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Abstract

Replication fork reversal safeguards genome integrity as a replication stress response. DNA
translocases and the RAD51 recombinase catalyze reversal. However, why RAD51 is required and
what happens to the replication machinery during reversal remain unknown. Here we find that
RADS51 utilizes its strand exchange activity to circumvent the replicative helicase, which remains
bound to the stalled fork. RAD51 is not required for fork reversal if the helicase is unloaded. Thus,
we propose that RAD51 creates a parental DNA duplex behind the helicase that is utilized as a
substrate by the DNA translocases for branch migration to create a reversed fork structure. Our
data explains how fork reversal happens while maintaining the helicase in a position poised to
restart DNA synthesis and complete genome duplication.

One-Sentence Summary:

Fork reversal requires the RAD51 recombinase to overcome the CMG helicase which remains
bound to the stalled fork.
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Replication is challenged by various stressors including DNA damage, collisions with
transcriptional machineries, and unusual DNA structures that stall replication elongation
(1). Often this replication stress uncouples DNA synthesis from unwinding, triggering
responses that stabilize the stalled fork and promote genome stability. One of these
responses is replication fork reversal (2). Fork reversal is thought to help cells tolerate
replication stress by facilitating the repair of DNA lesions, switching DNA templates

to allow bypass of obstacles, or stabilizing the fork until a converging replication fork
completes DNA synthesis. Reversal involves the coordinated reannealing of the parental
DNA template strands combined with displacement and annealing of the nascent DNA
strands (2). Previous studies showed several ATP-dependent translocases generate reversed
forks, including SMARCAL1, ZRANB3, HLTF, and FBH1 (3-7). In addition, RAD51, a
well-studied recombinase in homologous recombination repair of double-strand breaks, is
required for reversal but how it acts is unclear (8).

A major unanswered question about fork reversal is the fate of the replisome during

the reversal process, especially the CMG complex, which consists of six MCM subunits
(MCM2-7) that combine with CDC45 and the GINS hetero-tetramer to form the active
helicase. Dissociation of CMG to facilitate reversal would be potentially catastrophic for
completing DNA replication and maintaining genome stability since it cannot be reloaded
during S-phase (9). Even if another helicase could unwind the parental duplex, it could not
easily replace the myriad of other functions mediated by CMG including scaffolding other
replication and replication-coupled repair proteins and chaperoning histones to re-establish
chromatin (10-12). Current fork reversal models suggest that the DNA fork junction created
by the helicase is reversed and converted into a four-way junction. Whether this process
can occur in the presence of CMG remains unknown. Indeed, /in7 vitro studies of DNA
replication using plasmids in Xenopus egg extracts found that reversal requires unloading
the helicase when replisomes converge at an interstrand crosslink (ICL) (13). Confining
reversal to situations in which replisomes converge would overcome the need for retaining
CMG; however, fork reversal is a common response to fork stalling in human cells even in
conditions like hydroxyurea (HU) treatment where fork convergence is prevented. Thus,
understanding the fate of the helicase is critical to determining how reversal happens

and validating it as a replication stress-tolerance mechanism as opposed to a dead-end
pathological event associated with fork collapse.

The CMG replicative helicase remains trapped on the DNA during

replication fork reversal

Our previous iPOND proteomics studies indicated that there is little loss of the helicase
proteins until at least 8 hours after HU-induced fork stalling even as fork reversal factors
like SMARCALL1 are recruited and reversal is detected (Fig. 1A and (8, 14)). When HU

is removed, forks rapidly resumed DNA synthesis (Fig. 1B). Fork restart requires CMG
since inactivating the MCMZ2 subunit by proteolysis using an improved auxin-inducible
degron (AID2) (15) during the HU treatment prevented restart (Fig. 1B). MCM2 is

almost completely lost from chromatin within one hour of addition of 5-ph-IAA (5-phenyl-
indole-3-acetic acid) to the MCM2-AID2 degron cells, and this is accompanied by a loss
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of DNA synthesis and a loss of MCM7 on chromatin suggesting that the entire MCM
complex is disassembled and removed (Fig. SLA-S1D). In contrast, MCM?7 is not lost
from chromatin in HU-treated cells without MCM2 degradation (Fig. S1E).(14). These data
confirm that the MCM complex remains bound to stalled forks, poised to promote restart
even in conditions that cause fork reversal.

