold dATP) was added at 5 minutes.
Template: pARS1. ¢, Pulse-chase experiment of standard replication reaction at non-limiting
dNTP concentrations (40 uM dCTP / dTTP / dGTP, 4 uM dATP). Times indicate minutes
after origin activation. Chase (500 uM cold dATP) was added at 5 minutes. Template:
pARSL1. d, Time course analysis of standard DNA replication reaction performed at 0.25 uM
dNTPs (each); Template: pARS305. Uncropped gel images are available as source data.

Nat Struct Mol Biol. Author manuscript; available in PMC 2020 October 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Devbhandari and Remus

MCM loading

Origin firing
(no topoisomerase)

Stalled forks

|

-/+ Rad53
Top1+Top2

Fork restart
-/+ aphidicolin

native

denaturing

- aphidicolin + aphidicolin
30 110 30 110 time after release
0510 50 0510 50  [min]
= e
.- . —nicked
kbp
- — i
85— linear
U
6.4 —
48 —
37—

Kb
64—
48— 3 ¥ r s '

37— i
§ | lead
23—
14—
07—
02— ‘ ’* lag
123456 78910112

native

denaturing

=

kbp
8.5 —

6.4 —

4.8 —

37—

kb

8.5
6.4—
48—
37—

23—
14—

07—

02—

Page 34

+ Rad53

+ aphidicolin + aphidicolin

05 15 25 05 1.5 25 time after release
0 1 2| 0 1 2 i

[min]

)

LA L

TR R —nicked

T8 B BEEE —linear

u*

.... "".. -

W

)

lag

12 3 456 7 8 9101112

Figure 6: Rad53 inhibits DNA unwinding at replication forks after inhibition of DNA synthesis
by aphidicolin.
a, Experimental outline. b, Effect of aphidicolin on fork progression. Forks were released
from a topological stall in the absence or presence aphidicolin (30 uM) as indicated. Times
indicate minutes after Topl and Top2 addition. Template: pARS305. c, Effect of Rad53 on
helicase-polymerase uncoupling. Stalled forks were either mock-treated (lanes 1-6) or
treated with Rad53 (lanes 7-12) prior to release in the presence of aphidicolin. Template:
pPARS305. Uncropped gel images for panels b and c are available as source data.

Nat Struct Mol Biol. Author manuscript; available in PMC 2020 October 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Devbhandari and Remus

a

kbp
8.5 —

native

6.4 —

4.8 —

37 =

Page 35
. b Cdc45-2A
+ aphidicolin
_wt__2A  Cdods + Csm3-Tof1/Mrc _ Csm3-Toft/Mrci
+ Rad53 + Rad53
_—1 _—"1] Rad53 + aphidicolin + aphidicolin JE— e iR
2550 - 400 (M 05 15 05 15 05 15 — T

0o 1 2 0 1 2 0o 1 2 0 1 2 [min]

she | TR LR L
44 ~ —nicked '... - .".‘ — nicked

(]
; >
_es _ e
cans - linear = kbp —linear
=
u* 85—
(L LR L v
64 —
48 —

kb

85—
64—
48—
37—

denaturing
- N
EN w
I I

o
o
|

02—

lead lead

denaturing

lag

123 4 5678
123 45 6 7 8 910 1112 13 14 15 16 17 18 19 20

Figure 7: Rad53 control of DNA unwinding by CMG does not depend on Cdc45 or Mrcl.
a, Reaction scheme as in Figure 6a, except that Cdc45-2A was used in place of Cdc45

where indicated; stalled forks were treated with the indicated concentrations of Rad53, and
then released for two minutes by addition of Top1/Top2 in the presence of aphidicolin.
Template: pARS305. b, Forks were assembled with Cdc45-2A in place of Cdc45, either in
the absence or presence of Csm3-Tof1l/Mrcl as indicated, stalled by omission of
topoisomerase, treated with 100 nM Rad53 as indicated, and released in the presence of
aphidicolin as indicated. Time indicates minutes after fork release. Template: pARS305.

u

ncropped gel images are available as source data.
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Figure 8: Rad53 control of DNA unwinding by CMG does not require inhibition of DNA
synthesis.

a, CMG helicase assay. Top: Reaction scheme. Bottom: Products analyzed by ethidium-
bromide stain after native agarose gel-electrophoresis. Times indicate minutes after Topl
addition. sc: supercoiled. Template: pARS1. b, Reaction scheme as outlined in Figure 6a,
omitting aphidicolin and including Rad53 as indicated. Template: pARS305. ¢, Model
illustrating the control of fork progression by Rad53. Helicase-polymerase uncoupling
induces the checkpoint via activation of Mec1-Ddc2 by RPA-coated ssDNA (blue arrow).
Subsequent Rad53 activation leads to inhibition of replisome progression both in c/s at forks
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undergoing extensive helicase-polymerase uncoupling, and at normal forks in #rans (red
block arrows). Uncropped gel images for panels a and b are available as source data.
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