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When converging replication forks meet during replication termination, the CMG (Cdc45–MCM2–7–GINS) heli-
case is polyubiquitylated by CRL2Lrr1 and unloaded from chromatin by the p97 ATPase. Here, we investigate the
signal that triggers CMG unloading in Xenopus egg extracts using single-molecule and ensemble approaches. We
show that converging CMGs pass each other and keep translocating at the same speed as before convergence,
whereafter they are rapidly and independently unloaded. When CMG unloading is blocked, diverging CMGs do not
support DNA synthesis, indicating that after bypass CMGs encounter the nascent lagging strands of the converging
fork and then translocate along double-stranded DNA (dsDNA). However, translocation on dsDNA is not required
for CMG’s removal from chromatin because in the absence of nascent strand synthesis, converging CMGs are still
unloaded. Moreover, recombinant CMG added to nuclear extract undergoes ubiquitylation and disassembly in the
absence of any DNA, and DNA digestion triggers CMG ubiquitylation at stalled replication forks. Our findings
suggest that DNA suppresses CMG ubiquitylation during elongation and that this suppression is relieved when
CMGs converge, leading to CMG unloading.
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The faithful duplication of genomic DNA is a fundamen-
tal property of all living systems. In vertebrate cells, DNA
replication initiates from ∼60,000 sites called origins of
replication. The two replisomes assembled at each origin
travel in opposite directions, copying DNA as they go, in a
process called elongation. The enzymatic machinery of
the replisome includes the CMGhelicase, which unwinds
DNA by translocating along the leading strand template;
DNA polymerase (pol) ε, which binds tightly to CMG
and synthesizes the leading strand; DNA pol α, which
primes Okazaki fragments; DNA pol δ, which completes
Okazaki fragments; and PCNA, which confers processiv-
ity to polymerases ε and δ. When converging replisomes
meet, DNA synthesis is completed, all nascent strands
are ligated, replisomes are disassembled, and daughter
molecules are decatenated (“replication termination”)
(Dewar and Walter 2017). Compared with initiation and
elongation, replication termination is poorly understood.

In yeast and metazoans, replisome disassembly during
termination involves ubiquitylation of theMcm7 subunit
of the CMG helicase, followed by CMG removal from
chromatin by the p97 ATPase (Maric et al. 2014; Moreno
et al. 2014). CMG ubiquitylation and removal leads to un-
loading of many CMG interacting partners (e.g., DNA pol
ε, Timeless-Tipin, Claspin, Mcm10, TRAIP) effectively
dismantling the replisome (Dewar et al. 2017). In yeast,
Mcm7 is ubiquitylated by the E3 ubiquitin ligase SCFDia2

(Maric et al. 2014), whereas in metazoans, this function is
carried out by the cullin 2 RING ligase, CRL2Lrr1 (Dewar
et al. 2017; Sonneville et al. 2017). If CMG fails to be ubiq-
uitylated by CRL2Lrr1 in interphase, it can be ubiquity-
lated and unloaded in mitosis by a back-up pathway that
depends on the E3 ubiquitin ligase TRAIP (Sonneville
et al. 2017; Deng et al. 2019; Moreno et al. 2019). A major
unanswered question is which termination-specific event
triggers CMG ubiquitylation and unloading upon fork
convergence in interphase. This is a critical issue because
premature unloading of CMG would lead to replication
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fork collapse and DNA underreplication, whereas failure
to unload CMG might interfere with transcription or
the next round of replication. Consistent with the impor-
tance of timely CMG removal, mutations in Dia2 cause
genome instability in yeast (Blake et al. 2006), and ablat-
ing both interphase and mitotic CMG unloading path-
ways is lethal in worms (Sonneville et al. 2017).
To identify the signal that promotes CMG ubiquityla-

tion and replisome disassembly after fork convergence, it
is essential to consider in detail the events underlying ter-
mination. When two replisomes meet, their leading
strands pass each other and are rapidly ligated to the last
Okazaki fragment of the converging fork (Fig. 1A). CMG
is unloaded after nascent strands are ligated, demonstrat-
ing thatCMGremoval is a late event that occurs only after
converging replication forks have fully matured into dou-
ble-stranded DNA (Dewar et al. 2015). To explain this ob-
servation, we previously proposed that CMGs pass each
other during termination and that when they reach the 5′

end of the downstream Okazaki fragment, they pass over
the single-stranded DNA (ssDNA)–double-stranded
DNA (dsDNA) junction and keep translocating along
dsDNA (Fig. 1A; Dewar et al. 2015). However, direct evi-
dence for this hypothesis is lacking, and how CMGmight
behave on dsDNA is unclear. Finally, catenated daughter
DNAmolecules are resolved by topoisomerase II indepen-
dently of CMG unloading. Importantly, CRL2Lrr1 binds
chromatin de novo only after replisome convergence
(Dewar et al. 2017; Sonneville et al. 2017), but how termi-
nation triggers CRL2Lrr1 recruitment remains unknown.
Notably, SCFDia2 immunoprecipitates with components
of the yeast replisome (Morohashi et al. 2009), butwhether
this interaction is constitutive during replication or forms
during preparation of cell lysates is unclear.
Three general models have been proposed to explain

howCMGubiquitylation is limited to termination (Dewar
andWalter 2017; Mukherjee and Labib 2019). (1) CRL2Lrr1

recruitment is triggered when converging CMGs encoun-
ter a termination-specific nucleic acid structure. In this
model, the collision of CMG with an Okazaki fragment
from the oncoming replication fork triggers CMG ubiqui-

tylation, possibly due to a conformational change in CMG
that occurs when dsDNA enters CMG’s central channel
(Fig. 1A). (2) CMG’s interaction with proteins of the con-
verging replisome enables the recruitment of CRL2Lrr1.
For example, the interaction of two CMGs (Fig. 1B) or
the collision of CMG with lagging-strand processing en-
zymes of the converging fork might promote CRL2Lrr1

binding. (3) A protein or DNA structure associated with
the elongating replisome suppresses CRL2Lrr1 binding;
upon fork convergence, this structural feature disappears,
allowing ligase recruitment (Fig. 1C). While the above dis-
cussion focuses onCRL2Lrr1, the samemodels can in prin-
ciple also apply to SCFDia2.
Todistinguishbetween thesemodels and tobetterunder-

stand how CMGs behave after fork convergence, we used
single-molecule imaging of CMG in frog egg extracts. We
show that fluorescently labeled CMG complexes normally
undergo unloading within minutes of fork convergence.
However, when CMG unloading is blocked, most CMGs
pass each other and keep moving without changing speed.
Strikingly, CMGs that bypass each other no longer support
DNA synthesis, probably reflecting CMG translocation
along dsDNA, as previously proposed (Dewar et al. 2015).
However, when CMGs converge in the absence of nascent
strand synthesis, CMGs are still unloaded, indicating that
the encounter of CMG with a ssDNA–dsDNA junction is
not essential for unloading. Moreover, DNase treatment
of replisomes that have not yet converged induces CMG
ubiquitylation, and recombinant CMG added to egg ex-
tracts in the absence of any DNA undergoes CRL2Lrr1-de-
pendent ubiquitylation and p97-dependent disassembly.
Together, our data argue that CMG ubiquitylation is sup-
pressed by an elongation-specific DNA structure that is
lost when forks meet during termination (Fig. 1C).