Since CMG is not removed from most replication forks in response to persistent stalling, we
asked whether it needs to be removed to allow reversal. Reversed forks are the substrates
for nascent strand degradation in the absence of fork protection factors (7, 16-18), so we
used degradation to test that reversal is operational. As previously described, treating cells
with the selective RAD51 inhibitor BO2 or silencing the fork protection factor BRCA2
caused nascent strand degradation (Fig. 1C and 1D) (19, 20). The known pathways for
CMG removal require ubiquitylation followed by extraction by the p97 segregase (21, 22).
Suppressing these activities with p97 inhibitors (CB-5083 and NMS-873) or a neddylation
inhibitor that blocks MCM ubiquitylation (MLN-4924) (21, 22) did not affect nascent strand
degradation (Figs. 1C, 1D, S2A, and S2B)). These results confirm that the presence of

the CMG complex at the stalled fork does not prevent nascent strand degradation and, by
inference, fork reversal in human cells.

If the CMG complex remains present at the replication fork, it is unclear how fork reversal
can happen since DNA footprinting and binding studies suggest that the fork reversal
enzymes like SMARCAL1 would need to bind the DNA in a partially overlapping position
with CMG (23-25). Thus, we asked if CMG is repositioned during reversal. We first used
iPOND proteomics to examine CMG abundance near nascent DNA in cells lacking fork
reversal enzymes compared to wild-type cells. We found no change in any of the detected
CMG subunits in either U20S or HEK293T cells lacking SMARCAL1, ZRANB3, and
HLTF (Fig. 1E). We next utilized a proximity ligation assay (PLA) assay which has higher
spatial resolution than iPOND to ask if the CMG complex is still intimately associated with
nascent DNA. The PLA signal between MCM7 and EdU was reduced after HU treatment in
a SMARCALL1- and RAD51-dependent manner (Figs. 1F and 1G). This result suggests that
the helicase is not pushed backward during fork reversal since then it should be associated
with the nascent strands. Instead, it suggests that CMG is trapped in a single-stranded

DNA (ssDNA) bubble within the parental DNA ahead of the reversed fork (Fig. S2C). It is
possible that the helicase could switch to a double-stranded DNA (dsDNA) binding mode
during fork reversal to move it onto the parental DNA away from the fork junction (26).
However, it is unclear how CMG encircling dsDNA would avoid the normal unloading
process triggered by this transition (27).

RAD51 strand exchange activity promotes fork reversal

If fork reversal happens behind the CMG helicase with it continuing to encircle sSDNA, then
the DNA fork that is reversed is not the one that CMG creates by unwinding the parental
DNA duplex (Fig. S2C, panel ii). RAD51 is recruited within 15 minutes to stalled forks (14),
and we hypothesized that it could use its strand exchange activity to generate a new substrate
behind the CMG for the DNA translocases (Fig. S2D). To test this hypothesis, we examined
RADS51 mutants to test if its strand exchange activity is required for reversal. Since RAD51

Science. Author manuscript; available in PMC 2024 April 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 4

is essential for cell viability, we utilized an SiRNA complementation approach in which
endogenous RADS5L1 is silenced in cell lines stably expressing siRNA-resistant, exogenous
wild-type or mutant RAD51. We started with fork protection assays in cells depleted of
BRCAZ2 as an indirect readout for fork reversal (Fig. S3A). To accurately measure normal
RADS51 function, we utilized microRNA silencing-mediated fine-tuners (miSFITs) vectors
to generate cells expressing near endogenous levels of RAD51 (28). Failure to control
RADS51 levels in this way leads to overexpression and prevents nascent strand degradation
even when BRCAZ2 is silenced as previously described (Fig. S3B, S3C)(19, 29). The
reason this is the case is not known but could be because overexpression interferes with
the generation of the degradation substrate (30) or causes protection of the reversed fork
without requiring BRCAZ stabilization. Inserting the “8A” miRNA-17 target sequence into
the 3° UTR of the RAD51 expression vector provided near the endogenous expression of
wild-type RADS51 (Fig. S3B). Silencing endogenous RAD51 and BRCA2 in these cells
caused SMARCAL1-dependent nascent strand degradation indicating this complementation
system faithfully restores RAD51 function and can be used to examine RAD51 mutants
(Figs. S3C and S3D).

