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Abstract

In response to DNA damage during S phase, cells slow DNA replication. This slowing is
orchestrated by the intra-S checkpoint and involves inhibition of origin firing and reduction of
replication fork speed. Sowing of replication allows for tolerance of DNA damage and
suppresses genomic instability. Although the mechanisms of origin inhibition by the intra-S
checkpoint are understood, maor questions remain about how the checkpoint regulates
replication forks: Does the checkpoint regulate the rate of fork progression? Does the checkpoint
affect all forks, or only those encountering damage? Does the checkpoint facilitate the replication
of polymerase-blocking lesions? To address these questions, we have analyzed the checkpoint in
the fission yeast Schizosaccharomyces pombe using a single-molecule DNA combing assay,
which allows us to unambiguously separate the contribution of origin and fork regulation towards
replication slowing, and allows us to investigate the behavior of individual forks. Moreover, we
have interrogated the role of forks interacting with individual sites of damage by using three
damaging agents—MM S, 4NQO and bleomycin—that cause similar levels of replication slowing
with very different frequency of DNA lesions. We find that the checkpoint slows replication by
inhibiting origin firing, but not by decreasing fork rates. However, the checkpoint appears to
facilitate replication of damaged templates, allowing forks to more quickly pass lesions. Finally,
using a novel analytic approach, we rigorously identify fork stalling events in our combing data
and show that they play a previously unappreciated role in shaping replication kinetics in

response to DNA damage.
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Author Summary

Faithful duplication of the genome is essential for genetic stability of organisms and species. To
ensure faithful duplication, cells must be able to replicate damaged DNA. To do so, they employ
checkpoints that regulate replication in response to DNA damage. However, the mechanisms by
which checkpoints regulate DNA replication forks, the macromolecular machines that contain the
helicases and polymerases required to unwind and copy the parental DNA, is unknown. We have
used DNA combing, a single-molecule technique that allows us to monitor the progression of
individual replication forks, to characterize the response of fission yeast replication forksto DNA
damage that blocks the replicative polymerases. We find that forks pass most lesions with only a
brief pause and that this lesion bypass is checkpoint independent. However, at a low frequency,
forks stall at lesions, and that the checkpoint is required to prevent these stalls from accumulating
single-stranded DNA. Our results suggest that the major role of the checkpoint is not to regulate
the interaction of replication forks with DNA damage, per se, but to mitigate the consequences of

fork stalling when forks are unable to successfully navigate DNA damage on their own.
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Introduction

In response to DNA damage during the G1 or G2 phase of the cell cycle, DNA damage
checkpoints block cell cycle progression, giving cells time to repair damage before proceeding to
the next phase of the cdl cycle (Hartwell and Weinert, 1989; Rhind and Russell, 2012). The
response to DNA damage during S phase is more complicated, because repair has to be
coordinated with ongoing DNA replication (Bartek et al., 2004). DNA damage during S phase
activates the intraaS DNA damage checkpoint, which does not completely block S-phase
progression, but rather slows DNA replication, presumably allowing for replication-coupled
repair (Rhind and Russell, 2000). Lack of the intra-S DNA damage checkpoint predisposes cells
to genomic ingtability (Zhou and Elledge, 2000). Nonetheless, the mechanisms by which
replication is slowed, and the roles of checkpoint-dependent and -independent regulation in the S-
phase DNA damage response, are not well understood.

The slowing of S phase in response to damage involves both inhibition of origin firing and
reduction in fork rate (Kaufmann et a., 1980; Santocanale and Diffley, 1998; Falck et al., 2002;
Merrick et al., 2004; Chastain et al., 2006; Seiler et al., 2007; Kumar and Huberman, 2009). The
effect of the checkpoint on origin firing has been characterized in budding yeast and mammalian
cells. The checkpoint prevents activation of late origins by targeting initiation factors required for
origin firing. In mammals, checkpoint kinase 1 (Chk1) inhibits origin firing by targeting the
replication kinases, cyclin-dependent kinase (CDK) and Dbf4-dependent kinase (DDK) (Falck et
a., 2001; Zhao and Piwnica-Worms, 2001; Serensen et al., 2003). In budding yeast, Rad53
targets Sld3, an origin initiation factor, and Dbf4, the regulatory subunit of DDK (Lopez-

Mosgueda et a., 2010; Zegerman and Diffley, 2010).
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Although checkpoint inhibition of origin firing is conserved from yeast to mammals, the
contribution of origin regulation to damage tolerance is not clear. For instance, budding yeast
mutants such as mecl-100, SLD3-m25 and dbf4-m25, which cannot block origin firing in
response to damage, are not sensitive to damaging agents such as methyl methanesulfonate
(MMYS) (Paciotti et al., 2001; Tercero et al., 2003; Lopez-Mosqueda et al., 2010; Zegerman and
Diffley, 2010) suggesting that checkpoint regulation of origin firing is not as critical as the
checkpoint’s contribution to damage tolerance viafork regulation.

The effect of checkpoint activation on replication forks is less well understood. Because
many DNA damage lesions block the replicative polymerases, for forks to pass leading-strand
lesions, they must have some way to reestablish leading-strand synthesis downstream of the
lesion. Recruitment of trans-lesion polymerases, template switching and leading-strand repriming
have all been proposed to be involved in the fork by-pass of lesions, but which is actually used in
vivo and how the checkpoint may affect that choice, is unclear (Branzel and Foiani, 2005; Lee and
Myung, 2008; Branzei and Foiani, 2009; Daigaku et al., 2010; Sale, 2012; Ulrich, 2012).

A consistent observation is that forks slow in response to DNA damage. Whether slowing
of forks in the presence of damage is checkpoint-dependent or smply due to the physical
presence of lesions is not clear (Tercero and Diffley, 2001; Unsal-Kagmaz et al., 2007; Szyjka et
a., 2008). Initial work in budding yeast showed that replication forks in checkpoint mutant and
wild-type cells were slowed to the same extent in the presence of damage, suggesting that slowing
is checkpoint-independent (Tercero and Diffley, 2001). However, subsequent work showed that
checkpoint activation inhibited replication of damaged DNA, suggesting an active role in the
slowing of replication forks (Szyjka et al., 2008). Furthermore, work in mammalian cells showed

a role for checkpoint signaling in DNA-damage-dependent slowing of replication forks (Unsal-
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94 Kagmaz et al., 2007). Checkpoint regulation clearly affects fork stability (Lopes et al., 2001,

95 Cobb et a., 2003; Noguchi et a., 2004; Cobb et al., 2005), but that conclusion is largely based on

96 the response to hydroxyurea (HU)-induced replication stress, which blocks fork progression due

97  to deoxynucleoside triphosphate (ANTP) depletion, and thus does not directly address the role of

98  checkpoint regulation in the replication of damaged templates.

99 The question of how replication forks are regulated in response to DNA damage is
100 complicated by the difficulty of measuring fork progression rates. To directly address this
101  question requires single-molecule resolution. Bulk assays of replication kinetics, such as the
102  quantitation of radioactive thymidine incorporation or flow cytometry, provide only an average
103  profile of replication kinetics, convolving the effects of origin firing and fork progression and
104  obscuring any heterogeneity in fork slowing. The effects of DNA damage on specific origins and
105 onforksreplicating specific loci can be analyzed by gel- or sequence-based methods (Santocanale
106 and Diffley, 1998; Shirahige et al., 1998; Tercero and Diffley, 2001; Szyjka et al., 2008; Kumar
107 and Huberman, 2009), but these techniques still only reveal the average response to DNA
108 damage. Such approaches lack the single-molecule resolution necessary to identify heterogeneity
109 inresponse to damage and to distinguish, for instance, if all forks pause briefly at all lesions or if
110 only a fraction of forks stall, but for a longer time. Therefore, to investigate the effect of
111  polymerase blocking lesions on individual origins and forks on a global scale, we have used a
112  single-molecule DNA combing assay.

113 DNA combing is a single-fiber visualization technique that allows mapping of thymidine-
114  analog incorporation patches on uniformly-stretched, megabase-length DNA fibers (Iyer et al., in
115 press; Bensimon et al., 1994; Michalet et al., 1997; Jackson and Pombo, 1998; Bianco et al,,

116 2012; Gallo et al, 2016a; Gallo et al, 2016b). The analysis of replication kinetics by DNA
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117  combing involves isolating DNA from cells pulse-labeled in vivo with thymidine analogs.
118 Labeled DNA is stretched on a coverdlip and DNA replicated during the pulse is identified by
119  immunofluorescence. Sequential labeling with two different analogs allows us to determine the
120  direction and speed of replication of labeled tracks on afiber (Iyer et al,, in press; Jackson and
121 Pombo, 1998) (Figure1l). Because combing revealsthe behavior of individual replication forks,
122 it allows us to unambiguously study the effect of checkpoint on origin firing and fork rates. In
123 particular, it allows us to measure the heterogeneity of fork rates and determine if all forks
124  respond the same way to lesions. The importance of measuring the heterogeneity of fork rates
125  can beillustrated in a case where some forks pass lesions without slowing, but others stop at the
126  lesion and do not resume replication for the duration of the experiment, a condition we refer to as
127  fork stalling. The fork stalling is particularly difficult to analyze because stalled forks create
128 ambiguous patterns of nucleotide incorporation which cannot be definitively interpreted in
129 isolation (Técher et al., 2013). However, such stalling events can, in principle, be unambiguously
130 identified on fibers that are long enough to contain multiple replicons, alowing potentially
131 ambiguous incorporation patterns to be definitively interpreted from the context of surrounding
132  forks (Figure 2). We have, for the first time, developed an anaysis strategy that rigorously
133 incorporates fork stalling and used it to unambiguously quantitate fork stalling rates and the effect
134  of checkpoint activation on fork stalling.

135 A fundamental question about the regulation of fork progression in response to DNA
136  damage is whether it isa global or local effect (lyer and Rhind, 2013). The effect of checkpoint
137 on originsis inherently a global response because origins distant to sites of damage are blocked
138  fromfiring. However slowing of forks could be alocal or aglobal effect. If all forks are owed

139 by checkpoint activation, irrespective of whether they encounter damage or not, then slowing isa
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140 global effect. On the other hand, if forks are lowed only when they encounter alesion, thenitis
141 aloca effect (lyer and Rhind, 2013). It should be possible to distinguish between global and
142  local regulation of fork progression by examining the effects of different lesion densities.
143  Previoudly, we showed that the extent of replication slowing correlated with the density of MM S
144  lesion, suggesting alocal effect on fork progression (Willis and Rhind, 2009). However, we used
145  abulk replication assay, which did not allow us to directly observe replication fork rates.