Results

Terminating CMGs can pass each other

To better understand themechanism of replication termi-
nation, we studied the dynamics of converging CMGs

BA C Figure 1. Possible models of CRL2Lrr1 recruit-
ment upon DNA replication termination.
(A) Okazaki fragment collision model. Upon
CMG encounter with the Okazaki fragment of
the opposing fork, CMG undergoes a conforma-
tional change that triggers CRL2Lrr1 recruitment.
(B) Replisome interaction model. When two rep-
lication forksmeet, the twoCMGhelicases inter-
act, creating a structure that recruits CRL2Lrr1. In
this model, CMGs reel in the template strands to
complete DNA synthesis (gray arrows). In an al-
ternative version of this model (not depicted),
CMGs pass each other and interact with other
protein components of the converging fork (e.g.,
PCNA), leading to CRL2Lrr1 recruitment. (C ) Re-
pression model. A protein or DNA structure
(pink circle) suppresses binding of CRL2Lrr1 to

CMG at the elongating replication fork. When forks converge, the repressive protein or DNA structure is lost, leading to CRL2Lrr1

recruitment.
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using single-molecule imaging in replication-competent
Xenopus egg extracts (Fig. 2A), as described previously
(Sparks et al. 2019). Briefly, stretched λ DNA molecules
immobilized in amicrofluidic flow cell were first incubat-
ed in a high-speed supernatant (HSS) of total egg lysate
that supports MCM2–7 recruitment (“licensing”). We
subsequently replaced HSS in the flow cell with a concen-
trated nucleoplasmic extract (NPE) containing recombi-
nant GINS, a component of CMG that was labeled with
Alexa fluor 647 (GINSAF647). After a brief incubation to al-
lowCMGassembly and initiation, we flowed inNPE lack-
ing any GINS, followed by total internal reflection
microscopy to visualize AF647-labeled CMG (Fig. 2A).
While we previously intentionally limited origin firing
during this procedure (Sparks et al. 2019), here we allowed
multiple origins to fire per DNAmolecule, enabling us to
visualize CMG unloading during termination.

Following their convergence, CMGs were rapidly un-
loaded (Fig. 2B), and they sometimes passed each other be-

fore being unloaded (Fig. 2C). For quantification, the
trajectory of each CMG molecule prior to convergence
was fitted to a straight line, and themoment of CMG con-
vergence was estimated by determining when the two
lines intersect (Fig. 2B). Similarly, the moment of CMG
divergence was estimated using linear fits to CMG trajec-
tories after divergence (Fig. 2C). CMG bypass was scored
when the two helicases diverged by more than two pixels
(∼300 nm), and therefore became well resolved according
to the Rayleigh resolution limit criterion (Fig. 2C). Based
on these criteria, CMGs were unloaded within 4.0 [3.4–
5.0]min (mean [confidence interval {CI} of themean]) after
convergence (Fig. 2D), consistent with ensemble experi-
ments (Dewar et al. 2017).WhenCMGunloading was pre-
vented with NMS-873, an inhibitor of the p97 ATPase
(“p97-i”), or MLN4924, which prevents neddylation and
activation of cullin RING ligases (“Cul-i”), converged
CMGmolecules persisted onDNAmuch longer after con-
vergence: 32.0 [27.9–36.7] min and 29.5 [25.9–33.4] min,

E F
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D
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H

Figure 2. CMGcomplexes pass one anoth-
er when unloading is prevented. (A) Scheme
of the single-molecule imaging experiment.
Green ovals representGINSAF647. (B) CMGs
converge and are rapidly unloaded. λ DNA
was replicated in the presence of DMSO (ve-
hicle) and imaged every 30 sec. Images of in-
dividual molecules were stacked to create
kymograms. CMGs were false-colored in
green. The signal in the region of interest
(gray box) was integrated and is shown in
the box at the right. The moment of CMG
unloading was determined by the stepwise
drop in signal intensity. Scale bars are
shown at the bottom left. (C ) Same as B
but depicting an example in which CMGs
are unloaded after divergence. (D) CMG life-
time after replisome convergence in the in-
dicated conditions from C, E, and F. A
schematic of the event being quantified is
shown in green. (E) Same asB, butNPE con-
tained p97-i. Note that rightward-moving
CMG is brighter than the leftward-moving
molecule, clearly showing the two heli-
cases passing each other after convergence
(as opposed to backtracking). (F ) Same as
B, but NPE contained Cul-i. (G) Percentage
of total termination eventswhereCMGs di-
verged after convergence. (H) Time interval
between the moment of convergence and
divergence. (I ) Time interval between the
unloading of the first and the second CMG
molecule. (J) CMG speed during conver-
gence (Conv.) or divergence (Div.) for termi-
nation events where the CMGs diverged. In
D and H–J, the blue bar represents the
mean, and the gray box indicates the 95%
confidence interval estimated by bootstrap-
ping. Values are reported in Supplemental
Table S1.
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respectively (mean [CI of the mean]) (Fig. 2D). In this set-
ting, CMG lifetimes were likely an underestimate, as
some CMGmolecules disappear because of AF647 photo-
bleaching (with an estimated half-time of ∼60 min)
(Sparks et al. 2019), and others—due to DNA tethers rup-
turing during the experiment. In the presence of inhibi-
tors, CMGs diverged, and travelled for several kilobases
(Fig. 2E,F). Because the signal from individual fluoro-
phores can vary substantially (Mutch et al. 2007), we occa-
sionally observed converging CMGs whose brightness
was clearly distinct, enabling us to unambiguously con-
clude that the two helicases passed each other (Fig. 2E).
CMGs bypassed each other in 30% of unperturbed termi-
nation events, and almost 80% of the time in the presence
of p97-i or Cul-i (Fig. 2G).Moreover, CMGs divergedwith-
in a few minutes of converging (mean [CI of the mean] =
1.0 [0.5–2.3] min), and in most CMG bypass events, there
was no detectable pause between the estimated moment
of helicase convergence and that of divergence (Fig. 2H).
These results disfavor the model in which replisome
dimerization triggers CMG unloading (Fig. 1B). To
determinewhether unloading of convergingCMGs is con-
certed, we measured the time between the two CMG un-
loading events for each termination instance. In the vast
majority of cases, the two CMGs were not unloaded
simultaneously (Fig. 2I), indicating that converging
CMGs are unloaded independently of each other. Finally,
we found that the speed of the replicative helicase did not
change significantly after CMGs diverged: 267 [237–302]
nt/min before convergence versus 323 [252–455] nt/min
(mean [CI of the mean]) after divergence for vehicle con-
trol (Fig. 2J). We conclude that converging CMGs normal-
ly pass each other and continue rapid translocation, but in
the absence of inhibitors, they are usually unloaded before
being optically resolved.
We next asked whether diverging CMGs support DNA

synthesis. To monitor DNA synthesis in our single-mole-
cule assay, we added catalytically inactive, fluorescently
labeled flap endonuclease Fen1-D179AmKikGR to NPE
(Supplemental Fig. S1A). Fen1-D179AmKikGR binds to
PCNA and delays its dissociation from DNA, decorating
the nascent lagging strands and thereby labeling most of
the replication bubble (Loveland et al. 2012). Although
CMGs diverged in the presence of Fen1-D179AmKikGR

