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SUMMARY
DNA damage impedes replication fork progression and threatens genome stability. Upon encounter with
most DNA adducts, the replicative CMG helicase (CDC45-MCM2-7-GINS) stalls or uncouples from the point
of synthesis, yet eventually resumes replication. However, little is known about the effect on replication of
single-strand breaks or ‘‘nicks,’’ which are abundant in mammalian cells. Using Xenopus egg extracts, we
reveal that CMG collision with a nick in the leading strand template generates a blunt-ended double-strand
break (DSB). Moreover, CMG, which encircles the leading strand template, ‘‘runs off’’ the end of the DSB. In
contrast, CMGcollisionwith a lagging strand nick generates a broken endwith a single-stranded overhang. In
this setting, CMG translocates along double-stranded DNA beyond the break and is then ubiquitylated and
removed from chromatin by the same pathway used during replication termination. Our results show that
nicks are uniquely dangerous DNA lesions that invariably cause replisome disassembly, and they suggest
that CMG cannot be stored on dsDNA while cells resolve replication stress.
INTRODUCTION

Single-stranded DNA (ssDNA) breaks or ‘‘nicks’’ are generated

by ionizing radiation, free radicals, topoisomerase I, and as inter-

mediates in base excision repair (BER) (Caldecott, 2008). Nicks

encountered in the leading strand template during eukaryotic

replication cause replication fork ‘‘collapse’’ with formation of a

single-ended double-strand break (seDSB; Figure S1Ai) (Nielsen

et al., 2009; Strumberg et al., 2000), but whether this also occurs

at lagging strand nicks has not been examined (Figure S1Aii).

seDSBs can be repaired by a subpathway of homologous

recombination (HR) known as break-induced replication (BIR),

which involves resection of the broken end, invasion into the sis-

ter chromatid, and replication to the end of the chromosome or

until a converging fork is encountered (Haber, 1999; Mayle

et al., 2015). Loss of the recombination protein RAD51,

BRCA1, or BRCA2 is lethal in unperturbed vertebrate cells (Ha-

kem et al., 1996; Sharan et al., 1997; Sonoda et al., 1998; Tsuzuki

et al., 1996), consistent with estimates that ~50 replication forks

normally collapse in every S phase (Vilenchik and Knudson,

2003). Moreover, cancer therapeutics such as topoisomerase

and poly (ADP-ribose) polymerase (PARP) inhibitors function

by stabilizing nicks and promoting replication fork collapse (Hen-
Molec
gel et al., 2017). Thus, the repair of collapsed forks is essential for

cell viability and represents a prominent target in cancer therapy.

A central question is whether the replicative helicase CMG

(CDC45-MCM2-7-GINS) participates in replication restart after

fork collapse. Early work suggested that CMG participates in

BIR and that it remains on chromatin during fork collapse (Hashi-

moto et al., 2011; Lydeard et al., 2010). Moreover, a recent

single-molecule study suggested that when replication forks

encounter DNA damage, CMG moves onto parental DNA

beyond the damage, and when repair is complete, it re-engages

with the fork for replication restart (Wasserman et al., 2019).

However, other studies have concluded that CMG is not involved

in BIR (Dilley et al., 2016; Natsume et al., 2017; Sonneville et al.,

2019; Wilson et al., 2013). To determine whether CMG could

function in replication restart, tracking its fate during replication

stress in a physiological setting is crucial. Another key factor

dictating repair is the DNA structure generated during fork

collapse. The specific structure formed may depend on whether

collapse occurs at a nick in the leading strand template (Fig-

ure S1Ai, ‘‘lead collapse’’) or lagging strand template (Fig-

ure S1Aii, ‘‘lag collapse’’). Work in human cells suggests that

during lead collapse, a blunt seDSB is generated (Strumberg

et al., 2000) (Figure S1Ai) that would have to undergo resection
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prior to strand invasion. However, the lag collapse fork structure

is unknown. In summary, whether the replisome is recycled for

BIR and which DNA structures and processing steps underlie

this clinically relevant DNA repair pathway remain unclear.

Here, we use ensemble and single-molecule approaches in

Xenopus egg extracts to examine the fate of the replication

fork after collision with strand-specific nicks. Strikingly, after

both lead and lag collapse, the CMG helicase is lost from the

DNA but via distinct mechanisms. Furthermore, analysis of the

fork DNA structures generated shows that lag collapse is more

amenable to repair than lead collapse.

RESULTS

Lead collapse generates a nearly blunt seDSB and a gap
in the lagging strand
Wewanted tostudyDNA replication forkcollapseata site-specific

nick using Xenopus egg extracts, which support sequence non-

specific replication initiation on added DNA, followed by a com-

plete roundof replication (FigureS1B) (Walter et al., 1998).Howev-

er, nicked plasmid added to egg extract was rapidly ligated (Fig-

ure S1C, lanes 1–6) before forks would be able to reach the nick.

Chemicalmodificationof nucleotides flanking the nickdid not pre-

vent ligation (data not shown). We therefore flanked the nick with

Tet operator (tetO) sites to which we bound the Tet repressor

(TetR) before adding the plasmid to extract. We reasoned that

TetR might stabilize the nick by blocking access to DNA ligase.

Indeed, although TetR did not block fork progression (see Fig-

ure 3C legend), it increased the half-life of the nick ~45-fold (Fig-

ure S1C). To further increase the probability that forks encounter

anick,weused threeconsecutivenicks, eachflankedby tetOsites

(Figure 1A, inset). To compare fork collapse when nicks reside in

the leading versus lagging strand templates, it was necessary to

ensure that forks arrive at the nicks fromonly one direction. There-

fore, we flanked the nicks on the right with an array of 48 Lac re-

pressors (LacRs) (Figure 1A) to prevent arrival of a second fork

at the nick (Dewar et al., 2015; Duxin et al., 2014). In this configu-

ration, lead collapse should occurwhen the rightward fork collides

with a nick in the bottom strand (Figure 1A, inset).

When we replicated unnicked plasmid in extracts containing

LacR and TetR, a prominent ‘‘theta’’ intermediate was generated

(Figure S1D, lanes 1–3), as expected from forks stalling at the

outer edges of the LacR array (Duxin et al., 2014). However, in

the presence of a nick, a prominent new product appeared

that migrated faster than theta (Figure S1D, lanes 4–6, red arrow-

head). To identify the structure of this new product, we cut out
Figure 1. Lead collapse generates a nearly blunt seDSB and a gap in t

(A) Experimental approach used in Figures 1 and 3.

(B) Plasmid nicked with Nb.BbvCI was incubated with TetR and LacR and replicat

Collapsed (top) and theta (bottom) structures are shown. Red arrow, 2.7 kb arm

(C) Analysis of nascent leading strands. Nb.BbvCI-nicked plasmid was replicated

with Nt.BspQI, separated via denaturing electrophoresis, and subjected to autora

(D) Percentage collapse at each of the three nicks in (C). Error bars, SDs from th

(E) Repetition of (C) but with the Nt.BspQI site located on the nascent lagging stra

protected by TetR) to the final Okazaki fragment and ligation creates a 569 nt pro

ligation generates a 620 nt product (ii, blue line and arrowhead). Purple bar, mos

shown were removed. Gels are representative images from three biological repli

See also Figure S1.
the band, extracted the DNA, and performed transmission elec-

tron microscopy. This analysis revealed that the new product

corresponds to a sigma-shaped, ‘‘collapsed’’ structure in which

a linear arm of the expected size (2.7 kb; Figures 1A and S1E) is

attached to the circular plasmid (Figure 1B, red arrow). Quantifi-

cation showed that ~60% of the forks from the nicked plasmid

underwent collapse (Figure S1D, lane 4). We attribute the re-

maining theta products (Figures 1A and 1B, bottom image; Fig-

ure S1D) to plasmids in which all three nicks were ligated before

fork arrival. Our data provide direct visual confirmation that repli-

cation through a leading strand nick causes fork collapse with

formation of a seDSB.