146 Here, we have assayed checkpoint-dependent slowing of S phase in fission yeast in response
147  to three DNA damaging drugs that activate the checkpoint at significantly different densties of
148 lesions: methyl methanesulfonate (MMS), which mainly methylates purines and creates a
149 reatively small adduct, 4-nitroquinoline 1-oxide (4NQO), which adds a quinoline group to
150  purines resulting in a bulkier adduct (Galiégue-Zouitina et al., 1985; Galiegue-Zouitina et al.,
151 1986; Sikora et al., 2010) and bleomycin, which mainly creates single strand and double strand
152  DNA breaks (Chen and Stubbe, 2005). MMS and 4NQO create polymerase-stalling lesions and
153  have been shown to activate the intra-S checkpoint (Larson et al., 1985; Friedberg et al., 1995;
154  Lindsay et al., 1998; Willis and Rhind, 2009; Lopez-Mosqueda et a., 2010; Minca and Kowalski,
155 2011). The standard dose of 3.5 mM (0.03%) MM S causes about one lesion every 1 kb whereas a
156  physiologically similar dose of 1 pM 4NQO causes one lesion about every 25 kb and 16.5 uM of
157  bleomycin causes about 5 double-strand breaks per haploid yeast genome (Snyderwine and Bohr,
158  1992; Lundin et al., 2005; Maet al., 2008; Asaithamby and Chen, 2009). Although these are only
159  rough approximations of lesion density, they show that forks will encounter many more MMS
160 lesions than 4NQO lesions or bleomycin-induced double-strand breaks. This wide disparity in
161 lesion density allows us to address differences in global and local effects of the checkpoint. In

162  case of 4NQO, since the lesions are rare, we expect few forks to encounter lesions. Therefore, if
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163  all forks dow in response to 4NQO then we can conclude that fork regulation by checkpoint is
164 global in nature. On the contrary, if fork regulation is a local effect then very few forks will
165 actually encounter the lesion and slow. Similarly since the double-strand breaks caused by
166 bleomycin are infrequent we expect very few forks to be affected by the breaks unless the
167  checkpoint actively regulates all forks. In case of MMS, since the lesions are frequent we expect
168  all forks to encounter lesions, and thus to slow regardless of whether slowing is alocal or global
169 effect. By comparing the effects of these three drugs, we can differentiate between global and
170 local effects on fork regulation by the checkpoint. We find that fork slowing is a local,
171  checkpoint-independent effect, but that persistent fork stalling plays a more significant role in

172  replication kinetics than previously appreciated.

173 Resaults

174  Deter mining the mechanism of replication slowing by DNA combing

175 To investigate the mechanism by which the checkpoint slows replication in response to MMS,
176  4NQO and bleomycin we used DNA combing. We pulsed cells in S phase with 5-chloro-2’-
177  deoxyuridine (CldU) for 5 minutes and chased it with 5-iodo-2'-deoxyuridine (IdU) for 10
178  minutes, isolated and combed DNA, and visualized the CldU and IdU analogs with red and green
179  antibodies, respectively. Figure 1 shows a sample fiber from the dataset. The fiber contains a
180  rightward moving fork (red-green [RG]), an origin that fired during 1dU labeling (green [G]), and
181  three origins that fired during CldU labeling (green-red-green [GRG]). Further replication
182  patterns observed in our combing dataset are shown with an interpretation of each pattern. The
183  patterns observed were most ssimply interpreted as a leftward fork (green-red [GR]), a rightward

184  fork (RG), origins that fired during CldU (GRG) or IdU (G), and terminations during 1dU (red-
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185 green-red [RGR]) or CldU (red [R]). However, a more sophisticated analysis allowing the
186  possibility of fork stalling reveals that many of these patterns—in particular termination during
187 CldU (R)—are ambiguous, as described in the Methods section and Figure 2 and S1. For each
188  experiment we collected about 25 Mb of DNA, which is about twice the size of the fission yeast
189  genome, ensuring representation of most genomic loci in our analysis. From the combing data we
190 estimated four parameters: origin firing rate, fork densty, fork rate and fork stalling frequency

191  (see Methodsfor details).

192 Identification of stalled forksin the combing dataset using the context of neighboring events
193  Difficulty in identifying fork stalling events in combing data arises form the fact that stalls during
194 the first pulse can result in ambiguous analog incorporation patterns (Técher et al., 2013).
195  Specifically, an isolated red patch can be interpreted as an elongating fork that stalled during the
196  first pulse or an origin with both its forks stalled or as a termination event during the first pulse
197  (Figure 2A). Therefore, we cannot use first-pulse events alone as rigorous evidence for stalled
198 forks. However, using double-labeled combing data we can unambiguously identify fork stalling.
199 In particular, two neighboring forks moving in the same direction show that the fork in between
200 them moving in the opposite direction must have stalled (Figure 2B). Thus, a red-unlabeled-
201 green (RUG) or green-unlabeled-red (GUR) pattern is diagnostic of a fork stall. Since the fibers
202  inour datasets average over 400 kb, we observed many neighboring forks, allowing us to robustly
203  measurefork stalling.

204 Although stalled forks can be identified using the RUG and GUR patterns, some stalled forks
205  still produce ambiguous patterns. For instance, an RUR pattern can be produced both by forks
206  moving away from an origin and two converging forks that have stalled (Figure 2C). Thus, in

207  order to approximate the fork stalling rate in our entire dataset, we used a probabilistic approach

10
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208 to estimate how many of the ambiguous patterns arise from fork stalls. We enumerated all
209  possible incorporation patterns and classified them by the possibility that they arose from a fork
210 dal (see Methods for details, Figure S1). We then used the stall rate from the unambiguous
211 signads (GUR or RUG) to calculate the likelihood of ambiguous events being due to stalled forks

212  and used that frequency for our final estimation of stal rate for each fiber.

213  MMS, bleomycin and 4NQO-induced DNA damage show a similar effect on the overall
214  replication rate

215 To determine the effect of MMS, bleomycin, and 4ANQO—three compounds that activate the
216  checkpoint at very different densities of lesions—on the replication rate at a population level, we
217  anayzed cells response to them by flow cytometry. G1 synchronized cells were released into S
218  phase with or without DNA damage, using the commonly used dose of 3.5 mM (0.03%) MMS or
219 adose of 1 uM 4NQO or 16.5 pM bleomycin chosen to produce a similar slowing of bulk
220  replication (Figure S2 and S3). These doses of MM, 4NQO and bleomycin cause lesions about
221 once every 1 kb, 25 kb, and 3000 kb respectively (Snyderwine and Bohr, 1992; Lundin et al.,
222 2005; Maet al., 2008; Asaithamby and Chen, 2009). By flow cytometry, control cells completed
223  replication by 80 minutes, while in the presence of either drug cells slowed replication, reaching
224  only about 60% replicated by the end of the time course (Figures 3A and $4). Thus, despite the
225  digparity in the number of lesions created by MMS, 4NQO and bleomycin, all three drugsled to a
226  similar extent of replication slowing at the doses used. In both cases, the sSlowing in response to
227  DNA damage was largely checkpoint-dependent. In the absence of the Cdsl checkpoint kinase,
228 cells completed replication by 100 minutes even in the presence of damage, as reported
229  previoudy (Figure 3B and $4) (Lindsay et al., 1998; Rhind and Russell, 1998). Although the two

230  drugs appeared to have similar extent of slowing in wild-type, their effectsin cdslA cells differed,

11
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231  with cdslA cells showing more checkpoint-independent slowing in MMS than in 4NQO or
232  bleomycin (Figure 3B). We therefore examined if there is a difference in the mechanism by

233 which DNA replication isslowed in response to MMS, 4NQO and bleomycin.

234 Inhibition of origin firing isimmediate in response to 4NQO and Bleomycin, but delayed in
235 thecaseof MMS

236  Asshown in Figure 3 we see similar levels of bulk slowing for all three damage treatments at 60
237  minutes in S phase (Figure 3 and 4A). We first analyzed the effect of DNA damage on origin
238  firing. To measure the rate of origin firing, we directly measured the number of new origins fired
239  during the CldU pulse (GRG patches) or IdU pulse (isolated green patches). The overall origin
240  firing rate was calculated as the total number of origin firing events in each fiber normalized to
241  total length of un-replicated DNA of that fiber and to the length of the analog pulse (Figure 4B).
242  Additionally, the origin firing rate during first analog and second analog was determined
243  separately (Figure 4D, E, F). In untreated controls, the rate of origin firing in the first analog was
244  2.3t£0.7 origins per Mb per minute, similar to previous estimates of origin firing rates (Table S5)
245  (Goldar et al., 2009).

246 In the presence of 4NQO, the origin firing rate in wild-type cells decreased to 47% of the
247  untreated control (p=5.17x10"2, t tests were used for all statistical tests) (Figure 4B and Table
248  Sb). Since, the origin firing rate only measures the origins that fired during the analog pulses, we
249  aso measured the density of active forks in the datasets in order to estimate the effect on origin
250  firing prior to the analog pulses (see Methods for details). Fork density in 4ANQO-treated cells
251 was 64% of the untreated control (p=1.28x10°) during the first analog pulse and 44%
252 (p=3.08x10") in the second, consistent with the trend seen in origin firing rates (Figure 4D).

253  Thus, the response to 4NQO included an immediate reduction in origin firing rate. We see a

12
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254  similar trend for bleomycin treated sample. The origin firing rate decreases to 58% (p=7.45x10")
255 and the fork density decreases to 61% (p=1.33x10”) (Figure 4B and 4C). Analog specific
256  estimation shows that bleomycin treatment leads to reduction in the origin firing rate in the first
257  analog as well as second analog to 69% (3.91x10™) and shows a corresponding decrease in fork
258  density during the first (77%, p=7.65x10) and the second analog (55%, p=8.54x10"") (Figure
259  4E).