(hereafter referred to as Fen1mKikGR) and p97-i or Cul-i,
they travelled very slowly (Supplemental Fig. S1B) suggest-
ing that Fen1mKikGR impaired theabilityof divergingCMG
to translocate. Interestingly, the gap between the two di-
verging helicases was devoid of new Fen1mKikGR signal
(Supplemental Fig. S1C). Although this observation could
reflect abnormal DNA synthesis (e.g., leading strand only
replication), the simplest interpretation is that diverging
CMGs do not support DNA rereplication. We propose
that advancingCMGs displace Fen1mKikGR of the converg-
ing fork, but cannot rule out that Fen1mKikGR naturally dis-
sociates. In further agreement with a lack of rereplication,
we did not detect additional DNA synthesis when replica-
tion termination was carried out in the presence of p97-i
(Supplemental Fig. S1D,E), nor did this drug delay the ap-
pearance of fully ligated DNA replication products (Sup-

plemental Fig. S1F; Dewar et al. 2017). Finally, during
unperturbed replication, the leading strand fromone repli-
cation fork stops when it reaches the lagging strand from
the converging fork (Dewar et al. 2015), arguing against
rereplication in the absence of any inhibitors. Taken to-
gether, these data indicate that during replication termina-
tion, CMGs pass each other and switch to a translocation
mode that does not support DNA synthesis, even when
CMG unloading is blocked. We propose that this distinct
translocation regime involves CMG movement along
dsDNA, which has been observed previously for recombi-
nant CMG on model DNA templates (Langston and
O’Donnell 2017). The data presented so far disfavor the
replisome dimerization model (Fig. 1B) but are consistent
with our previous hypothesis that CMG’s encounter
with a ssDNA–dsDNA junction triggers CMG unloading
(Fig. 1A; Dewar et al. 2015).

Inhibition of nascent strand synthesis does not prevent
CMG unloading

To investigate whether a ssDNA–dsDNA junction is es-
sential to trigger CMG unloading, we allowed replication
to initiate for 3 min, and then added high levels of aphidi-
colin, an inhibitor of replicative DNA polymerases that
uncouples CMG from the point of synthesis (Sparks
et al. 2019). Under these conditions, CMGs should en-
counter no ssDNA–dsDNA junctions upon convergence
(Fig. 3A, +aphidicolin). Indeed, we used Fen1mKikGR imag-
ing to confirm that polymerase activity was blocked by
aphidicolin (Supplemental Fig. S2A). CMG helicases
were then imaged as in Figure 2A. Aphidicolin slowed
the rate of fork progression from 267 [237–302] nt/min
to 71 (62–80) nt/min (mean [CI of the mean]) (Supplemen-
tal Fig. S2B), consistent with our previous observation of
uncoupled CMGs in the absence of termination (Sparks
et al. 2019). The uncoupled CMGs eventually converged
and were unloaded (Fig. 3B), but apparently more slowly
than in the absence of aphidicolin (Fig. 3D; see theDiscus-
sion). This effect was not caused by the activation of the
DNAdamage checkpoint (Supplemental Fig. S2C).We ob-
served similar results when extracts were supplemented
with aphidicolin and recombinant RNase H to degrade
any RNA primers synthesized by pol α (Fig. 3D). Impor-
tantly, Cul-i addition delayed CMGunloading in the pres-
ence of aphidicolin, indicating that the unloading of
uncoupled CMGs was still CRL2Lrr1-dependent (Fig. 3C,
D). Thus, assuming that the trigger for CMG unloading
is the same in the presence and absence of aphidicolin,
these results suggest that a ssDNA–dsDNA junction
(with or without an RNA primer) is not an essential trig-
ger for CMG unloading by CRL2Lrr1, contrary to the mod-
el depicted in Figure 1A.

Purified CMG is ubiquitylated by CRL2Lrr1

in the absence of DNA

Given that a ssDNA–dsDNA junction is dispensable for
CMG ubiquitylation, we tested whether CMG can be
ubiquitylated in the absence of any DNA. To test this

Mechanism of CMG unloading during termination
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possibility, we added recombinant Xenopus CMG (Fig.
4A, rCMGWT; Wu et al. 2019) containing an N-terminal
FLAG tag on Mcm3 to NPE, which is largely devoid of
DNA (Lebofsky et al. 2009). After incubation in NPE,
CMG was isolated on anti-FLAG resin and immunoblot-
ted for components of CMG and CRL2Lrr1. Strikingly, in-
cubation of recombinant CMG in NPE was sufficient to
trigger its disassembly, as seen from the loss of GINS
from the FLAG-Mcm3 IP (Fig. 4B, cf. lanes 4 and 2). We
speculate that theMCM2–7 subcomplex is also disassem-
bled in NPE, but that once Mcm7 has been extracted, the
complex rapidly reassembles, explaining the coimmuno-
precipitation of Mcm7 and Mcm6 with FLAG-Mcm3
(Fig. 4B, lane 4). Whether the coimmunoprecipitated
Mcm7 represents recombinant molecules that have been
deubiquitylated upon extraction or endogenous Mcm7
that was never ubiquitylated is unclear. When NPE was
supplemented with p97-i, CMG was not disassembled,
and it associated with CRL2Lrr1 and accumulated ubiqui-
tylatedMcm7 (Fig. 4B, lane 3). Ubiquitylation of rCMG in
extract involved K48 linkages (Supplemental Fig. S3A,B),
as seen for endogenous CMG during bona fide termina-
tion (Maric et al. 2014; Moreno et al. 2014; Dewar et al.
2017). Moreover, depletion of CRL2Lrr1 from NPE abol-
ished rCMG ubiquitylation, and the defect was partially
rescued by recombinant CRL2Lrr1 (Supplemental Fig.
S3C–E), which was also active in CMG unloading during
normal replication termination (Supplemental Fig. S3F–
J). In contrast, TRAIP depletion had no effect on rCMG

ubiquitylation (data not shown). Thus, in extracts lacking
replication or exogenous DNA, rCMG complexes are
ubiquitylated on Mcm7 by CRL2Lrr1 and disassembled
in a p97-dependent manner.