To determine the DNA structure of the broken end generated

during lead collapse, we labeled nascent DNA strands with

[a-32P]dATP and used the single-strand endonuclease Nt.BspQI

to cleave these strands at a defined position relative to the three

TetR-flanked nicks (Figure 1C). Denaturing gel analysis revealed

three nascent ssDNA products whose 30 ends were located

close to each of the three nicks (Figure 1C, lanes 5–8). The prod-

uct associated with collapse at the first nick was most abundant

(Figure 1D), as expected from rightward fork movement. Higher

resolution mapping showed that leading strand synthesis mostly

stopped 3 nt from the end of the break, which should leave a 3 nt,

50 ssDNA overhang (Figure S1F, lanes 5–8). This interpretation is

consistent with the properties of purified pol ε, the leading strand

polymerase (Hogg et al., 2014). Our results suggest that lead

collapse repair should generally require resection of the seDSB.

To map the distribution of nascent lagging strands during lead

collapse, we next placed the Nt.BspQI site on the other strand

(Figure 1E). Most nascent lagging strands were 440–460 nt in

length (Figure 1E, purple bar). Because the first nick is located

518 bp from the Nt.BspQI site, we conclude that there is typically

a ~60–80 nt gap between the 50 end of the nascent lagging strand

and the site of collapse (Figure 1E, ‘‘gap’’). By 20 min, lagging

strand fragments declined, indicating gap filling (Figure 1E, lanes

3 and 4). Consistent with this interpretation, well-defined bands

appeared that correspond to gap-filled products that retain the

second and third nicks due to TetR (Figures 1Ei and 1Eii). In sum-

mary, lead collapse generates a seDSB with a 3 nt 50 overhang
and a lagging strand gap that is subsequently filled in. The

data suggest that lead collapse repair involves not only resection

but also gap filling.

CMG is lost at the nick after lead collapse
Given that the leading strand is extended to within 3 nt of the

break, and because CMG’s DNA footprint comprises 20–40 nt
he lagging strand

ed in egg extract for 15 min before extracting the DNA for electron microscopy.

. Scale bar, 200 nm. Images are representative from two biological replicates.

as in (B) but in the presence of [a-32P]dATP. After isolation, DNA was digested

diography. Only the relevant segment of the gel is shown. Gray bars, tetO sites.

ree biological replicates.

nd. After fork collapse at the first nick, gap filling from the 30 end of the nick (still

duct (i, green line and arrowhead). Collapse at the second nick, gap filling, and

t prominent lagging strand products. Irrelevant lanes between the two panels

cates.
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Figure 2. CMG is lost at the nick after lead collapse

(A) Tethered DNAwas untreated (i), nickedwith nCas9Atto550 (ii), or incubated with dCas9 Atto550 (iii) and replicated in extract containing Fen1mKikGR andGINSAF647.

Representative kymographs are shown for each condition. For nCas9 (ii), we show kymographs where CMG approaches nCas9 from the short arm for lead

collapse (in the left kymograph, the left nCas9 appears to dissociate before CMG arrival). CMG is shown in green, Fen1mKikGR in blue, and nCas9 in magenta.

Althoughmore than one Cas9 is frequently bound, only one is depicted in cartoons. Kymographs were created by stacking the frames of amovie (1min intervals).

The DNA (white) and nCas9 (magenta) shown above each kymograph are from imaging the nCas9 and DNA before extract addition. Kymographs are generated

from representative molecules from two biological replicates of each experiment. See also Figure S2 and Videos S1, S2, and S3.

(B) Schematic of nCas9 H840A bound to DNA with replication forks arriving from the left (lead collapse) or right (lag collapse).
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(Fu et al., 2011), our data suggest that CMG loses its association

with the DNA end during lead collapse. However, whether CMG

dissociates altogether was unclear. To address this question, we

used single-molecule imaging to visualize CMGdynamics during

lead collapse. We replicated stretched, immobilized DNA in

GINS-depleted extract containing Alexa Fluor 647-labeled re-

combinant GINS (GINSAF647), a subunit of CMG (Figure S2A). Ex-

tracts also contained fluorescent Fen1 (Fen1mKikGR) to image

nascent DNA synthesis (Loveland et al., 2012). As reported pre-

viously (Sparks et al., 2019), total internal reflection fluorescence

microscopy revealed GINSAF647moleculesmoving at the leading

edge of growing Fen1mKikGR tracts, demonstrating that GIN-

SAF647 travels with active replication forks (Figure 2Ai; Video
1312 Molecular Cell 81, 1309–1318, March 18, 2021
S1). To generate a fluorescently labeled nick, we used a point

mutant of Cas9, H840A (‘‘nCas9’’), which selectively nicks the

non-target DNA strand (Jinek et al., 2012). nCas9 promoted effi-

cient replication fork collapse (compare Figure S2B with Fig-

ure S1D). Furthermore, nCas9 RNPs labeled at the 50 end of

the trans-activating CRISPR RNA (tracrRNA) with Atto550

(nCas9Atto550; Figure 2B) bound specifically to the target site

on the stretched DNA (Figure S2C). However, nCas9Atto550

dissociated at a significant rate upon exposure to extract (Fig-

ures S2D and S2E; Wang et al., 2020). Therefore, to increase

the likelihood of fork collapse, nCas9Atto550 was targeted to

four sites in the same strand located ~1 kb apart. In most cases,

only one or two nCas9 molecules remained bound at the time of



Figure 3. Lag collapse generates a seDSB with a 30 ssDNA overhang

(A) Analysis of nascent lagging strands after lag collapse. The Nt.BbvCI-nicked plasmid was replicated in the presence of TetR, LacR, and [a-32P]dATP. After

15 min, DNA was extracted and digested with Nt.BspQI to reveal the nascent lagging strands (red line) by denaturing gel electrophoresis. The values 515 nt, 566

nt, and 617 nt correspond to the distances between the Nt.BspQI site and the three nicks. Arrowheads, location of nicks. Purple bar, most prominent lagging

strand products.

(B) Four different CMG fates after lagging strand fork collapse, including predicted size of the leading strand. See text for details.

(C) As in (A), but with the Nt.BspQI site located on the nascent leading strand. Black bracket, location where leading strands would stall in model (Bi). The lack of

signal 20–40 nt before the first tetO site (gray bracket) indicates that CMG does not stall at TetR. For both gels, only the relevant portions are shown. Gels are

representative images from three biological replicates.

See also Figure S3.
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fork arrival. The cluster of nicks was positioned 5–8 kb from one

end of the 30 kb DNA such that a fork traveling along the short

arm underwent lead collapse when it collided with nCas9 (Fig-

ure 2Aii; Video S2).

In representative examples of lead collapse, CMG collided

with nCas9, paused for a few minutes, and then disappeared
(Figure 2Aii). In 85% of such collisions, GINS dissociated from

the chromatin at the nick site (Figures S2Fi, S2Fii, and S2Fvi).

