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Abstract 

During DNA replication, the replisome encounters obstacles including DNA lesions, 

transcription-replication conflicts, and other sources of replication stress. These obstacles must 

be efficiently overcome to complete DNA synthesis and minimize genome instability. One 

pathway to tolerate replication stress is replication fork reversal, in which parental template DNA 

strands are reannealed and a nascent-nascent DNA duplex is formed. Several enzymes 

promote replication fork reversal, including the ATP-dependent translocases SMARCAL1, 

ZRANB3, and HLTF. How these enzymes translocate on DNA that contains fork-stalling lesions 

is unknown. Here, we examined the abilities of SMARCAL1, ZRANB3, and HLTF to tolerate 

various lesions on leading or lagging template strands. We demonstrate that SMARCAL1 and 

ZRANB3 are selectively inhibited by lesions on the leading template strand, whereas HLTF is 

insensitive to bulky lesions on either strand. These results suggest that SMARCAL1 and 

ZRANB3 contact the leading strand during fork reversal and therefore are more sensitive to 

inhibition by bulky lesions on this strand. In contrast, HLTF DNA translocation is inherently 

insensitive to DNA lesions. These biochemical differences between the fork reversal enzymes 

provide insights into their mechanism of DNA remodeling and suggest they may act in lesion-

specific contexts.  
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Introduction  

To maintain genome stability, faithful and complete DNA replication must occur each cell 

division cycle despite challenges to DNA synthesis including DNA damage that stalls the 

replication machinery (1). Replication forks can encounter diverse types of DNA lesions, ranging 

from small base modifications and abasic sites to bulky DNA adducts like cyclobutane 

pyrimidine dimers and DNA protein crosslinks (DPCs).  Stalling of the replication fork activates 

DNA damage response pathways and recruits DNA repair proteins (2,3). Prolonged or 

unresolved fork stalling results in hallmarks of genome instability such as cell cycle arrest, fork 

collapse, double-strand breaks, and loss of cell viability. 

 

Multiple pathways exist to deal with stalled replication forks, including fork reversal, translesion 

synthesis (TLS), repriming, and template switching (2,4-7). While repriming and TLS have the 

propensity to induce mutations or other genome changes, fork reversal is thought to compete 

with repriming and TLS pathways to promote error-free bypass of lesions. Fork reversal 

converts the three-way DNA junction of the replication fork into a four-way, or Holliday-junction-

like structure, through the annealing of the newly synthesized DNA strands and the reannealing 

of the parental strands. This process is mediated by fork reversal enzymes including the ATP-

dependent translocases SMARCAL1, ZRANB3, HLTF (7-12). 

 

SMARCAL1, ZRANB3, and HLTF are double-stranded DNA (dsDNA) translocases related to 

the Snf2 family of chromatin remodelers (13). Each contain a conserved ATP-dependent motor 

domain that enables dsDNA translocation and a unique substrate recognition domain (SRD) 

that provides specificity for fork structures (9,11,14,15). SMARCAL1 is recruited to replication 

forks by the single-stranded DNA (ssDNA) binding protein RPA (16-20), and contains two 

tandem HARP motifs that act as an SRD to recognize ssDNA/dsDNA junctions, likely by binding 

to the ssDNA exposed on template strands upon fork stalling and uncoupling (9,14). ZRANB3’s 
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SRD also provides affinity for ssDNA/dsDNA junctions (15,21). However, the substrate 

preferences of SMARCAL1 and ZRANB3 are different (22). SMARCAL1 prefers model fork 

substrates with gaps on the leading strand and is stimulated when RPA is bound to this 

substrate, whereas ZRANB3 has no intrinsic preference and is inhibited by RPA on similar 

substrates (22,23). Similarly, HLTF does not have a preference for gaps on leading or lagging 

strands and is also inhibited by RPA (24). Unlike SMARCAL1 and ZRANB3, however, the HLTF 

substrate recognition (HIRAN) domain recognizes 3′ hydroxyl (3′OH) groups at ssDNA ends and 

is essential for fork reversal by binding to the 3′-end of the nascent leading strand (11,24-26).  

 

As a protective mechanism, replication fork reversal may stabilize a stalled replication fork until 

a converging fork can replicate the region or promote a template switching mechanism by 

annealing the nascent DNA strands, allowing for synthesis past the lesion (7,8). Fork reversal 

also places the fork-stalling DNA lesion back into the context of duplex DNA where the lesion 

could then be repaired (7,8). The ability to place the lesion back into the context of duplex DNA 

may require that the fork reversal enzymes translocate through these lesions to generate the 

reversed fork. Whether fork reversal enzymes can translocate past DNA lesions is unknown. 