The sites onMcm7 that are ubiquitylated during termi-
nation remain uncharacterized in higher eukaryotes. Pro-
teomic studies have identified lysine 28 (K28) on human
Mcm7 as being ubiquitylated in a cullin-dependent man-
ner (Emanuele et al. 2011; Kim et al. 2011). Additionally,
ubiquitylation of budding yeast Mcm7 occurs on K29 in
vitro, but other sites can be used in vivo (Maric et al.
2017).Xenopus laevisMcm7 contains lysines at positions
27 and 28, and at least one of these sites is conserved in
Drosophila, worms, mice, and humans (Supplemental
Fig. S4). To determine whether K27 and/or K28 of
Mcm7 are ubiquitylated in NPE, we expressed and puri-
fied CMG containing a FLAG tag on the N terminus of
Mcm3 and K-to-R mutations at both of these sites in
Mcm7 (rCMGK27/28R) (Fig. 4A). To recover ubiquitylated
Mcm7, His-tagged ubiquitin (His-Ub) was included in
the reaction, and the ubiquitylated species were stabilized
by addition of p97-i. His-Ub-conjugated proteins isolated
on Ni-NTA resin were blotted with Mcm7 antibodies.
Whereas highly modified Mcm7 was recovered from ex-
tracts supplemented with wild-type rCMG, no polyubi-
quitylated Mcm7 species were detectable in extracts
containing rCMGK27/28R (Fig. 4C, cf. lanes 3 and 5). Simi-
lar results were observed when rCMGK27/28R was immu-
noprecipitated with anti-FLAG resin (note that for

B

A

C D

Figure 3. CMGunloading does not require
encounter with dsDNA. (A) Schematic of
replication termination in the presence or
absence of aphidicolin, which inhibits all
replicative polymerases. Short red lines in
the panel at the right represent limited na-
scent strand synthesis that occurs before
addition of aphidicolin. Without DNA syn-
thesis, replisomes converge without CMG
encountering dsDNA, as shown at the right.
(B) λ DNA was replicated as in Figure 2A,
but in the presence of aphidicolin.
(C ) Same as B, but extracts were supple-
mented with Cul-i. (D) Quantification of
CMG lifetime after convergence in the pres-
ence or absence of aphidicolin, Cul-i, or RN-
ase H. (Blue bar) Mean, (gray boxes) 95%
confidence interval estimated by bootstrap-
ping. Values are reported in Supplemental
Table S1.
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rCMGWT, ubiquitin chains appear shorter than in theHis-
Ub pull-down because the latter method preferentially re-
covers long chains) (Fig. 4D, lanes 3,7). Furthermore,
rCMGK27/28R incubated in NPE without p97-i retained
its GINS and Cdc45 subunits, unlike wild-type rCMG
(Fig. 4D, cf. lanes 5 and 9), but both complexes interacted
with Cul2 (Fig. 4D, cf. lanes 3 and 7). Together, these data
argue that Mcm7 is ubiquitylated at K27 and/or K28 in
Xenopus egg extract and that ubiquitylation at these sites
is important for CMGdisassembly. Because this ubiquity-
lation was also dependent on CRL2Lrr1 and K48 linkages
(Supplemental Fig. S3B,C), rCMG ubiquitylation and dis-
assembly appear to involve the same mechanism as seen
during bona fide termination.
We wanted to rule out that ubiquitylation of rCMG in

extract was due to RNA or residual DNA. We therefore
separately treated rCMG andNPEwith benzonase, which
digests both single-stranded and double-stranded DNA
andRNA, andwithRNaseA,which digests RNA. The nu-

clease-treated rCMG preparation was mixed with the nu-
clease-treated NPE in the presence of His-Ub and p97-i,
and ubiquitylated species were recovered with Ni-NTA
resin and immunoblotted (Fig. 4E). Importantly, the ubiq-
uitylation pattern after treatment with nucleases looked
similar to the pattern in the untreated samples (Fig. 4E,
cf. lanes 3 and 4). We verified that nucleic acids were effi-
ciently removed from the extract by the nucleases (Sup-
plemental Fig. S5A). Together, these data indicate that
no termination-associated nucleic acid structures are crit-
ical to trigger CMG ubiquitylation.

DNA digestion induces CMG ubiquitylation before
termination

Combined with our evidence against the Okazaki frag-
ment collision (Fig. 1A) and replisome dimerization mod-
els (Fig. 1B), the finding that rCMG incubated in extract
lacking any nucleic acid undergoes ubiquitylation

E

BA C

D

Figure 4. Recombinant CMG undergoes
Mcm7 ubiquitylation in extract in the ab-
sence of DNA. (A) rCMG and rCMGK27/28R

visualized with SYPRO Ruby stain.
(B) rCMG from A was incubated in NPE or
buffer in the presence or absence of p97-i,
and then recovered using anti-FLAG resin
and blotted for the indicated proteins.
(C ) rCMGand rCMGK27/28R fromAwere in-
cubated in buffer or NPE in the presence of
p97-i and His-tagged ubiquitin (His-Ub).
Ubiquitylated proteins were isolated with
Ni-NTA resin and immunoblotted for
Mcm7. (D) rCMG and rCMGK27/28R from
A were incubated in buffer or NPE in the
presence or absence of p97-i or Cul-i,
CMG and associated proteins were isolated
on anti-FLAG resin, and the samples were
immunoblotted with the indicated antibod-
ies. (Gray arrowheads) Degradation prod-
ucts of Mcm4. (E) rCMG supplemented
with His-Ub was treated with 2 U/µL ben-
zonase and 2.5 µg/µL RNase A for 20 min.
Simultaneously, NPE supplemented with
p97-i was treated with benzonase and RN-
ase A for 20min. BothNPE and rCMG sam-
ples were supplemented with a 5.4-kb
plasmid to verify the efficiency of benzo-
nase treatment. The two treated samples
weremixed together and incubated for a fur-
ther 40 min. At that point, His-ubiquitin
pull-down was performed, followed by im-
munoblotting with Mcm7 antibodies. Sam-
ples were also removed at the 20- and
60-min time points for DNA analysis (Sup-
plemental Fig. S5A).
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suggested that a DNA structure involved in replication
elongation might suppress CRL2Lrr1 recruitment (Fig.
1C). To test this idea, we asked whether the elimination
of DNA is sufficient to induce ubiquitylation of CMGs
at replication forks that have not yet completed replica-
tion. Thus, forkswere stalled at a LacR array, DNAwas di-
gestedwith benzonase, and the level of ubiquitylationwas
compared with that observed when termination was in-
duced with IPTG (Fig. 5, top). To recover ubiquitylated
Mcm7, His-Ub was included in the reaction. Benzonase,
which efficiently digested the plasmid substrate in this ex-
periment (Supplemental Fig. S5B), induced a similar ex-
tent of cullin-dependent Mcm7 ubiquitylation as IPTG
addition (Fig. 5, lanes 3–6), and benzonase-induced ubiqui-
tylation was replication-dependent (Supplemental Fig.
S5C). However, given the limited amount of CMG loaded
on chromatin, wewere not able to addresswhether benzo-
nase induces CMG disassembly. Taken together, these
data suggest that the elimination of DNA from a stalled
replisome is sufficient to trigger CRL2Lrr1-dependent
CMG ubiquitylation.

Discussion

In this report, we characterize the signal that triggers
CMG unloading during replication termination. Using
single-molecule imaging, we present evidence that con-
verging CMGs pass each other, travel along dsDNA, and
then undergo rapid unloading from dsDNA. The data ar-
gue against the idea that converging replisomes must
dimerize to be unloaded. The replisome dimerization
model is further disfavored by our recent observation
that a single replisome is unloaded when it reaches a
nick in the lagging strand template (Vrtis et al. 2020). Im-

portantly, we also found that CMG is unloaded when
DNAsynthesis is inhibited by aphidicolin (Fig. 3B). There-
fore, collision of CMG with a ssDNA–dsDNA junction
cannot be an essential trigger for CMG removal. Instead,
we provide two lines of evidence that CMG is ubiquity-
lated when it loses some or all of its interaction with
DNA. First, recombinant CMG added to egg extracts un-
dergoes ubiquitylation and disassembly in the absence
of anyDNA. Second,when replisomes stalled at a LacR ar-
ray are treatedwith benzonase, CMGundergoes ubiquity-
lation. Collectively, our data strongly suggest that a DNA
structure associated with elongating replisomes suppress-
es CMG ubiquitylation before termination.