In contrast, when a catalytically dead mutant of Cas9 (dCas9)

was targeted to these sites, CMG typically paused at dCas9

and then resumed replication upon dCas9 dissociation (Fig-

ure 2Aiii; Figure S2Giii; Video S3), indicating that CMG loss
Molecular Cell 81, 1309–1318, March 18, 2021 1313
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upon encounter with nCas9 is due to the nick. Whether CMG is

sufficient to remove Cas9 or cooperates with an accessory heli-

case such as Pif1(Schauer et al., 2020) or RTEL1(Sparks et al.,

2019) is unclear. Consistent with a model in which CMG ‘‘runs

off’’ the DNA end, GINSAF647 signal was lost at the same time

as nCas9Atto550 45% of the time (Figure S2Fi). Surprisingly,

GINSAF647 was lost before nCas9Atto550 33% of the time (Fig-

ure 2Aii, right panel; Figure S2Fii), demonstrating that the

nCas9 tracrRNA sometimes retains its association with the

target DNA even after CMG dissociates. Indeed, CMG should

be able to slide off the leading strand template without disrupting

the Cas9 RNP, which mostly forms contact with the lagging

strand template (Figure 2B, lead collapse; Jiang et al., 2016). In-

stances inwhichCMGpasses the nCas9 target site (Figure S2Fv)

can mostly be attributed to the absence of a nick, as seen for

dCas9, likely because nCas9 had not cleaved the DNA at the

time of collision (see below). In summary, the loss of GINSAF647

at the nick site concurrent with or before nCas9 dissociation sup-

ports the model that CMG fully dissociates from the end of the

break during lead collapse.

Lag collapse generates a seDSB with a 30 ssDNA
overhang
What happens to the replication fork during lag collapse is un-

known. To address this question, we replicated a plasmid with

TetR-protected nicks on the lagging strand template (top

strand) (Figure S3A). As shown in Figure S3B, this yielded the

same new band observed during lead collapse (lanes 7–12).

To determine the structure of the seDSB generated during lag

collapse, we cleaved nascent lagging strands 515 bp from

the first nick (Figure 3A). Denaturing gel electrophoresis

showed that their 50 ends were typically located 60–80 nt

from the break point (Figure 3A, purple bar), consistent with

random initiation of the last Okazaki fragment relative to the

nick. Therefore, lag collapse results in a seDSB break with a

~70 nt 30 ssDNA overhang. Analysis of the nascent leading

strands revealed that they were extended to within a few nucle-

otides of each nick (Figures 3B and 3C), and some were

extended a few nucleotides beyond the nick, consistent with

limited strand displacement synthesis (Figures S3C and S3D).

Given CMG’s 20–40 nt footprint (Fu et al., 2011), this result sug-

gests that CMG does not stall when it first hits the nick (Fig-

ure 3Bi) because no stalling products were detected 20–40 nt

upstream of the nick (Figure 3C). Moreover, leading strand ar-

rest at the nick also rules out that CMG continues unwinding
Figure 4. CRL2Lrr1-dependent CMG unloading from double-stranded D
(A) Imaging was carried out as in Figure 2Aii, except that we also included condi

approaches nCas9 from the long arm, which involves lag collapse. Yellow triangle

the left nCas9 appears to dissociate before arrival of CMG.

(B) Distribution of CMG unloading times after lead and lag collapse in the indic

experiment (red circles), the median times reported are lower limits. Although Lrr1

during lead collapse, the data were not included because there were too few even

represents the 95% confidence for the median determined from bootstrapping a

(C) Distribution of CMG velocities before and after nCas9 bypass with and withou

included because CMG needed to be retained for several minutes after collapse t

from two biological replicates.

(D) Models for lead and lag collapse. Purple hexamer, putative helicase that repl

See also Figures S2 and S4.
DNA well beyond the nick (Figure 3Bii). Instead, the data sug-

gest that CMG either rapidly dissociates at the nick (Figure 3Biii)

or that it somehow translocates beyond the nick without un-

winding DNA (Figure 3Biv), either of which would allow leading

strand synthesis to reach the nick.

Active CMG unloading from double-stranded DNA
during lag collapse
To distinguish between the latter two models, we examined the

fate of fluorescent CMGs during lag collapse, which occurs

when CMGs collide with nCas9Atto550 from the long arm of immo-

bilized DNAs (Figure 4A; Video S4). As seen for lead collapse

(Figure 2Aii), CMG typically paused at the nCas9, followed by

rapid loss of nCas9 and CMG (Figure 4A, Veh.). However, far

fewer CMGs were lost at the same time as nCas9 during lag

collapse versus lead collapse (4% versus 45%; Figures S2Hi

and S2Fi), and more CMGs persisted longer than nCas9 for lag

collapse comparedwith lead collapse (59%versus 21%; Figures

S2Hiii and S2Fiii). Together, our results demonstrate that CMG is

lost from chromatin during lead and lag collapse, but the delayed

CMG unloading during lag collapse suggested a more complex

mechanism.

We hypothesized that CMG unloading during lag collapse

might resemble unloading during replication termination, in

which converging CMGs undergo ubiquitylation by CRL2Lrr1

and unloading by the p97 ATPase (Figure S4A) (Dewar et al.,

2017; Low et al., 2020). To test this idea, we supplemented

extracts with the small molecule MLN4924 (‘‘Cul-i’’) to inhibit

CRL2Lrr1 (Dewar et al., 2017), or we depleted Lrr1 from the ex-

tracts (Figure S4C). Strikingly, both Cul-i and Lrr1 depletion de-

layed CMG dissociation after collision with lagging strand nicks,

and the retained CMG continued unidirectional DNA transloca-

tion beyond the collapse site (Figures 4A and 4B; Video S4).

Rapid CMG unloading was rescued in Lrr1-depleted extracts

with recombinant CRL2Lrr1 (Figure 4B). NMS-873 (‘‘p97-i’’), an

allosteric p97 inhibitor, also inhibited CMG unloading and pro-

moted continued translocation beyond the nick (Figures 4A

and 4B; Video S4). Importantly, Cul-i and p97-i did not affect

CMG loss during lead collapse (Figure 4B). These results show

that CMG unloading during lag collapse, but not lead collapse,

involves the CRL2Lrr1 ubiquitin ligase and the p97 ATPase, as

seen during termination.

Recent evidence suggests that during replication termina-

tion, CMG translocates onto double-stranded DNA (dsDNA)

before being unloaded (Dewar et al., 2015; Low et al., 2020).
NA during lag collapse
tions with Cul-i and p97-i. We show representative kymographs of when CMG

,moment of collapse (nCas9 loss). See also Video S4. In themiddle kymograph,

ated conditions. Because many CMGs persisted until the end of the 60 min

depletion did not appear to affect CMG behavior (Figure S2F) or unloading time

ts for statistical significance. In (B) and (C), blue line is the median, and gray box

nalysis.