260 In case of MMS, the overall origin firing rate was reduced to 72% (p=1.18x10°) (Figure 4B).
261 Anayzing origin firing during the first and second pulse separately, we saw no statistically
262  dsignificant reduction in the first analog (90%, p=0.0748) followed by a stronger reduction to 56%
263 (p=7.15x10™) in the second analog (Figure 4F). Therefore, the effect of MMS on origin firing
264 rate is delayed. This conclusion was supported by two observations. Firstly, the average fork
265  density across both analogs in MMS showed a modest reduction to 78% (p=2.59x10°) as
266  compared to 53% (p=5.7x10""%) in 4NQO (Figure 4C). Second, the analog-specific fork density
267  estimationsfor MM S followed a similar trend as the origin firing rate showing a greater reduction
268  during the second analog (0.93 v. 0.62, Figure 4F). Hence, the effect of MM S-induced damage
269 on origin firing is only manifest late in S-phase, after significant bulk slowing has aready
270  occurred, whereas 4NQO- and bleomycin-induced damage inhibit origin firing immediately in

271  early Sphase.

272  Fork rate declinesin response to MM S but not 4NQO or bleomycin

273  Since 4NQO and MM S both create polymerase-blocking lesions (Larson et al., 1985; Friedberg et
274  a., 1995; Lopez-Mosqueda et al., 2010; Minca and Kowalski, 2011), we next studied how these
275  drugs affect fork speed. We measured fork rate in the combing data as the length of the green

276  track (second analog) continuing from ared track (first analog), divided by the length of the chase

13
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277  time (10 minutes) (Figure 1). The average fork rate in our untreated samples was 0.91+0.02
278  kb/minute, which is within the range of previous estimates (Conti et al., 2007; Petermann et al.,
279  2008; Conti et a., 2010; Petermann et a., 2010; Técher et al., 2013).

280 In MMS, the fork rate decreases to 76% of the untreated control (p=6.13x10"%) (Figure 4G
281 and S9). Thereduction in fork rate was expected since the lesions are so frequent that every fork
282  encounters about ten of lesions during the 10 minutes pulse. In case of 4NQO, the lesions are
283  dgignificantly less common, so only about half of the forks should encounter a lesion during the
284  second pulse. Consistent with the low density of lesions, fork rates in 4NQO treated cells were
285 similar to untreated cells (Figure 4G). In fact, the fork rate showed a 27% increase in the
286  presence of 4NQO as compared to untreated cells (p=5.75x10). The dose of bleomycin used
287  should create only 5 breaks per haploid yeast genome and therefore should not affect fork rates.
288  Consistently we do not see any statistically significant reduction in fork rate for bleomycin treated

289  sample as compared to untreated sample (p=0.3138) (Figure 4G).

290 Fork stallingincreasesin responseto MM S, 4NQO and bleomycin

291 In case of MMS treated sample, we only see a modest reduction in fork density as compared to
292 4ANQO and bleomycin (Figure 4C). In particular, there is no statistically significant reduction in
293  fork dengty in the MMS treated sample during the first analog (93%, p=0.1951) (Figure 4F) is
294  not significant. However by bulk assay we see the same kinetics of slowing for all three damage
295  treatments (Figure 3A and 4A). A possible explanation for this discrepancy is that forks stall
296  during the first pulse in response to damage and thus are not observed during the second pulse
297  (Figure2). Wetherefore interrogated our combing data for evidence of fork stalling.

298 We first determined the absolute number of stalls per kb for each dataset (see methods for

299 detalls). The absolute number of stalls per kb determines the contribution of stalled forks towards
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300 tota replication slowing. In MMS treated sample we see a 3.47-fold increase in the number of
301 stalls as compared to untreated (p=6.23x10%"), while we see no significant increase in stalling in
302  response to 4NQO (1.12, p=0.604) and bleomycin (0.99, p=0.346) (Figure 4H). Thus an increase
303 in the total number of stalls per kb in response to MMS helps explain the slowing of total
304 replication to similar levels as compared to 4NQO and bleomycin despite having a delayed effect
305  onoriginfiring rate.

306 Next we estimated the fork stall rate. We define the fork stall rate as the total number of stall
307  events per fiber during the first analog pulse divided by the total number of ongoing forks in that
308 fiber during the first analog. Although the absolute number of stalls per kb in response to 4ANQO
309  and bleomycin treatment is similar to the wild-type untreated sample, the treated samples have far
310 fewer origins firing as compared to untreated sample (Figure 4B and 4H). Therefore the rate of
311 stalling normalized to the origin firing rate is higher in the treated sample (Figure 4l). The average
312  stall rate per fiber in the untreated sample was 14%. The fork stall rate showed 1.8-fold increase
313  in response to 4NQO (p=1.2x10"*) and a 1.9-fold increase in response to bleomycin (p=2.26x10
314 '), whereas MMS caused a 3.8-fold increase relative to untreated cells (p=1.55x10%°) (Figure 4I).
315 Combining our stall-rate data with estimates of lesion density, we estimate that forks stall at 1.3%
316 of 4NQO lesions and at 0.5% of MMS lesions, consistent with the fact that 4ANQO creates a
317  bulkier lesion than MMS. The stall rate per lesion is more complicated to interpret for bleomycin.
318 Since the stalls we detect are not at the ends for our fibers, they cannot be at the sites of
319  bleomycin-induced double-strand breaks. However, bleomycin creates about a 20-fold excess of
320 single-strand nicks to double strand, which, and the dose we used should produce one nick about
321 every 150 kb (Chen and Stubbe, 2005). In the absence of repair, forks would stall at 8.1% of

322 bleomycin-induced nicks. If nicks are repaired, that rate of stalling at the remaining unrepaired
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323  nicks could be much higher. Although the stall events seem to be infrequent relative to lesion
324  dengity, approximately 53% of forks in MMS-treated cells and 25% of forks in 4ANQO- and
325  bleomycin-treated cells stalled, contributing significantly to slowing, and ensuring that all treated

326  cellshad many stalled forks.

327 Inhibition of origin firing is checkpoint dependent

328 To determine the role of the intra-S checkpoint in the observed DNA-damage dependent changes
329 inreplication kinetics, we repeated our combing experiments in checkpoint-deficient cdslA cells.
330 In the presence of 4NQO, wild-type cells replicated 42% (p=5.55x10"%) as much as untreated
331 cdls, as assayed by flow cytometry at 60 minutes after release, whereas, in the absence of
332  checkpoint, cdslA 4NQO treated cells replicated 77% as compared to untreated cells (p=5.82x10-
333  8) (Figure 5A). 4NQO did not significantly reduce origin firing in cdslA cells (89%, p=0.206), as
334  opposed to 47% in wild-type cells (p=5.17x10"%) (Figure 5B). Thus, the inhibition of origin
335  firing in response to 4NQO is checkpoint-dependent (Figures 4B and 5B). Analog specific origin
336 density and fork density followed similar trends as the total origin firing rate data (Figure 5D).
337  During both the analog pulses, cdslA cells had a higher origin firing rate and fork density than
338  wild-type cells (Figure 5D).

339 Likewise, inhibition of origin firing in response to bleomycin and MMS is checkpoint-
340 dependent (Figure 5E and 5F). In wild-type cells, the overall origin firing rate was reduced to
341 58% by bleomycin (p=7.45x10°) and 72% by MMS (p=1.18x10°) treatment (Figures 4B and
342  5B). In contrast, cdslA cells showed no significant decrease in origin firing relative to untreated
343  cdls when treated with bleomycin (96%, p=0.389) or MMS (114%, p=0.011) (Figure 5B).
344  Analog specific estimation of fork density and origin firing rate in cdslA treated with bleomycin

345 or MMS showed a similar trend (Figure 5E and 5F). cdslA cells had higher fork density and
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346  origin firing rate in response to bleomycin and MMS than wild-type cells for both analog pulses
347  (Figure5E and 5F).

348 In the absence of DNA damage, the lack of Cdsl caused a 51% increase in the rate of origin
349  firing (3.5£0.6 v. 2.3+0.6 origins firing/Mb/minute, Table S5), consistent with previous reportsin
350 other systems of checkpoint inhibition of origin firing in unperturbed S phase (Shechter et a.,
351  2004; Petermann et al., 2010). Nonetheless, loss of Cdsl increases origin firing in damaged cells
352 to the same level as in undamaged cells, showing that there is no checkpoint independent

353 inhibition of origin firing (Figure S6).

354 Reduction in fork rateischeckpoint independent

355  In MMS-treated wild-type cells, fork rate was reduced to 76% of the untreated cells (p=6.14x10
356 ¥ (Figures 4G and 6A). This effect was not checkpoint-dependent. In fact, at 61% (p=6.13x10
357 %), cdslA cells showed a greater reduction in fork rate than seen in wild-type cells in response to
358 MMS (Figure 6A). Thus, the observed reduction in fork rate in response to MM S seems to be
359  due to the physical presence of the lesions and the checkpoint activation may facilitate efficient
360 by-passof thelesions.

361 Fork rates showed similar increase in cdslA cells treated with 4ANQO (126%, p=1.17x10") as
362  they did in wild-type cells (127%, p=5.75x10") (Figures 4G and 6A). Although the lack of Cdsl
363  does not seem to have an effect on the relative fork rate between untreated and 4NQO-treated
364 cdls, it does have a significant effect on the absolute fork rate in untreated cells. Forks moved
365  significantly slower in untreated cdslA cells than in wild-type cells (0.72 v 0.91 kb/min, p < 10°®,
366 Table S5). This difference may be an indirect effect of the higher origin firing rate and fork
367 density in cdslA cells (Table S5). Several groups working in different systems have made the

368 similar observation that fork rate isinversely correlated to the number of active forks, perhaps due
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369 to constrains on a limiting factor required for replication, such as the dNTP pool (Herrick and

370  Sclavi, 2007; Herrick and Bensmon, 2008; Poli et al., 2012).

371 Fork stallingin responseto damageislargely checkpoint independent

372  Similar to wild-type cells, we see an increase in fork stalls per kb in response to MM S treatment
373 in cdslA but not in case of 4NQO and bleomycin (Figure 4H and 6B). The fork stalls per kb
374  shows a 1.9-fold increase in response to MMS as compared to untreated (p=4.42x10"°) cdslA
375 cels. Fork stalls per kb does not change significantly between 4NQO (1.39, p=0.987) and
376  bleomycin (1.05, p=0.839) treated cdslA cells as compared to untreated cdslA (Figure 6B).