We applied this approach to test the activity of seven RAD51 mutant proteins (summarized
in Table S1). Three of these RAD51 proteins, 1287T, K133R, and G151D retain strand
exchange or D-loop formation activity (31-37). Four of the RAD51 proteins, T131P, A293T,
I13A, and Y232A, have decreased or inactive strand exchange or D-loop formation activity
(38-43). In addition to selecting the optimal miSFIT vector for each, we also monitored
protein expression over time since some of the RADS51 proteins changed expression with
increasing cell passages (Figs. S3E-S3I). We also ensured that the system maintains near
physiological cell-to-cell heterogeneity in RAD51 protein levels (Figs. S4A-S4B). All
analyses were performed when the cells expressed levels of the mutant proteins comparable
to endogenous RAD51 unless otherwise noted.

The three RAD51 mutants that retain strand exchange activity, 1287T, K133R, and G151D,
complemented the loss of endogenous RAD51 to allow nascent strand degradation in
BRCAZ2-deficient cells when expressed at near endogenous levels (Fig. 2A) even though
overexpression of 1287T and K133R block degradation (Fig S5A and S5B). In contrast,
nascent strand degradation was not observed in cells expressing the strand exchange/D-loop
formation defective proteins, T131P, A293T, 113A, and Y232A. (Fig. 2A). T131P, A293T,
and Y232A have significant defects in DNA binding. However, 113A has only a modest
change in DNA binding affinity and retains the ability to form nucleoprotein filaments (42,
44). The 113A mutant was previously reported to be capable of generating a degradation
substrate (42); however, that experiment was done in cells significantly overexpressing 113A,
and degradation was monitored only 8 hours after HU treatment when degradation happens
irrespective of the presence of fork protection factors (45).

As reported previously using the heterozygous Fanconi Anemia patient cells (38), RAD51
T131P has a dominant-negative effect on the fork protection activity of endogenous RAD51
(Fig. S5C). However, nascent strand degradation is prevented once endogenous RAD51

is depleted and only T131P RADS51 is expressed (Fig. 2A). Thus, the T131P mutant

itself cannot perform fork reversal, but when co-expressed with wild-type RAD51, there
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is sufficient RAD51 function to do reversal but not protection. This is consistent with

the observations that the T131P RADS51 protein is deficient in strand exchange activity

but combining the mutant and wild-type proteins can yield sufficient RAD51 function to
perform exchange and promote homologous recombination (38). This situation may also
mimic the observation that partial loss of RAD51 function through depletion or chemical
inhibition is sufficient to inactivate its fork protection but not fork reversal functions (7, 46).

Nascent strand degradation after BRCAZ silencing in cells expressing only the RAD51
1287T or K133R proteins is dependent on the MRE11 and DNA2 nucleases, and the fork
reversal enzymes SMARCALL, ZRANB3, and HLTF confirming that these three DNA
translocases promote the formation of a reversed fork substrate for degradation in these cells
(Fig. 2B and 2C). Nascent strand degradation happened in cells expressing endogenous
levels of the 1287T, K133R, and G151D mutant proteins even when BRCA2 is not

silenced (Fig. 2A). SMARCAL1, ZRANB3, HLTF, MRE11, and DNAZ2 silencing reduced
this degradation in the RAD51 1287T or K133R expressing cells (Fig. S5D and S5E).

In addition, silencing the structure-specific endonuclease MUS81 and the endonuclease
scaffold SLX4 also reduced degradation (Fig. S5D and S5E). Thus, these mutants may
generate reversed forks and substrates for the endonucleases, but further studies will be
needed to understand why these forks are insensitive to BRCA2-mediated stabilization even
though overexpression of either 1287T or K133R prevents degradation in BRCA2-deficient
cells (Figures S5A and S5B)(19).

RAD54 and the RAD51AP1-UAF1 complex are required to assist RAD51 to form D-loops
(47, 48). If fork reversal involves strand invasion and D-loop formation, we might expect
these proteins to also be required for reversal and nascent strand degradation. As predicted,
silencing RAD54 or RAD51AP1-UAF1 prevented nascent strand degradation consistent
with a requirement for strand invasion and D-loop formation in the reversal process (Fig.
S5F).

We next examined fork elongation rates in cisplatin- or camptothecin-treated cells as a
second measure of fork reversal since reversal slows elongation in these conditions (6, 8,
49). Indeed, fork speeds were significantly faster in camptothecin- or cisplatin-treated cells
lacking RAD51 or expressing the RAD51 113A mutant compared to wild-type, 1287T, or
K133R RADS51 as predicted if RAD51 strand exchange is required for fork reversal (Figs.
2D and 2E). Faster elongation in cells that lack fork reversal is due to PRIMPOL-dependent
repriming to tolerate the replication stress (4, 49). S1 nuclease digestion of DNA fibers
from cells lacking RADS51 or expressing only the 113A mutant shortened the fibers, and
PRIMPOL depletion slowed elongation in these circumstances suggesting that PRIMPOL -
dependent repriming that leaves sSSDNA gaps is active in these cells as an alternative to
reversal (Figs. 2E and S5G). In contrast, fibers in the wild-type, 1287T or K133R RAD51
expressing cells were unaffected by S1 nuclease or PRIMPOL depletion.