t trailing Fen1 signal. Only velocities from the Cul-i and p97-i experiments were

o accurately assess its velocity. All data from single-molecule experiments are

aces CMG for BIR.
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Our data suggest that a similar phenomenon occurs during lag

collapse. When CMG translocated beyond a lagging strand

nick under conditions in which CMG unloading was inhibited

(Lrr1 depletion, Cul-i, or p97-i), no Fen1 signal was detected

behind the helicase ~85% of the time (Figure S2Hix). Similarly,

no Fen1 signal was observed when CMG translocated beyond

the nick in the absence of Cul-i and p97-i (Figures S4D and

S2Hix), but such events were rare because CMG was usually

unloaded before it could travel far enough to assess Fen1’s

behavior (Figures S4E and S2Hviii). Thus, CMG translocation

beyond the nick after lag collapse is not associated with DNA

synthesis. Moreover, after colliding with a lagging strand nick,

CMG translocated 3-fold slower than before the collision (Fig-

ure 4C; 144 versus 422 bp/min). However, the rate of CMG pro-

gression was the same before and after encounter with nCas9

in the few instances in which Fen1 signal did trail behind CMG

after the encounter (Figures 4C and S4F). Thus, we infer that

the fork failed to undergo collapse in these cases (Figures

S2Fix and S2Hx). Fen1mKikGR did not affect CMG velocity

before or after fork collapse (Figures S4G and S4H). Interest-

ingly, whereas CMG slows down after lag collapse (Figure 4C),

CMG does not slow after transitioning onto dsDNA during repli-

cation termination (Low et al., 2020). The reason for this differ-

ence is presently unclear. In summary, after CMG travels

beyond a lagging strand nick, it translocates slowly and does

not promote DNA synthesis. This strongly implies that CMG

transitions onto dsDNA at the nick, which is consistent with

biochemical experiments using purified CMG (Kang et al.,

2012; Langston and O’Donnell, 2017). Together, the data sug-

gest that during lag collapse, CMG is removed from dsDNA via

the same mechanism that operates during replication termina-

tion (Figures S4A and S4B).

DISCUSSION

DNA replication forks sometimes collide with strand discontinu-

ities before they are repaired. The frequency of these collisions

is expected to increase when nicks are produced at an

elevated rate (e.g., during oxidative stress) or when single-

strand break repair is impaired (e.g., PARP inhibitor treatment).

We find that when forks encounter nicks in the leading strand

template, CMG undergoes passive dissociation when it slides

off the end of the break; at lagging strand nicks, CMG transi-

tions onto dsDNA and is removed by the termination pathway,

which involves ubiquitylation by CRL2Lrr1 and extraction by

p97. CMG anchors most proteins to the fork, suggesting that

the entire replisome is effectively disassembled at both kinds

of nicks. Importantly, there is no known mechanism to re-

assemble CMG de novo in S phase. Therefore, our results

strongly suggest that after fork collapse, resumption of DNA

synthesis requires nucleation of a BIR replisome around a

new DNA helicase. Our results are consistent with studies

showing that BIR involves Pif1 in yeast and possibly MCM8-9

in mammalian cells (Natsume et al., 2017; Wilson et al.,

2013). In summary, our data show that compared with most

chemical adducts, strand discontinuities are uniquely

dangerous DNA lesions that cause fork breakage and obligate

replisome disassembly.
1316 Molecular Cell 81, 1309–1318, March 18, 2021
The question arises whether CMG can be recycled during

other forms of replication stress. On the basis of single-mole-

cule imaging with yeast CMG, it was proposed that when repli-

cation stalls at DNA damage, CMG transitions onto dsDNA

downstream of the damage; when repair is complete, CMG

re-engages with the fork for replication restart (Wasserman

et al., 2019). However, our data show that CMG is rapidly un-

loaded from dsDNA. Moreover, even if unloading could be pre-

vented, CMG would translocate unidirectionally away from the

stressed fork. Thus, our data suggest that in a cellular context,

depositing CMG on dsDNA cannot be used to help the fork

overcome DNA damage or to maintain the replisome during

fork reversal.

Our nucleotide-resolution analysis of collapsed fork structures

identifies at least two DNA processing steps that might be

unique to the repair of leading strand collapsed forks (Figure 4D,

left). First, the seDSB generated, being almost blunt, must be re-

sected prior to homology-directed strand invasion. Second, on

the unbroken sister chromatid, the gap between the 30 end of

the nick and the final primed Okazaki fragment must be filled in

to allow strand invasion by the resected end. In contrast, during

lag collapse, gap filling is not required, and a ~70 nt ssDNA 30

overhang is automatically generated (Figure 4D, right) that is

probably sufficient to promote strand invasion without further

resection (Ira and Haber, 2002; Jakobsen et al., 2019). Our

data predict that lead collapse repair might fail in genetic back-

grounds that do not support resection (Nacson et al., 2020). In

addition, the nearly blunt DNA end generated during lead

collapse is an excellent binding site for Ku, suggesting that

lead collapse should be more susceptible than lag collapse to

nonhomologous end joining (NHEJ)-dependent chromosomal

translocations.

Recent evidence suggests that CMG ubiquitylation is sup-

pressed during elongation by the excluded DNA strand, perhaps

by preventing CRL2Lrr1 binding to the outer face of CMG (Deegan

et al., 2020; Low et al., 2020). Suppression is lost when the

excluded strand dissociates from CMG during termination (Fig-

ure 4D). Our finding that lag collapse triggers CRL2Lrr1-depen-

dent CMG unloading strongly supports this model, because

the primary effect of CMG collision with a lagging strand nick

is dissociation of the excluded strand from CMG. We hypothe-

size that CMG removal during replication termination and fork

collapse serves the same purpose, namely, to prevent the inter-

ference of translocating CMGswith transcription and other chro-

matin-based processes.

Limitations of study
Stretching DNA templates for single-molecule imaging impairs

the chromatin assembly that normally occurs in cells and frog

egg extracts. Therefore, our studies may not recapitulate effects

of chromatin structure. For example, it is conceivable that CMG

cannot translocate far beyond the nick site on nucleosomal DNA.

However, it seems unlikely that chromatin would prevent CMG

falling off or being unloaded at a nick. In addition, because we

have not demonstrated that collapsed forks undergo repair in

our system, it is unclear whether the structures we have

described represent DNA repair intermediates. Future studies

will address these limitations.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Anti-GINS; Antigen: purified GINS complex Sparks et al., 2019 N/A

Rabbit Anti-Lrr1; Antigen: ACYQFLDKYLQSTRV Dewar et al., 2017 N/A

Chemicals, peptides, and recombinant proteins

[ a-32P]dATP Perkin Elmer Cat# BLU512H500UC

ATP Sigma Cat# A-5394

Phosphocreatine Sigma Cat# P-6502

Creatine Phosphokinase Sigma Cat# C-3755

High Speed Supernatant (HSS) Sparks and Walter, 2019 N/A

Nucleoplasmic Extract (NPE) Sparks and Walter, 2019 N/A

Proteinase K Roche Cat# 3115879001

RNase Sigma Cat# R4642-250mg

GINS expressed from pGC128 Sparks et al., 2019 N/A

Fen1mKikGR Loveland et al., 2012 N/A

LacI-biotin Dewar et al., 2015 N/A

p97-i (NMS873) Sigma Cat# SML 1128

Cul-i (MLN4924) Active Biochem Cat# A-1139

IPTG Sigma Cat# I5502

Leupeptin Roche Cat# 11529048001

Aprotinin Roche Cat# 11583794001

BSA Fisher Cat# BP1600-100

L-cysteine Fisher Cat# ICN10144601

Cycloheximide Sigma Cat# C7698-5G

Cytochalasin B Sigma Cat# C6762-10MG

14 mL Round-bottom falcon tubes Fisher Cat# 352059

2.5 mL thin-walled ultracentrifuge tubes Beckman Cat# 347356

Nocodazole Sigma Cat# M1404-10MG

EDTA-free cOmplete protease inhibitor cocktail Roche Cat# 11873580001

Nb.BbvCI NEB Cat# R0631S

Nt.BbvCI NEB Cat# R0632S

Nt.BspQI NEB Cat# R0644S

AflII NEB Cat# R0520S

NcoI NEB Cat# R0193L

MfeI-HF NEB Cat# R3589S

Klenow Fragment, exo- NEB Cat# M0212S

AlexaFluor647-maleimide Thermo Fisher Cat# A20347

SYTOX Green Thermo Fisher Cat# S7020

PD10 desalting column GE Healthcare Cat# 17-0851-01

NiNTA resin QIAGEN Cat# 30410

Streptavidin-coupled magnetic Dynabeads M-280 Invitrogen Cat# 11206D

Protein A Sepharose Fast Flow GE Healthcare Cat# 17127903

Biotin-PEG-SVA Laysan Bio Cat# Bio-PEG-SVA-5k-100mg

M-PEG-SVA MW5000 Laysan Bio Cat# MPEG-SVA-5K-1g

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Alt-R S.p. Cas9 H840A Nickase V3, 100 mg IDT Cat# 1081064