377 In wild-type cells, the fork stalling rate was increased 1.8-fold by 4NQO (p=1.2x10"),
378  1.9-fold by bleomycin (p=2.26x10") and 3.8-fold (p=1.55x10%°) by MMS treatment, relative to
379  untreated cells (Figures 4H and 6C). In cdslA cells, we saw a 1.7-, 2.3- and 2.8-fold increase of
380 the stall rate in 4ANQO (p=2.59x10™), bleomycin (p=7.96x10"%) and MM$S (p=2.93x10") treated
381  cellsrespectively as compared to untreated cells (Figure 6C). Thisincreasein stall rate is slightly
382  lower in MMS-treated cdslA cells than in wild-type cells (2.8 fold v 3.8 fold, p=9.86x107),
383 showing that there are checkpoint-dependent and -independent contributions to stalling in
384  response to MMS, however the difference in stall rates for cdslA treated with 4ANQO (1.7 fold v
385 1.8 fold, p=0.746) and bleomycin (2.3 fold v 1.89 fold, p=0.01) as compared to wild-type are not
386 as dgnificant. Therefore the bulk of fork stalling events appears to be checkpoint-independent

387  (Figure6C).

388 Delayed Inhibition of Origin Firing by MMS Correlates with Delayed Checkpoint Kinase
389  Activation
390 To test the possibility that the later inhibition of origin firing seen in response to MMS (Figure

391 4F) isdueto delayed checkpoint activation, and to confirm that the doses of the various damaging
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392  agents we use cause comparable checkpoint activation, we assayed activation of the Cdsl S-phase
393  checkpoint kinase in response to MMS, 4NQO and bleomycin. Cells with an HA-tagged Cdsl
394  were synchronized in G1 and released into DNA damage (Figure S7). Cells were harvested
395  throughout S phase and Cdsl was immunopurified for in vitro kinase assays (Figure 7). We
396 observe a significant and reproducible delay of Cdsl activation in response to MMS, relative to
397  both 4NQO and bleomycin. These results are consistent with MM taking longer to disrupt a

398  sufficient number of replication forksto trigger arobust checkpoint response.

399  Accumulation of RPA foci in response to 4ANQO and MM S

400 Toinvestigate the relationship between the fork stalling that we measured by DNA combing and
401 thefate of forksin living cells, we visualized replication protein A (RPA)-GFP foci, which mark
402  the accumulation of single-stranded DNA (ssSDNA), in cells treated with MMS or 4NQO.
403  Because RPA-coated single-stranded DNA is atrigger for the activation of the intra-S checkpoint
404  (Zou and Elledge, 2003; Byun et al., 2005; Wu et al., 2005; Cimprich and Cortez, 2008; Xu et a.,
405 2008), we hypothesized that stalls that accumulate substantial amounts of RPA are likely to
406  correlate with checkpoint activation, but that stalls that lead to less RPA accumulation may be
407  checkpoint silent.

408 We analyzed 100 cells for each sample and sorted them into three categories based on the
409 intensity and number of foci: strong foci, weak foci or no foci (see Methods for details). 21% of
410 untreated wild-type cells have some foci, consistent with previous reports (Sabatinos and
411  Forsburg, 2015), but the mgjority of these are weak foci, consistent with the hypothesis that weak
412  foci do not activate the checkpoint (Figure 8A). In the presence of damage, we saw distinctly
413  different responses to MMS and 4NQO. In the presence of MMS, 36% of cells had strong foci

414  (Figure 8A). Since all MM S-treated cells have stalled forks (Table S5), we conclude that only a
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415  minority of MM S-induced stalls accumulate substantial sSDNA. On the contrary, essentially all
416  ANQO-treated cells had strong foci, suggesting a qualitatively different nature of 4ANQO-induced
417  fork stalls, in which the mgority of 4NQO-induced lesions accumulated substantial ssDNA
418 (Figure 8A). As previously reported (Sabatinos et al., 2012), RPA did not accumulate at HU-
419  stalled forksin checkpoint-proficient cells.

420 In the absence of checkpoint all treated samples displayed strong foci in about 90% of cells.
421  In particular, in MMS and HU treated cells we saw a large increase in the number of cells with
422  dstrong foci in cdslA as compared to wild-type, suggesting that in response to MM S treatment the
423  checkpoint plays arole in preventing accumulation of excess sSDNA at stalled forks, asit doesin

424  HU (Sogo et al., 2002; Sabatinos et al., 2012) (Figure 8A).

425 Discussion

426  Theregulation of DNA replication in response to DNA damage involves both inhibition of origin
427  firing and reduction of fork speed, but relative contributions of the two effects have been unclear.
428  Furthermore, although genetic evidence has suggested that the checkpoint regulation of fork
429  progression is critical for genomic stability, it has been unclear if the checkpoint regulates fork
430  speed, per s, and, if so, whether the regulation is at a global or local level (Wang et al., 2004;
431 Seler et d., 2007; Unsal-Kagmaz et al., 2007; Szyjka et al., 2008; lyer and Rhind, 2013). One of
432  the reasons that these questions have persisted is that bulk methods, such as gel- or sequence-
433  based approaches, provide an average profile of checkpoint regulation of origins and forks in
434  response to damage and often convolve origin and fork dynamics. We have used DNA combing
435 infisson yeast to systematically look at the effect of the checkpoint on individual origins and
436 forks a a global scale and hence to capture the heterogeneity in response to damage. To

437  understand the behavior of the checkpoint at a global and local scale we have used three different
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438 types of lesion inducing agents at vastly differing concentrations—3.5mM (0.03%) for MMS,
439  1uM for 4NQO and 16.5 pM bleomycin—which thus produce very different densities of
440 lesons—1000 per Mb for MMS, 40 per Mb for 4NQO and 0.35 per Mb for bleomycin
441  (Snyderwine and Bohr, 1992; Lundin et al., 2005; Ma et al., 2008; Asaithamby and Chen,
442  2009)—but nonetheless have very similar effects on bulk replication kinetics (Figures 3, S2 and
443  S3). Wefind that the inhibition of origin firing is a checkpoint-dependent response, but one that
444  develops more slowly in response to the many fork encounters with MM S than the less frequent
445  but more severe fork interactions with 4NQO lesions or in response to repair of bleomycin-
446  induced double-strand breaks. The slowing of fork progression, in contrast, is checkpoint-
447  independent and therefore a local effect in which forks only slow when they encounter DNA
448 damage. Finally, we discover that fork stalling, an event in which a fork stops and does not
449  resume for the duration of the experiment, plays a significant role, with as many as 53% of forks

450  salling in response to DNA damage caused by MMS.

451 Inhibition of origin firing isa global, checkpoint-dependent response to interactions of forks
452  with DNA damage

453  Consistent with previous studies from S. cerevisiae (Santocanale and Diffley, 1998) and human
454  cells (Falck et al., 2002; Sarensen et al., 2003; Merrick et al., 2004) reduction in origin firing in
455  response to 4NQO, bleomycin and MMS is checkpoint-dependent. By flow cytometry, 4NQO,
456 bleomycin and MMS lead to similar extent of slowing, however the combing data reveals
457  important differences in the regulation of origin firing in response to the two drugs. In case of
458  4ANQO reduction in origin firing is robust and immediate. The fork density during the first
459  analog, which is a proxy for origin firing occurring prior to analog labeling, decreases to 53%

460  (p=5.7x10"9) in case of 4NQO and 61% (p=1.33x10") in case of bleomycin, as compared to
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461 untreated cells (Figure 4C). Therefore, origin firing inhibition starts early in S phase in response
462  to 4NQO bleomycin. On the contrary, in the case of MMS, fork density in the first analog is not
463  dignificantly reduced (93%, p=0.074) suggesting no significant reduction in origin firing during
464 early S phase. Furthermore, even during the second analog, the fork density is 40% higher in
465 MMS than in 4NQO (62% v. 44%, Figure 4D and F). Therefore reduction of origin firing in
466 MMSisdeayed and modest as compared to 4NQO.

467 The disparity in origin firing inhibition response can be explained by the observation that a
468  certain threshold of damage has to be met for the activation of the intra-S checkpoint. A certain
469  number of arrested forks are necessary for checkpoint activation during S phase (Shimada et al.,
470  2002). Therefore robust reduction in origin firing in response to 4NQO in early S phase suggests
471 that 4NQO lesions, although less frequent than MMS lesion at the concentrations used in our
472  studies, have more severe effects on forks and hence are more efficient at activating the
473  checkpoint than MMS. Consistent with this interpretation, 4NQO lesions lead to a 2.6- fold
474  higher rate of fork stalls per lesion than MM S (1.3% v. 0.5%) as detected by combing. The low
475 density of stalls per lesion in response to MMS suggests that MMS takes longer to induce
476  sufficient fork stalls to activate a checkpoint signal, and explains why the checkpoint mainly
477  inhibits origin firing later in S phase. Our analysis of RPA accumulation is also consistent with
478 thisinterpretation, showing that 4ANQO-induced lesions accumulate RPA to a much greater extent

479  than MM S-induced lesions (Figure 8).

480 Reduction in fork rate is a local checkpoint-independent response to interactions of forks
481  with DNA damage
482  The fork rate in wild-type cells is reduced in response to MMS to 76% (p=6.14x10"%) (Figure

483  4G). The fork rate is also reduced to 61% in cdslA cells treated with MMS (p=6.13x10%)
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484  (Figure 6A) consistent with previous reports (Tercero and Diffley, 2001). Thus, reduction in fork
485  rateis checkpoint-independent and seems to be smply due to the physical presence of the lesions.
486 Infact, by combing we see a slower fork rate in response to MM Sin cdslA cells than in wild-type
487  cels as compared to untreated (61% vs 76%, Figure 6A). The previoudy discussed correlation
488  between fork rate and fork density in undamaged cells notwithstanding (Herrick and Bensimon,
489  2008), we do not believe this effect in MM S-treated cdslA cellsis an indirect consequence of the
490 increased origin firing, because we do not see a similar decrease in fork rate in the 4ANQO-treated
491  cdls, which show much greater increase in origin firing and fork density in cdslA cells relative to
492  wild-type cédlls (Figures 6A, 5D, 5F). Instead, we prefer the interpretation that the checkpoint
493 facilitates fork progression across a damaged template. Recent work shows that even in the
494  absence of the checkpoint, the replisome is intact at stalled forks (De Piccoli et al., 2012).
495  Therefore, it has been speculated that the checkpoint does not affect the stability of the replisome
496 per se, but instead helps maintain the replisome in a replication competent state at sites of DNA
497  damage (Segurado and Diffley, 2008), a possihility supported by our data. In contrast, previous
498  studies have reported similar extent of slowing in both wild-type and the checkpoint mutants in
499  response to MMS (Tercero and Diffley, 2001; Szyjka et al., 2008). One explanation for the
500 discrepancy could be that the previous methods—density transfer approach and BrdU-IP-segq—
501 offer an average profile at lower resolution and mask the difference between wild-type and
502  checkpoint-deficient cells.