We examined replication intermediates by electron microscopy as a final test to determine
if fork reversal is only operable in cells expressing strand-exchange proficient RAD51
proteins. Consistent with the nascent strand degradation and fork elongation assays, WT,
1287T, and K133R RAD51 supported fork reversal, but the I1I3A RAD51 protein expressing
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cells showed the same reduction in reversal as RAD51-deficient cells (Figs. 2F and S6).
Silencing HLTF in the 1287T mutant cells reduced fork reversal as expected.

RADS51 is not required for fork reversal if the CMG helicase is removed from
replication forks

Altogether, these results suggest that fork reversal requires the strand exchange activity of
RAD51. One possibility is that RAD51-dependent strand exchange generates a paranemic
DNA duplex behind the CMG complex. Paranemic joints are formed by RAD51 when there
is not a free DNA end(50). This would create a substrate for fork reversal enzymes without
requiring the removal of CMG. This model predicts that RAD51 may not be required

for fork reversal if the CMG complex is removed. To test this prediction, we degraded
MCMZ2 using the auxin-inducible degron during the HU treatment period of the fork
protection assay and asked if RAD51 is still needed to generate a substrate for nascent strand
degradation. As predicted, the destruction of MCM2 and disassembly of the MCM complex
allowed nascent strand degradation even when RADS51 is silenced and unable to promote
reversal (Fig. 3A). This degradation remained dependent on MRE11, DNA2, SMARCAL1,
ZRANB3, and HLTF indicating that it occurs downstream of a RAD51-independent fork
reversal process (Fig. 3B). Furthermore, nascent strand degradation is also observed after
MCMZ2 degradation in cells only expressing the 113A RAD51 mutant indicating the RAD51
strand exchange function is needed to overcome the presence of the MCM complex (Fig.
STA).

MCM2 degradation causes nascent strand degradation even when RAD51 is not silenced
(Fig. 3A). Again, this degradation depended on the same fork reversal and nuclease
enzymes (Fig. S7B). To better understand why nascent strand degradation happens after
MCM2 destruction even when wild-type RAD51 is present to protect the reversed fork,
we examined the fork proteome in these conditions using iPOND. Degradation of MCM2
caused the loss of the entire CMG complex along with other replisome components (Fig.
S7C). ssDNA binding proteins like RPA were enriched after MCM degradation, as were
RAD51 and SMARCALL1. In contrast, FANCD2 and FANCI were lost. FANCD2 was one
of the first fork protection factors identified (51). It directly interacts with and inhibits
DNAZ2 and MRE11 nucleases (52). Since FANCD2 binds MCM2-7 (53), we hypothesized
that the loss of MCMs reduces FANCD2 accumulation at the stalled fork leading to DNA2
and MRE11 mediated degradation. Consistent with this interpretation, overexpression of
FANCD2 in the MCM2-degron cells prevented nascent strand degradation (Fig. S7D).

We further confirmed that RAD51 is no longer required to generate a nascent strand
degradation substrate if the helicase is removed using MCM3 and MCM4 degron cells.

Like MCMZ2, the destruction of either MCM3 or MCM4 caused a rapid reduction in

DNA synthesis and disassembly of the entire MCM complex as evidenced by the loss of
MCM?7 on chromatin (Figs. 3C, 3D, STE-S7H). Removing MCM3 or MCM4 during the HU
treatment allowed nascent strand degradation irrespective of whether RAD51 was depleted
(Fig. 3E and 3F). In contrast, degrading GINS4 did not remove the MCM complex from the
chromatin and did not allow nascent strand degradation in the absence of RAD51 suggesting
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that the presence of the MCM ring at the fork and not helicase activity itself is why RAD51
is needed (Fig. 3G-3l).

To directly monitor if replication forks can reverse after MCM destruction when RAD51 is
depleted, we examined the frequency of reversed fork structures by electron microscopy. As
previously reported, silencing RAD51 reduced fork reversal in response to replication stress
(8) (Fig. 3J and S71). However, removing the MCM complex largely restored the frequency
of reversed forks in RAD51-deficient cells, and this reversal remained dependent on the fork
reversal enzyme HLTF (Fig. 3J and S71).