Alt-R S.p. dCas9 Protein V3, 100 mg IDT Cat# 1081066

Critical commercial assays

Bac-to-Bac Baculovirus Expression System Thermo Fisher Cat# 10359016

MultiBac Expression System Kit Geneva Biotech Cat# MultiBac

ZR BAC DNA miniprep kit Zymo Research Cat# D4048

Thermo Sequenase Cycle Sequencing Kits USB Cat# 78500 1KT

Experimental models: cell lines

Sf9 Insect Cells Expression Systems Cat#94-001S

Tni Insect Cells Expression Systems Cat#94-002S

T7 Express Cells NEB Cat# C2566I

Experimental models: organisms/strains

Xenopus laevis, adult female Nasco Cat# LM00535

Xenopus laevis, adult male Nasco Cat# LM00715

Oligonucleotides

Alt-R CRISPR-Cas9 crRNA XT (22 kb site,

50-CAUGCCGUCACCCUAUUACA-30)
This study (ordered from IDT) N/A

Alt-R CRISPR-Cas9 crRNA XT (23 kb site,

50-CAGGCGCUCCAUUGCCCAGU-30)
This study (ordered from IDT) N/A

Alt-R CRISPR-Cas9 crRNA XT (24 kb site,

50-UGCCUGAGGCCAGUUUGCUC-30)
This study (ordered from IDT) N/A

Alt-R CRISPR-Cas9 crRNA XT (25 kb site,

50-CCAGGUUCAACGGGCATGTA-30)
This study (ordered from IDT) N/A

Alt-R CRISPR-Cas9 tracrRNA, ATTO550 This study (ordered from IDT) Cat# 1075927

Recombinant DNA

pKV44 This study N/A

pKV45 This study N/A

pGC261 Sparks et al., 2019 N/A

Software and algorithms

NIS Elements Nikon Instruments https://www.microscope.healthcare.nikon.com/

products/software

MATLAB Mathworks https://www.mathworks.com/products/matlab.html

Bio-Formats Linkert et al., 2010 https://www.openmicroscopy.org/bio-formats/

Image registration Guizar-Sicairos et al., 2008 https://www.osapublishing.org/

abstract.cfm?URI=ol-33-2-156

Molecule tracking script (u-track) Jaqaman et al., 2008 https://www.utsouthwestern.edu/labs/danuser/

software/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Johannes

Walter (johannes_walter@hms.harvard.edu).

Materials availability
All materials used in this study will be made available upon request without any restrictions.

Data and code availability
All custom-written MATLAB code and raw data will be made available upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Xenopus laevis
Xenopus laevis female frogs (Nasco, Cat# LM00535; age > 2 years) are used as a source of eggs for the preparation of extracts.

Females are injected subcutaneously with human chorionic gonadotropin to induce ovulation. Males (Nasco, Cat# LM00715,

age > 1 year) are used as a source of sperm chromatin. All frogs are housed at 16�C in a satellite amphibian facility in the BCMP

Department at Harvard Medical School in compliance with IACUC regulations. All experiments involving animals were approved

by the Harvard Medical Area IACUC and conform to the relevant regulatory standards.

Insect cell lines
Sf9 (Expression Systems Cat# 94-001S) and Tni cells (Expression Systems Cat# 94-002S) were cultured in ESF 921 media (Fisher

Scientific, Cat#96-001-01-CS) at 27�C for protein overexpression.

METHOD DETAILS

Preparation of nicked plasmids
The nicked plasmids used for the ensemble experiments were generated from a standard pBlueScript plasmid (pBS), with the

followingmodifications. The pBSBspQI site was removed by site-directedmutagenesis using a QuikChange kit (Agilent). NewBspQI

sites were added to the plasmids either 245 bp (to visualize the nascent leading strand) or 497 bp (to visualize the nascent lagging

strand) away from the intended Tet-nick location using site-directed mutagenesis with the following primer sets: 1) 245 bp,

50- ATGGTTCACGTAGTGGCTCTTCGCCATCGCCCTGATAGACG-30 and 50-GCCACTACGTGAACCATCACCCTAATCAAGTTTTTT

GGGG-30; 2) 494 bp, 50-CCGAAAAGTGCCACGAAGAGCTGACGCGCCCTGTAGCG-30 and 50-CGTGGCACTTTTCGGGGAAAT

GTGCGCGGAACCCC-30. A BglII site was added to each plasmid where the Tet-nicks would be inserted using 50-CCATTCGCCATTC

AGAGATCTGCTGCGCAACTGTTG-30 and 50-CAACAGTTGCGCAGCAGATCTCTGAATGGCGAATGG-30 primers. Next the plasmids

were linearized with BglII and the first AflII-NheI-TetR-BbvCI-TetR-AvrII-NcoI site was added using Gibson assembly with the

following sequence as a duplex (only one strand shown): 50-CAATTTCCATTCGCCATTCAGACTTAAGGCTAGCTCTCTATCACTGAT

AGGGACCTCAGCTCTCTATCACTGATAGGGACCTAGGCCATGGAGCTGCGCAACTGTTGGGAAGG-30. Two additional repeats of

these sequences were sequentially added by digesting with AvrII and ligating a NheI-TetR-BbvCI-TetR-AvrII insert into the plasmids.

Finally, two 24x LacO arrays were added between the SacI and Kpn sites as previously described (Duxin et al., 2014).

Plasmids were then run on 0.8% agarose gels and the supercoiled DNA was extracted via electroelution. Purified plasmids were

nicked with Nb.BbvCI or Nt.BbvCI for leading or lagging strand fork collapse, respectively. The plasmids were then gel purified by

electroelution and stored at�20�C in 10mMTris, pH 7.5. Plasmid pKV44 has an Nt.BspQI site positioned to nick the nascent leading

strand 269 nt away from the first Nb.BbvCI nick site. Plasmid pKV45 has an Nt.BspQI site positioned to nick the nascent lagging

strand 515 nt away from the first Nt.BbvCI nick site. pKV44 was used for all ensemble lead collapse experiments except when we

wanted to visualize the lagging strand after lead collapse (then we nicked pKV45 with Nb.BspQI). pKV45 was used for all ensemble

lag collapse experiments except when we wanted to visualize the leading strand after lag collapse (then we nicked pKV44 with

Nt.BspQI). All restriction and nicking enzymes were purchased from New England Biolabs and used according to manufacturer

protocols.