503 Reduction of fork rate in response to MMS but not to 4NQO supports the model that slowing
504  of forksis smply due to a transient physical slowing of forks at each lesion encountered and is
505 not due to a global checkpoint-dependent effect on fork progression rates. Consstent with this

506 mode, we do not see a reduction in fork rate in response to bleomycin treatment (1.06, p=0.31),
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507  which activates the checkpoint robustly (Figure 4G and 7). This result is consistent with our
508 previous observations that slowing is dependent on MMS dose (Willis and Rhind, 2009) and
509 occursin response to frequent UV-induced lesions, but not rare IR-induced double-strand breaks
510 (Rhind and Russell, 1998). Since the lesions induced by 4NQO and bleomycin are 25 and 3000
511 times rarer than those caused by MMS, the forks are less likely to encounter damage and slow
512  down in 4NQO-treated cells. The corollary to this conclusion is that activation of the checkpoint
513  does not dow replication forks, as demonstrated by the fact that forks in 4NQO- and bleomycin-
514 treated cellsfail to slow despite the strong Cdsl activation and checkpoint-dependent inhibition of

515  origin function.

516 Fork stallingisa qualitatively different response to damage than fork slowing

517 The interaction of a fork with a DNA lesion is a first step towards recognition of damaged
518 template during S phase and is a critical mechanism for checkpoint activation (Zou and Elledge,
519 2003). Activation of the intra-S checkpoint by stalled forks allows the cell to activate repair
520 pathways, tolerate damage and prevent genomic instability (Cimprich and Cortez, 2008).
521 Although it is believed that forks can pass polymerase-blocking lesions on the leading strand
522 using transdesion polymerases, leading-strand repriming or recombinational lesion bypass, the
523 role of the checkpoint in such responses is unclear (Branzei and Foiani, 2005; Lee and Myung,
524  2008; Branzei and Foiani, 2009; Daigaku et al., 2010; Sale, 2012; Ulrich, 2012).

525 Here we show that forks can bypass both MMS- and 4NQO-induced lesions and that the
526  checkpoint is not required for that bypass. However, in the case of MMS-induced lesion, the
527  checkpoint seems to facilitate bypass, since forks move past lesions more slowly in cdslA cells as
528 compared to wild-type (0.61% v. 0.76%, Figure 6A). We also show that, whereas forks can

529  Dbypass most lesions efficiently, at a small fraction of lesions—0.5% of MM S-induced lesions,
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530 1.3% of 4NQO-induces lesions and 8.1% of bleomycin-induced bresks—forks stall for the
531 duration of the experiment. Given the large number of lesions throughout the genome, even these
532  small numbers lead to a large number of stalled forks: 53% in MM S-treated cells and 25% in
533  4NQO- and belomycin-treated cells.

534 Detection of fork stalling events is complicated due to lack of consensus on how to identify
535 theminthe DNA fiber datasets (Técher et al., 2013). Generally, signal from the first (red) analog
536 aone on afiber (a unlabeled-red-unlabeled [URU] event) is presumed to be either an elongating
537 fork that stalled or an origin that fired in the first pulse followed by stalling of both its forks
538 (Figure 2A) (Merrick et al., 2004; Wilsker et al., 2008; Scorah and McGowan, 2009; Conti €t al.,
539  2010; Técher et a., 2013). Alternatively the events from the first analog alone can be interpreted
540 as terminations (Figure 2A) (Anglana et a., 2003; Courbet et al., 2008; Letessier et al., 2011;
541 Técher et a., 2013). However, both interpretations rely on heuristic arguments and are unable to
542  quantitate ambiguous signals, such as URU. Therefore we developed a new, rigorous way of
543 quantitating stalled forks in double-labeled data. We have used the context in which the first
544  analog event occurs to define it as a stalled fork or not. As discussed in greater detail in the
545 Results and Methods sections we have used RUG and GUR patterns as a diagnostic for fork stall
546  event occurring during the first analog (Figure 2B). We then used a probabilistic approach to
547  quantitate the frequency of stall eventsin other ambiguous patterns (Figure 2C and S1). It should
548 be noted that we can detect a stall only if it occurs during the first (red) analog pulse and persists
549  throughout the second (green) analog pulse.

550 Fork stalling does not appear to be smply an extreme example of the transient fork pausing
551 that leadsto observed fork slowing. If it were, we would expect to see a continuum of fork pause

552  lengths form very short pauses to full stalls. Such heterogeneity would lead to a greater variation
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553 in apparent fork speeds and, in particular an increase in the asymmetry of rates in fork pairs,
554 neither of which we see (Figure S9, S10 and Table S5). Therefore, we conclude that there are two
555 distinct possible fate for a fork that encounters damage. It can pause briefly as it bypasses the
556 lesion or it can stall permanently. A permanent stall does not appear to be a catastrophic event, as
557 amagority of MMS-treated cells, which al have many stalls (Table S5), do not have strong RPA
558 foci (Figure 8A). However, such stalls do appear to require the checkpoint to restrain ssDNA
559  accumulation. 4NQO-induced lesions appear to cause more severe stalls, since 4ANQO-treated
560 cdls have many more strong RPA foci, even though they have fewer stalls (Table S5 and Figure
561  8A).

562 The replication fork dynamics that we observe in response to MMS- and 4NQO-induced
563 DNA damage demondtrate that forks interact with DNA damage largely in a checkpoint-
564  independent manner. Forks are able to bypass lesions that stall the replicative polymerases with
565 only a modest reduction in speed (Figure 6A) and are no more prone to stall at lesions in the
566  absence of checkpoint (Figure 6B and 6C). However, stalled forks do appear to accumulate more
567 ssDNA in the absence of the checkpoint (Figure 8). These results suggest that the major role of
568  the checkpoint is not to regulate the interaction of replication forks with DNA damage, per se, but
569  to mitigate the conseguences of fork stalling when forks are unable to successfully navigate DNA

570  damage on their own.

571 Material and Methods

572  General methods
573  The following strains used in this study were created by standard methods and grown in YES at

574 25°C (Forsburg and Rhind, 2006): yFS940 (h+ leu-32 ura4-D18 his7-366 cdcl0-M17
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575 leul::pFSl181 (leul adhl:hENT1) pJL218 (his7 adhl:tk)), yFS941 (h- leu-32 his7/-366 cdclO-
576  M17 cdsl::kanMX leul::pFS181(leul adhl:hENT1) pJL218 (his7 adhl:tk)), yFS956 (h+ leul-32
577 ura4-D18 cdcl0-M17 rpal-GFP::hph-MX6), yFS957 (h+ leul-32 ura4-D18 cdcl0-M17
578 cdsl::ura4 rpal-GFP::hph-MX6), yFS988 (h- leul-32 ura4-D18 ade-? cdcl0-M17 cdsl-

579  Bhis2HA(iNt)).

580 Sphaseprogresson assay by flow cytometry

581 Cells were synchronized in G1 phase using cdcl10-M17 temperature sensitive allele combined
582  with centrifugal eutriation, which selects cells that have been arrested in G1 for as little time as
583 possible (Willis and Rhind, 2011). Cells were grown to mid log phase at 25°C and arrested at
584  35°C for 2 hours followed by centrifugal-elutriation-based size selection at 35°C to collect cells
585  that had most recently arrested in G1. The cells were then immediately released into S phase by
586  shifting them to 25°C, untreated or treated with 3.5mM MMS or 1 uM 4NQO or 16.5 uM
587 bleomycin. S-phase progression was followed by flow cytometry using a nuclei isolation
588  protocol, as previously described (Willis and Rhind, 2011) with some minor modifications.
589 Briefly, 0.6 O.D. of cdls were pelleted every 20 minutes for 2 hours after release into S phase.
590 Pelleted cells were fixed by resuspension in 70% ethanol and stored overnight at 4°C. Fixed cells
591  were spheroplasted at 37°C for 1 hour in 0.6 M KCI with 1 mg/ml Lysing enzyme (Sigma #
592  L1412) and 0.5 mg/ml Zymolyase 20T (Sunrise Science Products # NO766391). Cells were then
593  washed with 0.1 M KCI containing 0.1% Triton X-100 followed by 20 mM Tris-HCI, 5 mM
594 EDTA, pH 8.0. The cells were then resuspended in 20 mM Tris-HCI, 5 mM EDTA, pH 8.0
595  containing 250 pg/ml RNaseA and incubated at 37°C overnight. Cells were pelleted, chilled and
596  sonicated for 7 seconds with a Sonifier (Branson Sonifier 450) equipped with amicro tip at power

597 5 and constant duty cycle to release nuclei. Nuclel were mixed with equal amount of 1x PBS
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598 containing 2 UM Sytox Green and analyzed by flow cytometry. S-phase progression values were
599  obtained from the histograms as previously described (Willis and Rhind, 2011).

600 We have used three different drugs (3.5mM MMS, 1 uM 4NQO and 16.5 uM bleomycin) to
601 create significantly differing lesion densities (of 1 every 1 kb, 25 kb or 3000 kb, respectively) in
602 order to differentiate between global v. local regulation of forks. Conceivably, variable lesion
603  density could be achieved by just titrating one of the drugs. However, we cannot achieve a 25-
604 fold difference in lesion dengity (let alone a 3000-fold difference) by just titrating either drug
605 aone. In case of 4NQO, increasing dose concentration to even 2 pM 4NQO almost inhibits
606 replication (Figure S2), while decreasing MMS dose below 3.5mM to 0.875mM greatly reduces

607  theeffect of damage on replication kinetics (Willis and Rhind, 2009).