Discussion

Altogether, our data support a model of fork reversal that explains how reversal can happen
without CMG unloading, identifies a specific function for RAD51 in the reversal process,
and suggests that the fork that is reversed is not the same DNA junction that the helicase
creates by unwinding. RAD51 utilizes the same strand invasion activity it uses during
homologous recombination to generate a new fork junction behind the helicase, which

the ATP-dependent motor proteins can then branch migrate to yield the reversed fork
structure observed by electron microscopy (Fig. S8). This model provides an explanation
for both what happens to CMG during reversal and why RAD51 is required. While RAD51
could have additional functions in the process such as directly stimulating the fork reversal
enzymes (54), by circumventing and trapping CMG within the parental ssDNA, RAD51
allows the helicase to remain poised to resume unwinding to facilitate DNA synthesis after
the source of replication stress is resolved.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Fork reversal does not require CMG disassembly.
(A) iPOND-SILAC mass spectrometry measured abundance changes of selected proteins or

complexes comparing HU vs. untreated cells (generated from original data in (14)). nd, not
detected. (B) MCM2-AID2 HCT116 cells were labeled with CldU and 1dU and treated with
4mM HU for 0-4 hours. Where indicated, 2 pM 5-ph-1AA was added to degrade MCM2
during the HU treatment. Restart efficiency was calculated as the percentage of continuous
red and green fibers compared to the total imaged by DNA combing. Mean and SD of

three experiments is shown. (C and D) Fork protection assays were completed as indicated.

Science. Author manuscript; available in PMC 2024 April 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Liuetal.

Page 12

U20S cells were treated with the inhibitors during the HU treatment time. All graphs

are representative of at least three experiments. siNT, non-targeting siRNA. P values were
calculated using a Kruskal-Wallis test. (E) iPOND-SILAC-mass spectrometry was used to
measure the abundance of proteins at stalled replication forks in HU-treated wild type (WT)
and SMARCAL1, ZRANB3, and HLTF triple knockout (3KO) cells. (F) PLA assay for EdU
and MCM?7 in wild-type or SMARCALLA U20S cells. (G) PLA of EdU and MCM?7 in cells
transfected with RAD51 siRNA.
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Fig. 2. RAD51 recombinase activity promotesfork reversal.
(A-C) Fork protection assays were completed in U20S cells expressing near endogenous

levels of the indicated RAD51 proteins after transfection with the indicated siRNAs. P
values were calculated using a Kruskal-Wallis test. (EV, empty vector) (D-E) Replication
elongation rate in the presence of 50nM camptothecin (CPT) in D) or 150mM cisplatin
in E). P values were calculated using a Kruskal-Wallis test. (F) Percentage of reversed
replication forks in U20S cells expressing endogenous levels of the indicated RAD51
proteins. Cells were transfected with the indicated siRNA and treated 72 hours later with
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4mM HU, 20uM MRE11 inhibitor (Mirin) and 25uM DNA2 inhibitor (C5) for 5 hours. The
number of replication intermediates analyzed for each condition is indicated in parentheses
and a representative image is shown (right panel), P: parental strand, D: daughter strand and
R: reversed arm.
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Fig. 3. RAD51 isnot required for fork reversal when CMG is disassembled from the stalled
replication fork.

(A-B) Fork protection assays were completed in MCM2-AID2 degron cells after
transfection with siRNAs. 2uM 5-ph-1AA was added to induce MCM2 degradation. (C-D)
Immunoblots of MCM3-AID2 and MCM4-AID2 degron cells. (E-F) Fork protection assays
in the MCM3-AID2 and MCM4-AID2 degron cells. (G) Immunoblot of GINS4 degron
cells. (H) Fork protection assay in the GINS4-AID2 degron cells. (I) MCM?7 integrated
intensity in the nucleus of GINS4-AID2 degron cells was measured by immunofluorescence.
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All graphs are representative of at least three experiments. P values were calculated using
a Kruskal-Wallis test. (J) Percentage of reversed replication forks in MCM2-AID2 cells
transfected with the indicated siRNA and treated 72 hours later with DMSO or 2uM
5-ph-1AA together with 4mM HU, Mirin, and C5 for 5 hours. The number of replication
intermediates analyzed for each condition is indicated in parentheses.
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