Preparation of egg extracts
The methods for preparation of high-speed supernatant (HSS) and nucleoplasmic extracts (NPE) from Xenopus laevis eggs have

been described previously (Lebofsky et al., 2009; Sparks and Walter, 2019; Walter et al., 1998). These references include detailed

notes and images that are helpful for many of the extraction steps. Briefly, HSS was prepared from eggs collected from six adult fe-

male frogs. Eggs were de-jellied in 1 L 2.2% cysteine, pH 7.7, washed with 2 L 0.5x Marc’s Modified Ringer’s solution (MMR; 2.5 mM

HEPES, pH 7.8, 50 mM NaCl, 1 mM KCl, 0.25 mM MgSO4, 1.25 mM CaCl2, 0.05 mM EDTA), and washed with 1 L Egg Lysis Buffer

(ELB; 10 mM HEPES, pH 7.7, 50 mM KCl, 2.5 mM MgCl2, 250 mM sucrose, 1 mM DTT, and 50 mg/mL cycloheximide (Sigma, Cat #

C7698-5G)). Eggs were then packed in 14 mL round-bottom Falcon tubes (Fisher, Cat # 352059), supplemented with 5 mg/mL apro-

tinin, 5 mg/mL leupeptin, and 2.5 mg/mL cytochalasin B (Sigma, Cat # C6762-10MG), and crushed by centrifugation with a swing-

bucket rotor at 20,000xg for 20 min at 4�C in a Sorvall Lynx 4000 centrifuge (or equivalent). The low-speed supernatant (LSS) was

collected by removing the soluble extract layer and supplemented with 50 mg/mL cycloheximide, 1 mM DTT, 10 mg/mL aprotinin,

10 mg/mL leupeptin, and 5 mg/mL cytochalasin B. This extract was then spun in thin-walled ultracentrifuge tubes (Beckman, Cat #

347356) at 260,000xg for 90 min at 2�C in a tabletop ultracentrifuge with a swing-bucket rotor. Finally, lipids were aspirated off

the top layer, and HSS was harvested, aliquoted, snap frozen in liquid nitrogen, and stored at �80�C.
NPE preparation also began with extracting LSS, except eggs were collected from 20 female frogs, and the volumes used to de-

jelly and wash the eggs were doubled (2 L 2.2% cysteine, 4 L 0.5x MMR, and 2 L ELB). LSS was supplemented with 50 mg/mL

cycloheximide, 1 mM DTT, 10 mg/mL aprotinin, 10 mg/mL leupeptin, 5 mg/mL cytochalasin B, and 3.3 mg/mL nocodazole. The

LSS was then spun at 20,000xg in a swing-bucket rotor for 15 min at 4�C. The top, lipid layer was removed, and the cytoplasm

was transferred to a 50 mL conical tube. Next, an ATP regenerating mix (2 mM ATP, 20 mM phosphocreatine, and 5 mg/mL
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phosphokinase) was added to the extract. Nuclear assembly reactions were initiated by adding demembranated Xenopus laevis

sperm chromatin (Lebofsky et al., 2009) to a final concentration of 4,400/mL. After 75-90 min incubation, the nuclear assembly reac-

tions were centrifuged for 2 min at 20,000xg at 4�C in a swinging-bucket rotor. The top, nuclear layer was then harvested and spun at

260,000xg for 30 min at 2�C. Finally, lipids were aspirated off the top layer, and NPE was harvested, aliquoted, snap frozen in liquid

nitrogen, and stored at �80�C.

Protein expression and purification
Purification of biotinylated LacR (Dewar et al., 2015) was described in detail previously. LacR with a C-terminal AviTag and biotin ligase

were co-expressed in T7 Express Cells (New England Biolabs) from pET11a and pBirAcm (Avidity) vectors, respectively. AviTag-LacR

and biotin ligase expression were induced with 1 mM IPTG in media supplemented with 50 mMbiotin to ensure efficient biotinylation of

the AviTag-LacR. Cell pellets were lysed at room temperature in lysis buffer (50mMTris-HCl, pH 7.5, 5 mMEDTA, 100mMNaCl, 1 mM

DTT, 10% sucrose (w/v), cOmplete protease inhibitor (Roche), 0.2 mg/mL lysozyme, 0.1% Brij 58). LacR in the insoluble fraction of the

whole cell lysatewas isolated by centrifugation at 4�C.Chromatin-bound LacRwas then released from theDNAby sonication and addi-

tion of polymin P (1% final concentration). LacR was then precipitated with 37% ammonium sulfate, pelleted by centrifugation, and re-

suspended in buffer containing 50mM Tris-HCl, pH 7.5, 1 mMEDTA, 150 mMNaCl, 1 mMDTT, 38% glycerol. Next, biotinylated LacR

was affinity purified with SoftLink avidin resin (Promega) and dialyzed overnight (against 50 mM Tris-HCl, pH7.5, 1 mM EDTA, 150 mM

NaCl, 1 mM DTT, 38% glycerol). LacR aliquots were frozen in liquid nitrogen and stored at �20�C.
GINS was purified as previously described (Sparks et al., 2019). Briefly, a bacmid containing all four GINS subunits, along with

sequences encoding His- and sortase-tags on the C terminus of Psf3, was transfected into Sf9 cells (Expression Systems, Cat #

94-001S). Baculovirus was amplified in three stages (P1, P2, and P3). GINS was expressed from 500 mL culture of Tni cells (Expres-

sion Systems, Cat # 94-002S) infected with P3 baculovirus. Cells were pelleted 48 h after infection and resuspended in GINS Lysis

Buffer (GLB; 20 mM Tris-HCl, pH 8.0, 5% glycerol, 500 mM NaCl, 20 mM Imidazole, 1 mM DTT, 1 mM PMSF, EDTA-free cOmplete

protease inhibitor cocktail (Roche, Cat # 11873580001). The clarified lysate was isolated after centrifugation and incubated with

NiNTA resin (QIAGEN, Cat # 30410) for 1 h at 4�C to bind the GINS complex. GINS was eluted from the resin with GLB containing

250 mM imidazole. Elutions were desalted using a PD10 column (GE Healthcare, Cat # 17-0851-01) into 20 mM Tris-HCl, pH 7.5,

5% glycerol, 100 mM NaCl, 1 mM DTT. GINS was further purified on a MonoQ column connected to an AKTA Pure FPLC with a

100-1000 mM NaCl gradient in 20 mM Tris-HCl, pH 7.5, 5% glycerol, 1 mM DTT buffer. Finally, GINS was desalted using PD10 col-

umns, concentrated to 2 mg/mL, frozen in liquid nitrogen, and stored at �80�C.
TetR has a His-tag and was purified using Ni-NTA resin as follows. The TetR expression plasmid (TetR gene from addgene plasmid

17492 cloned into pET28b) was transformed into BL21 cells in LB supplemented with 50 mg/mL kanamycin. A single colony from this

transformation was used to inoculate LB supplemented with 50 mg/mL kanamycin, which was then grown to anOD600 of 0.5 at 37�C.
Expression was induced by adding IPTG to 1 mM. After 3 h incubation, the cells were pelleted, and the supernatant was discarded.