How might DNA repress CMG ubiquitylation? During
elongation, CMG encircles and travels along the leading
strand template while excluding the lagging strand tem-
plate from its central channel, a DNA unwinding mecha-
nism called steric exclusion (Fu et al. 2011; Li and
O’Donnell 2018). We speculate that before termination,
the excluded strand blocks CRL2Lrr1 recruitment to
CMG. This could occur in two ways. First, the excluded
strand might compete with CRL2Lrr1 for binding to a spe-
cific surface onCMG (Fig. 6, pink patch). In possible agree-
ment with this idea, in archaea, the excluded strand
contacts charged residues on the outer surface of the
MCM complex (Graham et al. 2011). In addition, a recent
study identified a conformational state of the Drosophila
CMG complex where the lagging strand template inter-
acts with a channel between Mcm3 and Mcm5 (Eickhoff
et al. 2019). Given that Mcm3 resides adjacent to Mcm7,
it is not difficult to envision that ssDNA binding to
Mcm3 could disrupt association of CRL2Lrr1 with CMG.
On the other hand, Mcm7 appears to participate in the
separation of dsDNA ahead of the fork (Baretic ́ et al.
2020), suggesting that Mcm7 itself may be able to detect

Figure 5. Release of CMG from DNA results in
Mcm7 ubiquitylation. Replication forks were stalled
at the outer edges of a LacR array via sequential incu-
bation of a LacR array containing plasmid in HSS and
NPE. Reactions were then treated with benzonase to
digest the plasmid or incubated with IPTG to pro-
mote termination. His-Ub was added to the extracts
at the same time as IPTG or benzonase. Proteins
pulled down with Ni-NTA beads under denaturing
conditions were blotted for Mcm7. Ubiquitylated
species are indicated by the dots on the left of the im-
age. Samples were also removed for DNA analysis
(Supplemental Fig. S5B).
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the presence of ssDNA.Alternatively, the excluded strand
might dynamically sample many sites on the surface of
CMG or associated replisome subunits and thereby pre-
vent prolonged binding of CRL2Lrr1, inhibiting processive
ubiquitylation. Whatever the precise mechanism, as soon
as the last parental duplex between converging CMGs is
unwound, the excluded strand loses its intimate contact
with CMG or the replisome, relieving the repression of li-
gase binding (Fig. 6). This model is consistent with our ob-
servation that CMG is unloaded at a nick in the lagging
strand template (Vrtis et al. 2020), which likely disengages
the lagging strand from the replisome. Themodel also pre-
dicts that CMGs are disassembled when they slide off the
end of a telomere.
Several considerations suggest that the regulation of

CMG ubiquitylation might be more complex than envi-
sioned by this “excluded strand model.” For example,
the time betweenCMGconvergence and unloading is lon-
ger in the presence of aphidicolin than in control reactions
(Fig. 3D). This observation may be due to uncoupled
CMGs taking longer to meet than might be suggested by
their colocalization in microscopy. This scenario could
arise if uncoupled CMGs are less adept at unwinding the
last stretch of parental DNA. Alternatively, uncoupled
CMGsmay not stably associate with one ormore accesso-
ry factors that are required for CMG ubiquitylation. A po-
tential candidate for such a factor is DNA pol ε (Pacek
et al. 2006). Finally, though not essential, collision of
CMG with nascent strands may in fact stimulate CMG
unloading, perhaps by enhancing CMG’s affinity for

CRL2Lrr1. The steric exclusion model also raises the ques-
tion of how ubiquitylation is avoided during initiation,
since CMG is assembled at origins before expulsion of
the excluded strand from its central channel (Douglas
et al. 2018). Premature ubiquitylation could be prevented
if initiation factors (e.g. TopBP1, Treslin/Ticrr, MTBP, or
RecQL4) block CRL2Lrr1 binding until an excluded strand
is present. Additionally, premature CMG ubiquitylation
could be prevented by post-translational modifications
that occur during initiation, such as DDK-dependent
phosphorylation of MCM2–7 (Sheu and Stillman 2010).
Assuming an efficient mechanism to protect preinitiated
CMGs from ubiquitylation, the excluded strand model
provides a robust means to ensure that CMGs are not un-
loaded before termination.
Formally, we cannot rule out that the repression of

CMGubiquitylation during elongation is exerted by a pro-
tein rather than a nucleic acid structure. In this view, ter-
mination, benzonase treatment, and use of rCMG all
preclude binding of the relevant repressor(s). Mass spec-
trometry indicates that all replisome proteins that are in-
timately associated with CMG during elongation
(Claspin, Timeless-Tipin, Traip, DNA pol ε, Ctf18, and
Mcm10) are also bound to CMGs upon termination (Dew-
ar et al. 2017; Sonneville et al. 2017). In contrast, lagging
strand factors, including DNA pol δ, Fen1, and RPA, are
not associated with terminated replisomes (Dewar et al.
2017, Sonneville et al. 2017), and their absence might en-
able CRL2Lrr1 recruitment. However, a mechanism rely-
ing on a protein repressor is potentially unreliable, as its
premature dissociation during elongation would lead to
CMG ubiquitylation and possible fork collapse. In con-
trast, the excluded strand is permanently linked to the
replisome before termination and therefore unlikely to
dissociate from CMG for prolonged periods. Future bio-
chemical and structural analyses will be required to fur-
ther test the excluded strand model. However, so far, we
have not been able to reconstitute CMG ubiquitylation
with recombinant CRL2Lrr1, likely because other cofac-
tors are required.
Experiments in yeast suggested that SCFDia2 interacts

constitutively with the elongating replisome (Morohashi
et al. 2009). Dia2 contains a TPR motif that interacts
with Mrc1 and Ctf4 (Morohashi et al. 2009), which is
not present in Lrr1, implying a different regulatory mech-
anism in which prebound E3 ligase is activated upon fork
convergence. However, in these experiments, the binding
of SCFDia2 to CMG was invariably examined after diges-
tion of chromatin with DNase. Given our results, it will
be important to monitor the CMG–SCFDia2 interaction
in the presence and absence of nuclease treatment.
Our data suggest that after converging CMGs pass each

other, they subsequently translocate along dsDNA. This
interpretation is based on prior biochemical experiments
(Langston and O’Donnell 2017) and our observation that
when CMG unloading is blocked, diverging CMGs trans-
locatewithout promoting further DNA synthesis (Supple-
mental Fig. S1C), as expected for translocation along
dsDNA. The fact that CMG’s translocation rate is undi-
minished after bypass raises the interesting possibility