608 DNA Combing

609 Cell labeling and plug preparation

610 Cels were pulse labeled with 2 uM CldU for 5 minutes and chased with 20 uM 1dU for 10
611 minutes. For the second replicate of 4ANQO dataset in wild-type and cdslA cells and all the
612  bleomycin datasets, cells were labeled with 5 uM CldU for 5 minutes and chased with 20 uM 1dU
613  for 10 minutes. For MM S experiments were done 5 times in wild-type cells and 3 timesin cds1A
614 cdls, 4ANQO and bleomycin experiments were done twice in each wild-type and cdslA cells.
615 Cdls were pulse labeled at different time points across S phase for both wild-type and cdslA,
616  however they gave similar results and hence have been combined and represented together in the
617  figures for simplicity. Refer to Table S5 for the exact timing of analog labeling during S phase
618 for the various replicates. Analog labeling was stopped by adding sodium azide to a final
619  concentration of 0.1% and cooling the cells on ice. 10 O.D. of cells were pelleted for combing,

620  frozeninliquid N2 and stored at -80°C. Cells were processed as previously described (lyer et al.,
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621 in press) with minor modifications. For MMS experiments the plugs were digested with
622 proteinase K a 37°C instead of 50°C to facilitate isolation of longer fibers based on the
623  observation that MMS cresates heat-labile DNA damage (Lundin et al., 2005). Higher pH of MES
624  (6.25 or 6.35) was used for combing instead of pH 5.4 to isolate longer fibers (Kaykov and Nurse,
625 2015). Combing and immuno-staining of samples were done as previously described (lyer et al.,
626 inpress). For the second replicate of 4NQO dataset in wild-type and cdslA cells, and for all the
627  bleomycin datasets, data collection was done in collaboration with Genomic Vision, France. For
628  experiments done in collaboration with Genomic Vision the cells were labeled and processed for
629 combing as before, except for immuno-detection of the fibers a different set of secondary
630 antibodies were used. The dilutions at which they were used are goat anti-rat (Abcam ab6565)
631  1:50, goat anti-mouse Cy3.5 (Abcam ab6946) 1:50, and goat anti-rabbit BV480 (BD Horizon

632  564879) 1:10.

633  Data collection

634  Fibers were measured in pixels using Image J (Schneider et al., 2012). Pixels were converted to
635 kb using A DNA as a standard. Only fibers longer than 120 kb were analyzed. For experiments
636 done in collaboration with Genomic Vision, the fibers were manually measured using Fiber
637  Studio software. About 25 Mb of DNA was collected for each dataset. Refer to Figure S11 and
638  Table S5 for details of fiber lengths and dataset sizes. For each fiber, the length of each green, red
639  and unlabeled track was manually measured. These measurements were complied into a master
640 datatable (Table S12). Analysis of this data was automated using MATLAB scripts, which are
641 available upon request.

642

643  Fork rate measurement
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644  Green tracks (containing IdU, the second analog added) continuing from red tracks (containing
645 CldU, thefirst analog added) were used to determine fork rate. The length of the green track was
646  measured from green-red (GR), red-green (RG) and green-red-green (GRG) events and divided
647 by the length of the chase time (10 minutes). For each dataset the fork rate distribution was
648  plotted as a histogram and was fit to a Gaussian curve. The mean fork rate was obtained from the
649  fit (Figure S9).

650 We also considered that there could be a lag between the addition of analog and its
651 incorporation into the DNA, which might lead to an underestimation of the actual fork rate. To
652  estimate the lag we labeled the cdlls as previously described with 2uM CldU for 5 minutes and
653  chased it with 20uM IdU but collected samples after different lengths of 1dU incubation: 3, 4, 5,
654 6, 7, 8, 10, 14 and 16 minutes. However we did not find any lag in analog incorporation by
655  plotting the lengths of 1dU labeled forks across different lengths of time after IdU addition (Figure
656  S13).

657 Fork rate was also analyzed by excluding forks occurring at the ends of the fiber, as broken
658 forks may lead to an under-estimation of the actual fork rate. However, excluding the forks
659  occurring at the ends of the fiber does not significantly affect fork rate estimations, cons stent
660  with the observation that only 6% of the forksin our dataset occur at the end of afiber.

661 We note that the fork rate for wild-type untreated samples varies across different replicates
662  (0.65+0.4 kb/min for the first three replicates v. 0.91+0.2 kb/min for the last three replicates,
663 Table S5). We ascribe this variation to the pH of MES (6.35) used for combing the first three
664  replicates, which we used to facilitate isolation of longer fibers. We have concluded that the
665  stretching factor estimated from lambda DNA at 6.35 is not reliable. Hence we switched to a

666 lower pH of 6.25 for further combing experiments. We believe that the values obtained at pH
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667 6.25 are more reliable, since we have obtained 0.9 kb/min fork rate value from wild-type
668  untreated samples stretched at pH 5.4, which is close to the standard pH used in most combing
669  experiments (Figure S15) (Allemand et al., 1997; Michalet et al., 1997; Herrick and Bensimon,
670  1999; Bianco et al., 2012). Despite the variation in the absolute fork rate values the relative trend
671  observed between treated and untreated sample holds true across both pH. For example consider
672  experiments WT3-M and WT4-M, which are similar except for the pH of the combing solution
673 used (Table S5). The absolute vaue of wild-type untreated fork rate differs between the
674  experiments (0.60 kb/min vs 0.92 kb/min, Table S5). However the change in fork rate in treated

675  v.untreated sampleis0.72 for both the experiments.

676  Origin firing rate measur ement

677 To estimate the rate of origin firing, the total number of origin firing events in each fiber was
678 divided by the length of the unreplicated DNA of that fiber and by the total length of the analog
679  pulses (15 minutes). The total number of origins firing in the fiber is the sum of origins that fire
680  during the first and the second analog. Origins that fire during the first analog are identified as
681 GRG events. Origins that fire during the second analog are identified as isolated green events.
682  However, origins that fire in the first analog will appear as GRG only if both its forks progress
683 into the second analog labeling. In the event of a unidirectional fork stall during the first analog
684  pulse origins that fire will appear as GR or RG. An origin may also appear as an isolated red
685 event if both its forks stall during the first analog pulse. Therefore, the origin firing rates were
686  corrected by accounting for the probability of forks stalling during the first analog pulse which
687  would have disrupted GRG events, based on the measured fork stall rate (see below for stall rate

688  calculation).
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689  Fork density measurement

690  Origin firing rate captures the origins that fire during the course of the analog pulses. However,
691 the rate of origin firing prior to labeling influences the density of forks during the pulses and
692  provides a parale measure of origin activity. Therefore, we measured fork density to assess
693  origin firing rate during the period prior to our S-phase labeling pulses. Fork density, the total
694  number of forksin each fiber was divided by the length of the unreplicated DNA of that fiber, and
695  was calculated independently for the two labeling pulses. The basic strategy for measuring the
696 fork density during either analog pulse is straight-forward. For the first pulse, it is done by
697  counting the following events in each fiber and dividing by the length of the unreplicated DNA of
698 that fiber: the number of origins firing (GRG) and terminations (R and RGR) during the first
699 pulse multiplied by two, since each origin or termination comprises two forks, and the
700 unidirectional forks (GR and RG) counted once. Likewise, for the second analog pulse it is done
701 by counting the following eventsin each fiber and dividing by the length of the unreplicated DNA
702  of that fiber: the number of origin firing during the second pulse (G), forks from origins firing in
703  thefirst pulse (GRG) and terminations during the second pulse (RGR) multiplied by two, and the
704  unidirectiona forks (GR and RG) counted once. We aso calculated the total fork density for
705  each fiber, which is done by counting following events in each fiber and dividing by the length of
706  theunreplicated DNA of that fiber: number of originsfiring during each analog (GRG and G) and
707  terminations (R and RGR) multiplied by two, and the unidirectiona forks (GR and RG) counted
708 once. However, these calculations are confounded by forks that stall during the first pulse,
709 leading to the misclassification of events (Figure 2). To account for such stalling events, we took
710  aprobabilistic approach, in which the measured stall rate is used to more accurately estimate fork

711  density, asdescribed below.
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712 Fork stall rate measur ement

713  We can estimate the fork stall rate only during the first analog pulse. Stalls occurring during the
714  second analog pulse ssmply reduce the length of the second analog incorporation track and thus
715  get interpreted as areduction in fork rate. Fork stall events occurring during the first analog pulse
716  can lead to ambiguous incorporation track patterns (Figure 2A). For instance, an isolated first
717 analog event is open to any of the following three interpretations: an unidirectional e ongating
718 fork that stalled, or an origin firing event for which both forks stalled, or a termination event.
719  However, two apparently unidirectional forks moving in the same direction on a fiber must have
720  had the fork in between them stall (Figure 2B, Figure S1A). Such unambiguous stall events leave
721  signature red-unlabeled-green (RUG) or green-unlabeled-red (GUR) patterns. On the other hand
722  the signature for two unstalled forks is green-unlabeled-green (GUG) (Figure S1A). To estimate
723  the apparent stall rate in the dataset we counted every RUG and GUR event and divided it by the
724 sum of GUR, RUG and GUG events (Figure S1A). The GUR and RUG events are included in
725  the denominator because every stall event represents a loss of one fork. For example, consider an
726  origin (GRG) on afiber. If one of its fork is stalled then it will appear as GR or RG and we
727  would calculate the stall rate as 50% since one fork is stalled but ideally there should be two (one
728  fork which we can visualize and one which is stalled).

729 Although the unambiguous events allow us to determine the stall rate with certainty, not
730 every isolated first analog event is flanked by second analog events to help us determine whether
731 itisdaled or not. For example consider Figure 2C, which shows two forks moving away from
732 one another. It can be interpreted as forks moving away from a single origin or as two origins
733  with stalled forks on their inner side. To estimate the stall rate across the ambiguous events we

734  used aprobabilistic approach. We considered all combinations in which ambiguous events could
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735 occur (eg. UR, RU, RUR, GRU, URG, GRUR, RURG, URUR, RURU, RURUR etc.) (Figure
736  S1B). The ambiguous events were assigned a probability of being either stalled or not, using the
737  apparent stall rate as the probability of a fork stalling (Figure S1B). For example, consider red-
738 unlabeled-red (RUR) event represented in Figure 2C, if the leftward moving fork isinterpreted as
739  anorigin with stalled rightward fork then it automatically implies that the rightward moving fork
740  onthefiber isalso an origin with stalled leftward moving fork. Therefore the probability of both
741 the events being consdered as origins with a stalled fork, is the product of two stall events
742  occurring at the same timei.e. square of the apparent stall rate. If the apparent stall rate is 10%,
743  then RUR events are assigned a 1% probability of as having two stalled forks. The probabilistic
744  interpretation of the ambiguous events also changes the absolute number of forks in the dataset.
745 For example according to interpretation 1 in Figure 2C there is only one origin with two
746  eongating forks on the fiber. However according to interpretation 2 there are two origins with a
747 total of 4 expected and 2 apparent forks. To estimate the stalls per kb for each fiber the
748  unambiguous stall events (RUG and GUR) in each fiber were combined with the fraction of the
749  ambiguous events that were predicted to be stalled and this total was divided by the length of the
750  un-replicated DNA. To estimate the stall rate per fiber the unambiguous stall events (RUG and
751  GUR) in each fiber were combined with the fraction of the ambiguous events that were predicted
752  to be daled and this total was divided by the total number of ongoing forks in the first analog,
753  which was calculated as the sum of GR, RG, and R events (counted once or twice based on
754  whether they were interpreted as elongating forks or as an origin with a stalled fork) plus two
755  forksfor each GRG.