The cell pellet was resuspended in 2 mL lysis buffer (20 mMTris, pH 8.0, 1 M NaCl, 5 mM imidazole, 1 mMDTT, 1 cOmplete Protease

Inhibitor Cocktail tablet (Roche), 1mg/mL lysozyme) and rotated for 1 h at 4�C. Lysate was split into two 1.5mL tubes and centrifuged

in a microcentrifuge at 4�C at 13,000 RPM for 30 min. Supernatant was recovered and applied to equilibrated Ni-NTA resin. Samples

were spunwith Ni-NTA resin for 1 h at 4�C. Resin with lysate was added to a disposable column. Resin waswashed twicewith 4mL of

wash buffer (20 mM Tris, pH 8.0, 1 M NaCl, 20mM imidazole, 1 mMDTT). TetR was eluted from column with four, 0.5 mL additions of

elution buffer (10mL, 20mMTris, pH 8.0, 1MNaCl, 1mMDTT, 0.5M Imidazole). DTT (5mM) was added to samples immediately after

eluting. TetR eluates were combined and dialyzed into 1 L of TetR dialysis buffer (81 mM Tris, pH 7.5, 1.62 mM EDTA, 162 mMNaCl,

1.62mMDTT) for 2 h at 4�C, then dialyzed into 1 L dialysis buffer overnight. Dialyzed samples were collected, and glycerol was added

to bring the glycerol to 38% of total volume. Samples were aliquoted and stored at �20�C.

Ensemble fork collapse reactions
All ensemble replication reactions were carried out as previously described (Lebofsky et al., 2009), with notable changes mentioned

below. Briefly, the replication reactionswere performed by first pre-binding the plasmidwith TetR and LacR, then licensing theDNA in

HSS, and finally addition of NPE to initiate replication. One volume of plasmid DNAwas pre-incubatedwith 3 volumes of LacR (23 mM)

and 3 volumes of TetR (765 mM) for 20-30 min. After plasmid DNA was pre-bound with LacR and TetR, the DNA was licensed in HSS

at a concentration of 6 ng/mL. DNA replication was initiated by mixing 1 volume of licensing mix with 2 volumes of NPE mix that was

diluted up to 50%with 1x ELB-sucrose (10 mMHEPES-KOH, pH 7.7, 2.5 mMMgCl2, 50 mM KCl, 250 mM sucrose). Reactions were

carried out in the presence of [a-P32]dATP to radiolabel the replication products. For native agarose gels, reactions were stopped at

indicated time points by mixing 1 mL of reaction mix with 6 mL replication stop buffer (8mM EDTA, 0.13% phosphoric acid, 10% ficoll,

5% SDS, 0.2% bromophenol blue, 80 mM Tris-HCl, pH 8.0). Then the proteins were digested with 1 mL of 20 mg/mL Proteinase K for

1 h at 37�C, and plasmids were run on a 0.8%–1% agarose gel for ~2.5 h. Gels were then visualized by phosphorimaging on a

Typhoon FLA 7000 phosphorimager (GE Healthcare).

Electron microscopy imaging of DNA structures
Ensemble fork collapse reactions were carried out as described above. After 15min, 50 mL of reactionmix was stopped by addition to

420 mL extraction stop buffer. The stopped reactions were then RNase and proteinase K treated. DNA was purified by two rounds of
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phenol-chloroform extraction followed by ethanol precipitation. DNA was resuspended in 20 mL replication stop buffer and was run

on a 0.8% agarose gel for 2 h. The gel was then stained with SYBR gold for 1 h to visualize the DNA, and DNA bands of interest were

visualized and excised on a blue light box. DNAwas electroeluted from the gel slices using an EluTrap system and concentrated with

Amicon concentrators (0.5 mL, 100 kDa MWCO).

Five microliters of concentrated DNA were then mixed with 40 mL filtered water and 5 mL 2.5 M ammonium acetate. This mixture

was incubated for 10 min. To these mixtures, 2 mL of 0.2 mg/mL cytochrome c solution was added. These solutions were then placed

onto Parafilm as drops and allowed to incubate for 15 min. Next, we lightly touched parlodion-coated grids to the surface of the

drops, and we dehydrated each grid in 50%, 75%, and 95% ethanol for 15 s each. Each grid was lightly touched to filter paper to

dab off excess solution. In order to increase the contrast of the DNA, the grids were rotary shadowed in a Leica ACE600 with a plat-

inum E-beam using the following parameters: 3� angle, 85 W power, 3 3 10�6 mbarr, and 3 nm Pt deposition. Finally, we carbon

coated the grids to stabilize the parlodion film using the Leica ACE600 carbon E-beam set to the following parameters: 0� angle,

130 W power, 5 x10�6 mbarr, and 2 nm C deposition. Grids were examined with a FEI T12 transmission electron microscope

(TEM) equipped with a Gatan 2k SC200 CCD camera at 40 kV or a JEOL 1200EX TEM equipped with a 2k CCD camera (Advanced

Microscopy Techniques).

Nascent strand analysis
To visualize the nascent strands on a denaturing gel, ensemble replication reactions were stopped at indicated time points by mixing

4-6 mL of reactionmixwith 30 mL extraction stop buffer (0.5%SDS, 25mMEDTA, 50mMTris-HCl, pH 8.0) followed by addition of 5 mL

4mg/mL RNase A, and incubation at 37�C for 45min. Next, the proteins were digestedwith 5 mL of 20mg/mL Proteinase K for at least

1.5 h at 37�C. Samples were then diluted to 145 mL with 10 mM Tris, pH 7.5, and DNA was extracted by phenol-chloroform and

ethanol precipitation.

Nascent DNA strands were either digested with Nt.BspQI or AflII to visualize the collapse products, as noted in the figure legends.

First, ethanol precipitated DNA was resuspended in 5 mL 10 mM Tris, pH 7.5. Each of the digestion reactions was carried out using

New England Biolabs enzymes and buffers at a final volume of 10 mL. The Nt.BspQI digestions were carried out with 1 Unit of

Nt.BspQI in 1x NEB3.1 Buffer at 50�C for 1 h. The AflII digestions were carried out with 2 Units of AflII in 1x NEB CutSmart Buffer

at 37�C for 1.5 h. All reactions were stopped with 5 mL Gel Loading Buffer II (Life Technologies, Cat # AM8547). Digested DNA

was incubated at 75�C for 5 min before running on 4% (Nt.BspQI-digested samples) or 10% (AflII-digested samples) polyacrylamide

denaturing gels. Gels were dried, exposed to phosphorscreens, and imaged on a Typhoon FLA 7000 phosphorimager (GE Health-

care). The frequency of collapse at each of the collapse sites (Figure 1E) was corrected for the number of adenines expected for each

product since products were visualized with [a-32P]dATP.

Sequencing gel ladders were prepared using Thermo Sequenase Cycle Sequencing Kits (USB, Cat # 78500 1KT) with the following

primers: 50-CCATCGCCCTGATAGACGG-30 (Nt.BspQI, leading strand samples), 50-TTAAGGCTAGCTCTCTATCACTG-30 (AflII sam-

ples), or 50-CGAAGAGCTGACGCGCCCTGTAGC-30 (Nt.BspQI, lagging strand samples). The template DNA was either pKV44 for

leading strand analysis or pKV45 for lagging strand analysis.