Figure 6. A model for the regulation of CRL2Lrr1 recruitment.
During elongation, the excluded strand interacts with a surface
of CMG (pink patch) or an associated replisome subunit that nor-
mally interacts with CRL2Lrr1, precluding binding of the ligase.
Upon convergence of two CMGs during termination, the last pa-
rental duplex is unwound, and the excluded DNA strand disen-
gages from the outer surface of CMG, allowing CRL2Lrr1

recruitment.
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that when CMG translocates along dsDNA, it still inter-
acts primarily with one strand as seen during ssDNA
translocation. We speculate that processive movement
along dsDNA causes CMG to vacate the ssDNA–dsDNA
junction for rapid Okazaki fragment processing. Interest-
ingly, purified yeast CMG can undergo random diffusion
in vitro on naked dsDNA (Wasserman et al. 2019), raising
the possibility that an extract-derived factor imposes
directional CMG movement on duplex DNA. Whether
this still occurs on DNA that is not stretched and there-
fore contains a full complement of nucleosomes remains
to be determined. Interestingly, although the E3 ubiquitin
ligase TRAIP travels with CMG, TRAIP does not promote
CMG unloading during interphase termination (Wu et al.
2019). In contrast, TRAIP acts on CMGs stalled on either
side of an interstrand cross-link (ICL) (Wu et al. 2019). To-
gether with the fact that TRAIP supports replication-cou-
pled ubiquitylation of DNA protein cross-links (Larsen
et al. 2019), it appears that TRAIP only ubiquitylates pro-
teins that stably abut the replisome, and CMGubiquityla-
tion at ICLs likely occurs in trans. Thus, we propose that
TRAIP does not function in CMG ubiquitylation during
interphase termination because convergingCMGs rapidly
pass each other.

It was speculated previously that during replication
stress, CMG may reversibly transition from encircling
ssDNA to encircling dsDNA, in a process aided by
Mcm10 (Wasserman et al. 2019). This would enable
CMG to bypass DNA damage, or to remain on DNA in
an inactive state during replication fork reversal. Upon
fork restoration, CMGs would then revert to encircling
ssDNA and resume their canonical DNA unwinding ac-
tivity in DNA replication. Contrary to this proposal, our
data show that CMG molecules encircling dsDNA are
rapidly unloaded from chromatin. Therefore, the data pre-
sented here disfavor the idea of “mothballing” of CMG on
dsDNA while replication stress is resolved.

In summary, our results provide strong evidence that
converging CMGs pass each other and then translocate
along dsDNA. However, we also show that specific
DNA structures, including dsDNA, are not required to
trigger CMG ubiquitylation, suggesting that the primary
regulation of CMG unloading involves its repression dur-
ing elongation.

Materials and methods

Cell lines

Sf9 cells and Tni cells used for recombinant protein expression
were obtained from Expression Systems and cultured in ESF-
921 medium according to the supplier’s instructions.

Protein expression and purification

The plasmid encoding CMG containing N-terminally FLAG-
tagged Mcm3 (pGC187) was described previously (Wu et al.
2019). Mcm7 with K27/28R mutations was made by round-the-
horn mutagenesis of Mcm7, followed by assembly into the com-
plete CMG plasmid using theMultiBac system (Trowitzsch et al.
2010), containingN-terminally FLAG-taggedMcm3. The bacmid

encoding the full CMG complex was obtained by electroporation
of the CMG plasmid into electrocompetent DH10EMBacY cells
(Geneva Biotech) and isolated with the ZR BACDNAminiprepa-
ration kit (Zymo Research). Sf9 insect cells (1 × 106) were infected
with 3 μg of bacmid DNA using the FuGENE transfection proto-
col (Promega Corporation), and the baculovirus was amplified
three times using Sf9 cells at a density of ∼2× 106/mL. Cultures
(250 mL) of Tni cells (∼2×106/mL to 3 ×106/mL) were infected
with 40 mL of amplified baculovirus for 72 h at 27°C, and then
harvested by spinning down at 500g, and snap-frozen in liquid ni-
trogen and stored at−80°C. The cell pelletswere thawed in 40mL
of lysis buffer (20 mM Tris-HCl at pH 7.5, 5 mM magnesium ac-
etate, 300mM potassium acetate, 0.1% Tween-20, 10% glycerol,
1 mM PMSF [Roche] containing one tablet of EDTA-free Com-
plete protease inhibitor cocktail [Roche]) by end-over-end rota-
tion, and then sonicated at 40% amplitude for 30 sec (1 sec on,
6 sec off) on ice. The sonicated lysates were spun in a Beckman
Optima L90-K ultracentrifuge in a Ti45 rotor at 25,000 rpm for
1 h at 4°C. The cleared lysates were collected and incubated
with 450 μL of FLAG resin (Sigma) for 1.5 h at 4°C with end-
over-end rotation. The beads were pelleted at 1000g for 2 min,
and the supernatant was collected. The beads were placed in a
5-mL polypropylene column (Qiagen) and washed five times
with 4mLof lysis buffer and EDTA-freeComplete protease inhib-
itor cocktail. To elute, the beads were incubated with 450 μL of
lysis buffer containing 0.2 mg/mL 3xFLAG peptide (Sigma) for
1 h on ice with occasional resuspension by flicking. Furthermore,
the supernatant from the first FLAG-binding reaction was incu-
bated for a second round of binding with an additional 250 μL of
FLAG resin for 1 h, and then washed as above and eluted with
250 μL of lysis buffer containing 0.2 mg/mL 3× FLAG peptide.
The collected elutionswere pooled, diluted threefold in start buff-
er (25 mM HEPES at pH 7.6, 0.02% Tween-20, 10% glycerol,
1mMEDTA, 1mMEGTA, 0.4mMPMSF, 1mMDTT), and load-
ed onto a MonoS 5/50 GL column (GE) on the AKTA pure 25 M1
system (GE) (final salt concentration was 100 mM potassium
chloride). The flowthrough from the MonoS column was loaded
onto aMonoQ5/50GL column (GE). TheCMGcomplexes bound
to theMonoQcolumnwere eluted over a gradient of 100–600mM
KCl. Fractions corresponding to the CMG peak were collected
and concentrated by binding to 20 μL of NuviaQ anion exchange
resin (Bio-Rad) for 1 h at 4°C and then eluting with two 10-min
incubations with 20 μL of 600mMKCl elution buffer (start buffer
containing 600 mM KCl) followed by two 10-min incubations
with 20 μL of 1 M KCl elution buffer (start buffer containing
1 M KCl). The eluates were flash-frozen in 3-μL aliquots in liquid
nitrogen, and then stored at −80°C.
To generate the plasmid encoding for CRL2Lrr1, the open read-