756 The fork stall rate in untreated wild-type and cdslA cells is about 15% (Table S5). This

757  result reveals an unexpectedly high rate of spontaneous fork stalling. To exclude the possibility
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758  that the high stall rate is aresult of previoudly identified combing artifacts (Demczuk and Norio,
759  2009), we re-analyzed our dataset, excluding the labeled events occurring at the ends of the fibers,
760  where such artifacts can occur. However the stall rate estimations remain unchanged after re-
761 analysis (Figure S14). We cannot rule out the possibility that the observed fork stall rate is
762  increased by the thymidine analogs used to label the DNA. Nonetheless, since we normalize our
763  quantitation of fork-stalling to an untreated sample, our results are internally controlled.
764  Furthermore, double-labeled combing studies done in mammalian cells show similar rate of fork

765  stalingin the untreated sample (Merav Socolovsky, personal communication).

766  Theeffect of analog addition on replication kinetics

767  Addition of analog early in S phase causes slowing of bulk replication, probably due to
768  checkpoint-dependent origin inhibition (Figure S16A). Therefore, we have labeled cells in a
769 manner so as to incur minimal effect on S phase progression due to analog addition (Figure
770  S16B). By adding analogs at different time points across S phase and examining the effect on S
771  phase progression by FACS, we chose to add analog at 50 minutes after release and harvest cells
772  for combing by 65 minutes after release for wild-type (Figure S16B). Furthermore, al of our
773  interpretations are based on comparison to analog-treated cells, so any analog-specific effects are

774  controlled for.

775  Cdsl kinase assay

776  To estimate the Cdsl kinase activity S phase progression assay was done in triplicate as described
777  earlier in response to 3.5 MM MMS, 1 uM 4NQO, and 16.5 uM bleomycin in yFS988 strain
778  (Figure S7). Approximately 10 OD of cells were pelleted at 10, 20, 30, 40, 50, and 90 minutesin
779 S phase for measuring Cdsl activity. Cells were lysed by bead beating in 400ul ice-cold lysis

780  buffer (150 mM NaCl, 50 mM Tris pH 8.0, 5 mM EDTA pH 8.0, 10% Glycerol, 1%IGEPAL
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781 CA630, 50 mM NaF, freshly added 1 mM NagVO, and protease inhibitor cocktal (Sigma
782  11836170001)) for 15 minutes at 4°C. Lysate was cleared by centrifuging at 1000g, 5 minutes
783  and combined with anti-HA Ab conjugated agarose beads (Pierce 26181) and incubated with
784  constant mixing at 4°C for 4 hours. Beads were washed twice with lysis buffer and twice with
785  kinase buffer (5 mM HEPES pH 7.5, 37.5 mM KCl, 25 mM MgCl,, 1 mM DTT). The sample
786  was then split into two portions, one was used to estimate the amount of Cdsl pulled down by
787  western blot and the other was processed to estimate the kinase activity. For western, the Cdsl
788  was eluted off the beads by boiling in 2x SDS PAGE gel loading dye. Cdsl was detected by
789  using rabbit anti-Cdsl Ab at 1:1000 and anti-rabbit HRP conjugated secondary Ab at 1:10000.
790  For kinase assay, the beads were re-suspended in 10 pl 2x kinase buffer, 0.5 ul 10 uCi/ul yP32-
791 ATP, 2 1 mM ATP, 5 ul 1 mg/ml myelin basic protein and incubated at 30°C for 15 minutes.
792  The reaction was quenched by adding SDS PAGE gel loading buffer and boiling at 95°C for 5
793  minutes. Kinase reactions were run on a 15% gel normalized to the amount of Cdsl pulled down
794 in each lane. The gd was dried under vacuum and exposed to phosphoimager screen for 48
795  hours. The screen was scanned on Typhoon FLA-9000 and quantitated using ImageJ (Schneider
796 et al., 2012). Asynchronous culture of yFS988 treated with 3.5 mM MMS for 4 hours was used

797  asacontrol to normalize across gels and blots.

798 RPA foci estimation

799 In order to estimate RPA foci formation due to damage, S-phase progression assays were
800 performed as described above with strains expressing GFP-tagged Rpal (yFS956 and yFS957).
801 Celswere collected at 100 minutes after release from untreated, 3.5 mM MMS, 1 uM 4NQO and
802 12 mM HU treated cultures and fixed in ice-cold 100% methanol and stored at -20°C for at least

803 20 minutes. Fixed cells were washed thrice with 1x PBS and re-suspended in 10 pl Vectashield
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804  mounting medium with DAPI at 2 ug/ml. Cells were visualized using a Zeiss Axioskop 2 Plus
805  epifluorescence microscope with 100X Plan-NEOFLUAR oil objective and imaged using SPOT
806  monochrome cooled-CCD camera. Images were analyzed using ImagelJ and Microsoft Excel.
807  Image of each nuclei in the GFP channdl was cut and pasted into cellsin an excel file. The nucle
808  were then blinded, randomly sorted and scored independently by two individuals. 100 nuclel
809 were analyzed for each sample. The nuclei were scored into three categories. uncertain, foci
810 negative, and foci positive. Foci positive cells were further characterized into nuclel with few
811 wesk foci (1 or 2) or containing many weak foci, strong foci or a combination of strong and weak

812 foci.
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819  Figurel: Visualization of replication fork progression

820  Wild-type cells (yFS940) were G1 synchronized and pulse labeled at 50 minutes after release into
821  Sphasewith CldU (visualized using red antibody) for 5 minutes, and chased with 1dU (visualized
822  using green antibody) for 10 minutes. Shown are a sample fiber from the wild-type untreated
823 dataset and the various replication patterns observed in the dataset with their simplest

824 interpretations. See Figure 2 for other possible interpretations of ambiguous patterns.
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825  Figure2: Identification of stalled for ks using the context of neighboring forks

826  (A) Ambiguity in interpreting isolated first analog events. Possible interpretations of isolated first
827 anaog event based on the neighboring event are listed. (B) The signature we have used to
828 identify definite stalled forks: RUG (red-unlabeled-green) and GUR (green-unlabeled-red). Two
829 forks moving in the same direction indicate that the fork moving in between them in the opposite
830 direction must have stalled. (C) Ambiguous events such as RUR (red-unlabeled-red) and their

831 possibleinterpretations.

832 Figure 3: MMS-, 4NQO and bleomycin-induced DNA damage show a similar effect on the
833 overall replication rate

834  (A) Wild-type cells (yFS940) show similar slowing of replication in response to 3.5 mM (0.03%)
835 MMS 1 puM 4NQO, and 16.5 pM bleomycin by flow cytometry. (B) Slowing in response to
836 damage is largely checkpoint dependent by bulk assay. Wild-type (yFS940, A) and cdslA
837  (yFS941, B) cells were synchronized in G1 and released into S phase in the presence or absence
838 of 3.5 mM MMS, or 1uM 4NQO, or 16.5 uM bleomycin. S-phase progression was monitored by

839  taking samples every 20 minutes for flow cytometry. The error bars represent standard deviation.

840 Figure4: 4ANQO, MM Sand bleomycin dow S phase using distinct mechanisms.

841  Wild-type célls (yFS940) were synchronized in G1 and released into S phase untreated, or treated
842  with 3.5 mM MMS, or 1uM 4NQO, or 16.5 uM bleomycin. Cells were labeled at mid-S phase
843 with CldU followed by 1dU for DNA combing. All parameters are represented as a ratio of
844 treated v. untreated sample. (A) 4NQO, bleomycin and MMS slow S phase to similar extent by
845 flow cytometry. Tota replication by FACS was calculated at 60 minutes after release, which is

846 close to the mid-point of analog labeling. (B) and (C) 4NQO, bleomycin and MMS show
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847  differing leves of reduction in origin firing rate and fork density. (D), (E), (F) Analog specific
848 edtimations of origin firing rate and fork density for 4ANQO, bleomycin and MMS respectively.
849 4NQO and bleomycin treatment leads to immediate reduction in origin firing rate in the first
850 anaog while in MMS the reduction is apparent only during the second analog. (G) Fork rate
851 decreasesin responseto MMS, but not in response to 4NQO or bleomycin. (H) Fork stalls per kb
852  increases in response to MMS, but not in response to 4NQO or bleomycin (1) Fork stall rate
853  increasesin response to MMS, 4NQO and bleomycin. For calculations of origin firing rate, fork
854  density, fork rate, fork stalls per kb and fork stall rate refer to text and methods. For each sample

855  of each experiment, about 25Mb of DNA was collected. All error bars represent SD.

856  Figure5: Reductionin origin firing rate is checkpoint dependent.

857  cdslA cdls (yFS941) were synchronized in G1 and released into S phase untreated, or treated
858 with 3.5 mM MMS, or 1uM 4NQO, or 16.5 uM bleomycin. Cells were labeled at mid-S phase
859  with CldU followed by 1dU for DNA combing. All parameters from combing data of cdslA are
860 represented as a ratio of treated v. untreated. Wild-type dataset is plotted alongside cdslA for
861 comparison. (A) Total replication by FACS was calculated at 60 minutes after release, which is
862  closeto the mid-point of analog labeling. (B) and (C) Reduction in origin firing and fork density
863 ischeckpoint dependent for 4ANQO, bleomycin and MMS. (D, E, F) Analog specific estimations
864  of origin firing rate and fork density for 4NQO, bleomycin and MMS respectively shows higher
865  valuesin cdslA than wild-type. For calculations of origin firing rate, fork density refer to text
866 and methods. For each sample of each experiment, about 25Mb of DNA was collected. All error

867  barsrepresent SD.
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868  Figure6: Reduction in fork rate and increasein fork stalling is checkpoint independent.

869  (A) Fork rate, (B) fork stalls per kb and (C) fork stall rate data for cdslA (yFS941) treated with
870  4NQO, bleomycin and MMS. Both parameters are represented as a ratio of treated v. untreated.
871  Wild-type dataset is plotted alongside cdsl1A for comparison. See methods for calculation of fork

872  rate, fork stall per kb and fork stall rate.