Preparation of nCas9 RNP complex
Guide RNAwas prepared by annealing AltR CRISPR-Cas9 tracrRNA, ATTO 550 (IDT) with 10-fold excess Alt-R CRISPR-Cas9 crRNA

(IDT) in 1x Annealing Buffer (IDT) to yield 4 mM guide RNA (tracrRNA was limiting). The guide RNAs were then frozen at �20�C until

needed for experiments. The crRNAs were designed to target specific sequences on the same strand of the 30 kb single molecule

DNA (see below). Next, the Cas9 RNP complex was formed by mixing 25 pmol Alt-R S.p. Cas9 H840A Nickase V3 (IDT) with 2 pmol

guide RNA in Cas9 binding buffer (20 mM Tris, pH 7.5, 100 mMKCl, 5 mMMgCl2, 1 mMDTT, 5% glycerol) and incubating in the dark

at room temperature for ~20 min before being used in experiments.

Single molecule fork collapse reactions
The single molecule replication assay, including flow cell assembly, immunodepletion of GINS from extracts, replication reaction

conditions, and image acquisition, was described in detail previously (Sparks et al., 2019). Deviations from the previously published

assay are described herein. Coverslips were passivated with 10% Biotin-PEG-SVA and m-PEG-SVA MW5000 (Laysan Bio.). The

buffers used to stretch DNA, wash DNA, bind nCas9, and image DNA were degassed for at least 1 h prior to flowing into the flow

cell. Flow cells were first incubated with 0.2 mg/mL streptavidin (Sigma) for at least 15 min. Next the flow cells were washed with

500 mL of DNA Blocking buffer (20 mM Tris, pH 7.5, 50 mM NaCl, 2 mM EDTA, 0.2 mg/mL BSA) + 0.5% Tween20 at 500 mL/min.

Next, 500 mL of DNA solution containing 67 pg/mL DNA that was biotinylated at each end, DNA Blocking buffer + 0.05% Tween20

and 1.8 mMchloroquine was flowed into the cell at 100 mL/min to double tether the DNA to the coverslip. The flow cell was then equil-

ibrated with 60 mL Cas9 binding buffer (20 mM Tris, pH 7.5, 100 mM KCl, 5 mM MgCl2, 1 mM DTT, 5% glycerol) at 20 mL/min. Fifty

microliters nCas9 solution was then added at 20 mL/min which contained the 2 nM nCas9 RNP (described above) in the Cas9 binding

buffer. Initially, nCas9 bound specifically and nonspecifically across the entire length of the DNA. Site-specifically bound Cas9

molecules remain stably associated with DNA in the presence of 0.5 M NaCl (Sternberg et al., 2014). Therefore, to remove the

nonspecifically bound nCas9, the flow cells were washed with 60 mL of Cas9 buffer containing 0.5 M NaCl (20 mM Tris, pH 7.5,

500 mM NaCl, 5 mM MgCl2, 1 mM DTT, 5% glycerol) at 20 mL/min. The flow cells were then re-equilibrated with 60 mL Cas9 buffer
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at 20 mL/min, before adding 30 mL of 200 nM Sytox Green (Thermo Fisher Cat# S7020) in Cas9 binding buffer at 20 mL/min to image

the DNA and nCas9. Twenty to fifty fields of view (FOVs) were imaged for both Sytox and nCas9Atto550 using alternating 488 nm and

561 nm laser excitation three times (‘‘pre-imaged DNA and nCas9’’). Finally, DNA-bound sytox was washed off with 150 mL 1x ELB-

sucrose at 10 mL/min. Single molecule replication experiments carried out without nCas9 were prepared using the same procedure

except 150 mL of Cas9 binding buffer was flown into the cell at 20 mL/min after the DNA was added, followed by flowing in the Sytox

solution, imaging the DNA, and flowing in the 1x ELB.

Endogenous GINS was immunodepleted in two rounds from HSS and three rounds from NPE (1 h each) at 4�C. The depleted ex-

tracts were used tomake licensing, initiation, and replicationmixes as previously described (Sparks et al., 2019) at room temperature.

The double-tethered, nCas9-boundDNAwas licensed by flowing in 20 mL of GINS-depleted HSS licensingmix at 10 mL/min and incu-

bating for 4-15 min. Replication was then initiated with 20 mL of GINS-depleted HSS/NPE initiation mix that included 0.01 mg/mL

recombinant GINSAF647, 2 mM Fen1-mKikGR D179A, and 3.7 nM nCas9Atto550 at 10 mL/min. After 4 min, 50 mL of a new GINS-

depleted HSS/NPE replication mix was flown in at 10 mL/min that included 2 mMFen1-mKikGR D179A, but did not include GINSAF647

or nCas9Atto550 to remove fluorescence background from excess proteins. The absence of nCas9 in the final replication mix prevents

rebinding of nCas9 during the collapse reactions. Where indicated, p97-i (NMS-873, Sigma) or Cul-i (MLN4924, Active Biochem) in-

hibitors were added to the initiation and replication mixes at a final concentration of 200 mM. Images of Fen1-mKikGR, nCas9Atto550,

and GINSAF647 were acquired every minute for 1 h by cycling among the 488 nm (64-65� TIRF angle, 0.23 mW, 100 ms exposure, 999

EMGAIN), 561 nm (61-63� TIRF angle, 0.35 mW, 100 ms exposure, 999 EMGAIN), and 647 nm (61-63� TIRF angle, 0.15 mW, 100ms

exposure, 999 EM GAIN) lasers at each of the fields of view. Specific microscope configurations were previously described (Sparks

et al., 2019). Movies were collected using NIS Elements software and saved as nd2 files.

Single molecule data analysis
All image analysis was performed using a combination of freely available and customMATLAB scripts. Movie files were imported into

a graphical user interface (GUI) using Bio-Formats to convert the nd2 files into readable metadata and matrices (Linkert et al., 2010).

Themovies were then stabilized to remove drift using aMATLAB script for efficient subpixel image registration (Guizar-Sicairos et al.,

2008). The nCas9 was targeted to the DNA asymmetrically to divide the DNA into short and long arms relative to the nicking site. To

determine which side of the DNA the nCas9 was binding to, the nCas9 channel from the ‘‘pre-imaged DNA and nCas9’’ (described

above) with the nCas9 channel from the replication movie was aligned using the same subpixel image registration script. The bright-

ness and contrast of the movies were adjusted for each channel in MATLAB. The max projection of the CMG signal was overlaid with

the image of the unreplicated DNA (acquired before addition of extract) to identify which DNA molecules were replicated. Then DNA

molecules of interest were manually selected to assemble kymographs. Molecules were chosen based on three criteria: 1) multiple

DNA molecules did not overlap significantly with each other, 2) nCas9Atto550 signal was correctly positioned on the DNA, and 3) the

DNA appeared to be nearly fully stretched. The kymographs were then categorized according to the type of events observed, as

shown in Figures S2F–S2H. CMG velocities were determined from the linear fit of the center position of the GINSAF647 signal over

time. These signal positions were determined using a modified version of the u-track MATLAB software (Jaqaman et al., 2008).

The time to unload CMG after collapse was determine by counting the number of frames until GINSAF647 signal was lost (1 min

each) after nCas9Atto550 signal was lost. The time to unload CMG was counted as zero minutes for the events in which CMG and

nCas9 appeared to be lost at the same time.

QUANTIFICATION AND STATISTICAL ANALYSIS

All ensemble experiments were repeated three or more times. All single molecule experiments were performed two or more times.

All image analysis, including replication and sequencing gels and single molecule movies, was performed using MATLAB. The

Kaplan-Meier curve in Figure S2E was generated using MATLAB’s built-in empirical cumulative distribution function (ecdf). Error

bars were generated from three individual biological replicates. P values were calculated usingMATLAB’s two-sample t test function.

Additional relevant statistical details are mentioned in the figure legends.
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