ing frames encoding Cul2, Lrr1, Elongin b, Elongin c, and Rbx1
were amplified from Xenopus cDNA, and a 3xFLAG tag was in-
serted at the 3′ end of the Lrr1 sequence. The amplified products
were assembled into a single plasmid using theMultiBac system.
The bacmid encoding the full complexwas obtained by electropo-
ration of the CRL2Lrr1 plasmid into electrocompetent DH10EM-
BacY cells (Geneva Biotech) and isolated with the ZR BAC DNA
minipreparation kit (Zymo Research). Sf9 insect cells (1 × 106)
were infected with 3 μg of bacmid DNA using the FuGENE trans-
fection protocol (Promega Corporation), and the baculovirus was
amplified three times using Sf9 cells thatwere at∼2×106/mL. For
expression of CRL2Lrr1, 500 mL of cultures of Sf9 cells (∼2×106/
mL to 3×106/mL) were infected with 10 mL of amplified baculo-
virus for 72 h and then spun down, and the pellet was snap-frozen
in liquid nitrogen and stored at −80°C. Cells were thawed in 45
mL of lysis buffer (50 mM Tris at pH 8.0, 300 mM NaCl, 10%
glycerol, 0.1% NP-40) containing one tablet of EDTA-free Com-
plete protease inhibitor (Roche). The resuspended cells were
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freeze–thawed once in liquid nitrogen, and then passed twice
through a 21-gauge needle (BD Biosciences). The sample was son-
icated at 40% amplitude for 30 sec (1 sec on, 6 sec off) on ice, and
then spun down at 25,000 rpm in a Ti45 rotor in a Beckman Op-
tima L-90K ultracentrifuge for 1 h at 4°C. The cleared lysate was
incubated with 180 μL of anti-FLAG resin (Sigma), and then the
resin was loaded onto a 5-mL polypropylene column (Qiagen)
and washed five times with 10 resin volumes of lysis buffer. To
elute the complex, the beads were incubated with one resin vol-
ume of lysis buffer + 0.2mg/mLFLAGpeptide, and this procedure
was repeated four times. The elutions containing the complex
were pooled and dialyzed twice against 1 L of dialysis buffer
(20 mMHEPES at pH 7.5, 150 mMNaCl, 1 mM DTT, 10% glyc-
erol, 0.05%NP-40, 0.5 μg/μL aprotinin/leupeptin) and then flash-
frozen in liquid nitrogen and stored at −80°C. Lac repressor pro-
tein (LacR) was purified as described (Duxin et al. 2014).

SDS-PAGE analysis and immunoblotting

Sampleswere prepared with 2× SDS sample buffer for a final com-
position of 50 mM Tris (pH 6.8), 2% SDS, 0.1% Bromophenol
blue, 10% glycerol, and 5% β-mercaptoethanol. All proteins
were separated on precast 4%–15%polyacrylamideMini-Protean
gels (Bio-Rad) except for Mcm7, which was separated on home-
made 6% polyacrylamide gels. Gels were run on the Bio-Rad
Mini-Protean system at 200 V for 33 min with precast gels and
45minwith homemade gels. Protein gelswere visualizedwith In-
stant Blue stain (Expedeon) or SYPRO Ruby stain (Invitrogen) ac-
cording to the manufacturers’ protocols.
For immunoblots, gels were run as above and transferred to

PVDF membranes (Perkin Elmer) at 300 mA for 75 min. Mem-
branes were blocked with 5% dry milk made up in 1× PBST, and
then incubated overnight at 4°C in primary antibody at a 1:2500–
1:20,000 dilution in 1× PBST. All antibodies used for immunoblot-
ting were described previously (Dewar et al. 2017). Membranes
were rinsed with 1× PBST, and then incubated for 1 h at room tem-
perature in secondary goat antirabbit HRP antibody (Jackson
ImmunoResearch) at 1:30,000 dilution, made up in 5% dry milk
in 1× PBST. Membranes were washed with 1× PBST, and then de-
veloped with either HyGLO chemiluminescent antibody detec-
tion reagent (Denville) or SuperSignal West Femto maximum
sensitivity substrate (ThermoFisher), and imagedusing the chemi-
luminescence function on the Amersham Imager 600 (GE).

Immunoprecipitation of FLAG-CMG

FLAG-tagged CMG (5 nM final concentration) was incubated in
31 μL of nucleoplasmic extract (NPE) or IP buffer (1× ELB salts
[2.5 mM MgCl2, 50 mM KCl, 10 mM HEPES at pH 7.7], 0.1%
NP-40, 0.1 mg/mL BSA) in the presence of 200 μM p97-i (Sigma
NMS-873) for 30 min at room temperature. Fifteen microliters
of each reaction was added to 5 μL of anti-FLAG resin (Sigma)
and incubated with end-over-end rotation for 1.5 h at 4°C. The
beads were washed five times with 80 vol of IP buffer. Samples
were eluted from anti-FLAG resin with 3 vol of IP buffer + 0.2
mg/mL3xFLAGpeptide prior tomixingwith 1 vol of 2× SDS sam-
ple buffer. Samples were resolved by SDS-PAGE and immuno-
blotted as described above. All immunoprecipitation
experiments were performed at least twice, with the exception
of Figure 4B, which was performed once.

Egg extracts and replication reactions

High-speed supernatant (HSS) of egg lysate and nucleoplasmic ex-
tract (NPE) were prepared as described (Sparks and Walter 2019).

Replication reactions were carried out as described (Lebofsky
et al. 2009). Briefly, plasmids were incubated at a final concentra-
tion of 7 ng/µL for 30 min in HSS to carry out replication licens-
ing. Subsequently, NPE containing an ATP regeneration system
and [α-32P]dATP was added to initiate DNA replication. Replica-
tion of LacR array plasmids and induction of termination with
IPTG were performed as described (Dewar et al. 2015). Inhibitors
were added to replication reactions at the following final concen-
trations: p97-i (SigmaNMS-873) at 200 μM, andCul-i (Active Bio-
chem MLN4924) at 200 μM. At the specified time points,
replication reactions were quenched with replication stop buffer
(8 mM EGTA, 0.13% phosphoric acid, 10% Ficoll, 5% SDS,
0.2% Bromophenol blue, 80 mM Tris at pH 8.0) and treated
with 1 μg/μL proteinase K. Samples were separated via agarose
gel electrophoresis, and the resulting gels were exposed to phos-
phorscreens and imaged on the Typhoon FLA 7000 PhosphorIm-
ager (GE Healthcare). Band and lane intensities were measured
using MultiGauge software (Fujifilm).

Immunodepletions

Lrr1 immunodepletions were performed as described previously
(Dewar et al. 2017). For reactions containing recombinant
CRL2Lrr1, the protein complex was added to a final concentration
of ∼100 nM.