873  Figure7: Delayed Inhibition of Origin Firing by MM S Correlates with Delayed Checkpoint
874  Kinase Activation

875 A) Wild-type cells with an HA-tagged Cdsl (yFS988) were G1 synchronized, released into S
876  phase is the presence of 1uM 4NQO, 16.5 pM bleomycin or 3.5 mM MMS, harvested at the
877 indicated times and processed for Cdsl IP kinase assays. Average signa normalized to the
878  4NQO 90-minute timepoint is plotted + standard error of the mean. B) Representative kinase

879  assays. SeeFigure S8 for data from each replicate.

880  Figure8: Accumulation of RPA foci in responseto 4NQO and MMS.

881 (A) Percentage of cells with RPA foci in each sample with the numbers on the bars indicating the
882  percentage of cells with strong foci. Wild-type (yFS956) and cdslA (yFS957) cells were
883  synchronized and released into S phase in the presence of 3.5 mM MMS,1 uM 4NQO or 12 mM
884  HU or left untreated. Samples were collected for microscopy at 100 minutes after release. Cells
885  were fixed and stained with DAPI and imaged in the DIC, GFP and DAPI channels. For each
886  sample 100 cells were blinded and scored independently by two individuals. (B) Representative

887  imagesfor all samples quantifiedin (A).

888  Figure S1: Schematic explanation of stall rate estimation.
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889 Figure S2: Titration of 4NQO. Wild-type (yFS940) and cdslA (yFS941) cells were
890  synchronized and released into S phase with 3.5 mM MMS, 0.5 uM, 1 uM, 2 uM 4NQO or left
891  untreated. S-phase progression was monitored by taking samples every 20 minutes for flow

892  cytometry.

893 Figure S3: Titration of Bleomycin. Wild-type (yFS940) and cdslA (yFS941) cells were
894  synchronized and released into S phase with different concentrations of bleomycin 16.5 uM,
895  23.79 uM, 47.9 uM or left untreated. S phase progression was monitored by taking samples every

896 20 minutes for flow cytometry.

897 Figure $4: S phase progression by FACS. WT (yFS940) (A) and cdslA (yFS941) (B) cells
898 were synchronized in G1 phase using cdcl0-M17 temperature sensitive allele followed by
899  dutriation. Elutriated G1 cells were released into permissive temperature untreated or treated with

900 35mM MMSor1uM 4NQO or 16.5uM Bleomycin.

901 Table S5: Summary of dataset information and results.

902 Figure S6: Origin density from cdslA sample normalized to wild-type untreated sample.

903 Figure S7: S phase progresson by FACS of time courses used for kinase activity

904 measur ement.

905 Figure S8: Kinase assay to measure Cdsl activation in 5 time cour ses. For each time course,

906  Cdsl western was done to estimate the amount of Cdsl pulled down in each condition. Kinase
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907  assay reactions were run normalized to the amount of Cdsl pull down. Signal from each lane of
908 the kinase assay gel was normalized to the asynchronous MMS sample to get the normalized

909  kinase activity

910 Figure S9: Fork rate distribution. Fork rate distribution in wild-type and cds1A cells untreated
911  or treated with MM S from a single experiment at time points 1 and 3, respectively (A and C) and
912  from two experiments at time points 2 and 4, respectively (B and D). For the exact timings refer
913 to Table S5. Each distribution of fork rate was fit to a Gaussian curve. Mean fork rate was

914  obtained from thefit.

915 Figure S10: Comparing fork rates of left and right fork pairsin wild-type (yFS940) does not

916  show increased asymmetry in treated samples as compar ed to untreated sample.

917 Figure S11: Fiber length distribution. Length of fibers from wild-type 4NQO (A) and MMS
918 (B) samples from a single experiment. Approximately 25 Mb of total DNA was collected for

919 each sample (Table S5).

920 Table S12: Raw datafilesfrom all datasets containing measurements of each fiber.

921 Figure S13: Estimation of lag in analog incor poration. Cells were pulse labeled with 2 uM
922  ClIdU for 5 minutes and chased with 20 uM IdU for varying lengths of time: 3, 4, 5, 6, 7, 8, 10,
923 14, 16 minutes. At least 100 forks were collected for each time point except for 3 and 4 minutes
924  of 1dU labeling for which only 11 and 44 forks were measured, respectively, due to lack IdU

925 labeled forks at such short lengths of 1abeling period.
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926 Figure S14: Re-estimation of stall rate accounting for potential artifacts yields minimal
927 variation. Were-analyzed the fibers considering stretching artifacts, which may lead to incorrect
928 interpretation of analog incorporation patterns (Demczuk and Norio, 2009). Ends of the fiber are
929  most susceptible to such stretching artifacts and hence we ignored the labeled events occurring at
930 the ends of the fiber and re-calculated the stall rate. However we do not see a significant change
931 between the all rate calculated from the whole fiber or after ignoring the labeled events
932  occurring at the ends of the fiber. Wild-type experiment in 4ANQO and MM S were done once and
933 5 times respectively. cdslA experiment in 4NQO and MMS were done once and thrice

934  respectively.

935  Figure S15: Fork rate distribution in wild-type untreated sample combed using MES buffer
936 pH 5.4. Fork rate value was estimated from the second analog track continuing from the first

937 anaog as explained in the Methods section.

938 Figure S16: Effect of analog addition on replication kinetics. A) Wild-type cells were
939  synchronized and released into S phase with analog added at different concentrations—0.1 uM,
940 05 uM, 1 uM, 2 uM CldU—and chased with 20 uM IdU at 35 minutes after release or without
941 any analog. B) The S-phase progression of cultures with and without analog addition used for
942  combing experiments. 2 uM CldU analog was added at 50 minutes after release for 5 minutes and
943  chased with 20 uM IdU for 10 minutes and the cells were harvested for combing a 65 minutes

944  after release so asto have minimal effects of analog addition on replication Kinetics.

945
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FigureS1: Schematic explanation of stall rate estimation
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S2 Figure: Titration of 4NQO. Wild-type (ySF940) and cds/A (yFS941) cells were synchronized and released into S phase with 3.5mM
MMS, 0.5uM, 1uM, 2uM 4NQO or left untreated. S-phase progression was monitored by taking samples every 20
min. for flow cytometry.
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Figure S3: Titration of Bleomycin. Wild-type (yFS940) and cds/A (yFS941) cells were synchronized and released into S phase with different
concentrations of bleomycin 16.5uM, 23.79uM, 47.9uM or left untreated. S phase progression was monitored by taking samples every 20 min-
utes for flow cytometry.
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Figure S4: S phase progression by FACS. WT (yFS940) (A) and cdsI A (yFS941) (B) cells were synchronized in G1 phase using cdc10-M17 temperature

sensitive allele followed by elutriation. Elutriated G1 cells were released into permissive temperature untreated or treated with 3.5mM MMS or 1puM 4NQO
or 16.5uM Bleomycin.
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Figure S6: Origin density from cdsI A sample normalized to wild-type untreated sample.
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Time courses for measuring Kinase activity in yFS988
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Figure S7: S phase progression by FACS of time courses used for kinase activity measurement
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Figure S8: Kinase assay to measure Cds1 activation in 5 time courses. For each time course, Cds1 western was done to estimate the
amount of Cds1 pulled down in each condition. Kinase assay reactions were run normalized to the amount of Cds1 pull down. Signal from
each lane of the kinase assay gel was normalized to the asynchronous MMS sample to get the normalized kinase activity
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Figure S9: Fork rate distribution. Fork rate distribution in wild-type and cds/A cells untreated or treated with MMS from a single
experiment at time points 1 and 3, respectively (A and C) and from two experiments at time points 2 and 4, respectively (B and D).
For the exact timings refer to S10 Table. Each distribution of fork rate was fit to a Gaussian curve. Mean fork rate was obtained from
the fit.
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Comparing fork rates of left and right fork pair in wild-type
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Figure S10: Comparing fork rates of left and right fork pairs in wild-type (yFS940) does not show any asymmetry in
treated samples as compared to untreated sample.
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Figure S11: Fiber length distribution. Length of fibers from wild-type 4NQO (A) and MMS (B) samples from a single experiment.
Approximately 25Mb of total DNA was collected for each sample (Table S10).
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Estimation of lag in analog incorporation in wild-type
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Figure S13: Estimation of lag in analog incorporation. Cells were pulse labeled with 2 uM CIdU for 5 minutes and chased with 20 uM
IdU for varying lengths of time: 3,4,5,6,7, 8, 10, 14, 16 minutes. At least 100 forks were collected for each time point except for 3 and
4 minutes of IdU labeling for which only 11 and 44 forks were measured, respectively, due to lack IdU labeled forks at such short lengths
of labeling period.
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Re-estimation of stall rate accounting for potential artefacts (Demczuk & Norio, 2009) yields minimal variation
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Figure S14: Re-estimation of stall rate accounting for potential artifacts yields minimal variation.We re-analyzed
the fibers considering stretching artifacts, which may lead to incorrect interpretation of analog incorporation patterns
(Demczuk and Norio, 2009). Ends of the fiber are most susceptible to such stretching artifacts and hence we ignored
the labeled events occurring at the ends of the fiber and re-calculated the stall rate. However we do not see a significant
change between the stall rate calculated from the whole fiber or after ignoring the labeled events occurring at the ends
of the fiber. Wild-type experiment in 4NQO and MMS were done once and 5 times respectively. cdsIA experiment in
4NQO and MMS were done once and thrice respectively.
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Wild-type fork rate distribution in untreated sample combed using MES buffer pH 5.4
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Figure S15: Fork rate distribution in wild-type untreated sample combed using MES buffer pH 5.4 Fork rate
value was estimated from the second analog track continuing from the first analog as explained in the Methods
section.
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A Addition of analog at the beginning of Sphase leads to slowing of S phase
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Figure S16: Effect of analog addition on replication kinetics. A) Wild-type cells were synchronized and released into S
phase with analog added at different concentrations—0.1 uM, 0.5 uM, 1 pM, 2 uM CldU —and chased with 20 uM IdU at 35
minutes after release or without any analog. B) The S-phase progression of cultures with and without analog addition used
for combing experiments. 2u M CldU analog was added at 50 minutes after release for 5 minutes and chased with 20 pM 1dU
for 10 minutes and the cells were harvested for combing at 65 minutes after release so as to have minimal effects of analog
addition on replication kinetics.
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