Single-molecule experiments and analysis

Protocols for immunodepletion of GINS, flow cell assembly,
DNA tethering, DNA replication, imaging, and image analysis
were performed as described previously (Sparks et al. 2019),
with one exception: To maximize the number of termination
events, the DNA was licensed for 8–10 min (instead of 2–5
min), and replication was initiated in the presence of fluorescent-
ly labeled GINS for 5–8 min. A fresh preparation of GINS-AF647
was performed following the protocol described previously
(Sparks et al. 2019). Briefly, GINS was fluorescently labeled
site-specifically at the C terminus of Psf3 via sortase-mediated
conjugation of a small peptide, GGGGKYCAF647K, where the cys-
teine residue was labeled with Alexa fluor 647 maleimide. This
protocol ensured that each GINS molecule bears either one or
zero fluorescent dyes. The labeling efficiencywas increased by re-
moving unlabeled GINS from the final preparation via Ni-NTA
affinity chromatography.UV-Vis spectrometermeasurements in-
dicated that 80%–90% of the GINS complex was conjugated to
AF647. In all experiments where Fen1mKikGR was added to the
single-molecule reaction, a catalytically dead variant of the pro-
tein was used: Fen1D179A. Imaging and data analysis were per-
formed as described previously (Sparks et al. 2019), with the
following modifications: (1) Bona fide termination events were
manually selected on kymograms where the converging CMGs
could be clearly resolved for at least three time points before
they merged into a diffraction-limited spot (we used the Rayleigh
resolution limit definition of 0.61× λ/NA where NA=1.4 and λ=
650–700 nm; i.e., the centroids of the two CMGsmust be at least
300 nm apart to be resolved, corresponding to approximately two
pixels at our magnification of 160 nm/pixel). (2) An automated
MATLAB script was used to measure the speed of CMG conver-
gence and estimate when the two helicases converged (as illus-
trated in Fig. 2B). Briefly, the position of each CMG molecule
was determined to subpixel precision by fitting the diffraction-
limited image of the molecule to a Gaussian approximation of
the point spread function. The speed of each CMG was deter-
mined by fitting the trajectory of the molecule over two or
more consecutive frames to a straight line. The moment of
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convergence or divergence for two helicases was determined by
computing the intersection of the two linear fits for converging
CMG trajectories (Fig. 2B,C). (3) An automated MATLAB script
was used to determine the time interval between fork conver-
gence and the disappearance of the CMG fluorescent signal.
The sudden drop in integrated fluorescent signal was used to
determine the moment when a CMG molecule was unloaded
(Fig. 2B). The CMG signal was integrated within the region of in-
terest, and the raw signal was fitted to a stepwise drop using a
model-independent step-fitting algorithm (Kalafut and Visscher
2008), and the results were verified via manual inspection. The
default MATLAB implementation of bootstrapping was used to
estimate the 95% confidence intervals (CIs) for the mean or me-
dian values of CMG speed, the CMG lifetime after fork conver-
gence, and the probability of CMG divergence. In experiments
containing inhibitors, DNA was licensed for 8–10 min, and
then replication was initiated in the absence of the drug for 5–8
min, after which the inhibitor was added to the reaction until
the end of the experiment. Aphidicolinwas used at a final concen-
tration of 50 ng/μL, p97-i (NMS-873) was used at a final concen-
tration of 200 μM, and Cul-i (MLN4924) was used at a final
concentration of 200 μM.Mean, median, and 95% confidence in-
terval values for all single-molecule experiments are shown in
Supplemental Table S1.

Benzonase treatment of replication forks

Plasmids containing a 1.5-kb 48xlacO array were preincubated
with LacR protein for 40 min at room temperature. LacR-bound
plasmid (1.5 ng/μL) was replicated as above. Where indicated,
∼0.04 vol of [α-32P]dATP was added to label the nascent strands.
After 18 min, when replication forks had stalled at the edges of
the array, 15 mM IPTG was added to the reactions to release
the array, or 0.5 U/μL benzonase was added to digest the plasmid
DNA. At the same time, the reactions were supplemented with
200 μMNMS-873 (p97-i) and 25 μMHis6-tagged ubiquitin (Boston
Biochem). Twenty-two minutes after release of the array (40 min
after initiation of replication), radioactive samples were collected
by addition into replication stop buffer (8mMEGTA, 0.13%phos-
phoric acid, 10%Ficoll, 5%SDS, 0.2%Bromophenol blue, 80mM
Tris-HCl at pH 8.0), and 1 μg/μL proteinase K was added for diges-
tion of proteins for a minimum of 1 h at 37°C. Samples were sep-
arated on native 1% agarose gels and exposed to phosphorscreens
before imaging on the Typhoon FLA 7000 PhosphorImager (GE
Healthcare). Nonradioactive reactions were processed according
to the protocol for His-ubiquitin pull-downs (see below). For Sup-
plemental Figure 5C, replication licensingwas inhibited by prein-
cubating HSS with geminin for 10 min at room temperature.
Next, replication of a plasmid containing 32xlacO array prebound
with LacR proteinwas initiated as described above.DNA samples
were processed as above and protein samples were processed as
described below for His-ubiquitin pull-downs.

RNase A and benzonase treatment of recombinant CMG

A 5.4-kb plasmid (final concentration of 15 ng/μL) was added to
NPE and rCMG prepared separately, in order to gauge efficiency
of DNA digestion. Benzonase (Millipore) and RNase A (Sigma)
were added to final concentrations of 2 U/μL and 2.5 μg/μL, re-
spectively, and the reactions were incubated for 20 min at room
temperature. Treated NPE (0.8 vol) was mixed with 0.2 vol of
treated rCMG (final concentration of 10 nM) and incubated for
an additional 40 min at room temperature. Samples were then
split in half for processing ofDNAor processing of protein. RNase
A and benzonase experiments were performed at least twice.

For Supplemental Figure S5A, 1.5 μL ofDNAsamplewasmixed
with 10 μL of replication stop buffer (8 mM EDTA, 0.13% phos-
phoric acid, 10% Ficoll, 5% SDS, 80 mM Tris-HCl at pH 8.0)
and treated with 1 μg/μL proteinase K for at least 1.5 h at 37°C
to digest the proteins. The DNA was separated on a native 1%
agarose gel for 2 h at 100 V. The gel was stained with 10 μL of
SYBR Gold stain (Life Technologies) in 150 mL of 1× TBE for 1
h, and then destained twice with 1× TBE for 10 min before being
imaged with the UV setting on an Amersham Imager 600 (GE).

His6-ubiquitin (His-Ub) pull-downs

Five microliters of NPE containing 25 μM His-tagged ubiquitin
(Boston Biochem) was incubated with 10 μL of Ni-NTA resin in
200 μL of denaturing IP solution (100 mM NaH2PO4, 10 mM
Tris-HCl at pH 8.0, 8 M urea, 10 mM imidazole, 0.2% NP-40)
for 1 h at room temperature. The resin was washed three times
with 50 vol of denaturing IP solution, and then boiled in 15 μL
of 2× SDS sample buffer + β-mercaptoethanol. Fifteen microliters
of 0.5M imidazolewas added to the beadmixture, and then shak-
en at 1500 rpm for 1 h to elute the His-tagged proteins, which
were analyzed by SDS-PAGE and immunoblotting. All His6-ubiq-
uitin pull-down experiments were performed at least twice.

Code and data availability

The custom-written MATLAB analysis code and raw data are
available on request.

Competing interest statement

J.C.W. is a cofounder of MoMa therapeutics, in which he has a fi-
nancial interest.

Acknowledgments

We thank Alan Brown, James Dewar, Ben Stinson, Kyle Vrtis,
Alex Wu, and Maksym Shyian for comments on the manuscript.
E.L. was supported by National Institutes of Health (NIH) grant
F31 GM122277. G.C. was supported by a postdoctoral fellowship
from the Jane Coffin Childs Memorial Fund. J.C.W. is supported
by NIH grant GM80676. J.C.W. is a Howard Hughes Medical In-
stitute Investigator and an American Cancer Society Research
Professor.
Author contributions: E.L. and G.C. designed and executed

protein expression and purification schemes. E.L. performed
coimmunoprecipitations andHis-ubiquitin pull-downs. G.C. per-
formed single-molecule experiments and analyzed the resulting
data. M.S.Z. performed the benzonase and RNase A experiments
in Figure 4E and Supplemental Figure S5. O.V.K. performed the
replication assay shown in Supplemental Figure S1, D–F. J.C.W.
supervised all research. J.C.W., E.L., and G.C. wrote the
manuscript.

References
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