Here, we investigated the ability of SMARCAL1, ZRANB3, and HLTF to catalyze fork reversal 

when challenged by various lesions. We show that SMARCAL1 and ZRANB3 are strongly 

inhibited by bulky lesions on the leading strand template and are inhibited to a lesser extent by 

lesions on the lagging strand. Strikingly, HLTF is insensitive to lesions on either strand. This 

indicates that SMARCAL1 and ZRANB3 translocate similarly on model regression substrates 

and likely contact the leading strand template during the reversal process. HLTF is 

biochemically distinct from SMARCAL1 and ZRANB3 and can more robustly translocate through 

lesions on model replication fork substrates. These results highlight important functional 

differences among these enzymes and suggest they act in lesion-specific contexts.  
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Results  

SMARCAL1 and ZRANB3 fork reversal activity is blocked by leading template strand Cy5 

modifications 

Based on previous studies suggesting there may be differences in how the SMARCAL1, 

ZRANB3, and HLTF enzymes translocate on DNA and remodel replication forks, we 

hypothesized that they could be differentially influenced by DNA lesions on the substrates. To 

test this idea, we asked if the enzymes would be differentially impeded by changes to the DNA 

backbone. We incorporated a Cy5 molecule internally between two phosphate groups of the 

DNA leaving a bulky fluorescent reporter protruding from the phosphodiester backbone (Figure 

S1). We placed the modification either on the leading or lagging template strand. When 

assembled into a fork structure, the modification is 5 nucleotides from the fork junction. We then 

tested how this modification alters the ability of SMARCAL1, ZRANB3, or HLTF to catalyze fork 

reversal. SMARCAL1 fork reversal activity is largely inhibited by the Cy5 modification when 

placed on the leading strand, but the lesion causes only a small reduction in activity when 

incorporated into the lagging strand (Figure 1A-B). Similarly, ZRANB3 activity is almost 

completely blocked when the lesion is on the leading strand but is only mildly inhibited by the 

modification on the lagging strand (Figure 1C-D). In contrast, HLTF is not inhibited when the 

Cy5 is placed on either strand (Figure 1E-F).  

 

ZRANB3 and SMARCAL1 fork reversal activity is blocked by leading strand streptavidin-biotin 

lesions 

To determine if these substrate preferences could extend to other DNA modifications including 

base alterations, we inserted a biotin group on a thymine residue in the leading or lagging 

template strand. In this case the modification was placed 20 nucleotides from the fork junction 

(Figure S1). After assembling the fork substrates, we added streptavidin to further increase the 

bulkiness of the model lesion. Similarly to the Cy5 modification, SMARCAL1 and ZRANB3 were 
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inhibited by the streptavidin-biotin moiety on the leading strand but retained most of their activity 

when the modification was on the lagging strand (Figure 2A-D). This inhibition is not due to the 

bulky lesion inhibiting binding to the substrate as these enzymes bind equally well 

(Supplemental Figure 1A-B). As seen with the Cy5 lesion, HLTF is not impeded by streptavidin-

biotin lesions on either strand and can efficiently promote fork regression in the presence of the 

bulky lesion (Figure 2E-F). This is consistent with the activities observed with the Cy5 

modification, indicating that either phosphodiester backbone or base modifications impede the 

enzymes similarly. 

 

ZRANB3 and SMARCAL1 fork reversal activity is blocked by leading strand HMCES-DPCs  

Finally, we sought to test if the strand specific inhibition of SMARCAL1 and ZRANB3 could be 

extended to a more physiologically relevant bulky lesion. One such bulky lesion is a HMCES-

DNA protein crosslink (DPC). HMCES covalently crosslinks to ssDNA AP sites through a 

conserved SOS response-associated peptidase (SRAP) domain, generating a thiazolidine 

linkage (27-30). This DPC is thought to protect AP sites in ssDNA from AP endonucleases and 

error prone repair pathways (27). Self-reversal of the HMCES-DPC is stimulated by the 

formation of duplex DNA, which could be generated from fork reversal (31,32). 

 

We first tested whether an AP site alone on the leading strand could impair translocation and 

found that none of the enzymes were inhibited (Figure 3). We then generated a HMCES-DPC 

on the ssDNA arm of a model replication fork substrate. We extended the length of the fork 

substrate to ensure that the region of ssDNA containing the AP site could be efficiently bound 

by HMCES to form a DPC (Figure S1). As seen with Cy5 and a streptavidin-biotin lesion, 

SMARCAL1 and ZRANB3 are selectively blocked when the HMCES-DPC is on the leading 

template strand (Figure 4A-D). Similar to the other conditions, the lesion on the lagging strand 

does not impair fork reversal to the same extent (Figure 4A-D). Again, this effect is the result of 
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inhibition of translocation and not reduced binding to the model substrate (Figure S2C-D). We 

were also interested if the size of the bulky lesion mattered for the selective inhibition of the fork 

reversal translocases. To that end, we proteolyzed the HMCES DPC so that there was a small 

peptide remaining. Interestingly, this peptide was not sufficient to impede fork reversal on the 

leading strand (Figure S3) indicating that DPC proteolysis could facilitate fork reversal.  

 

Discussion  

Our findings suggest that despite conservation in their ATPase domains, the fork remodeling 

enzymes SMARCAL1, ZRANB3, and HLTF have different mechanisms of fork reversal and 

translocation that may diversify cellular function. This work highlights that HLTF possesses a 

unique ability to translocate through bulky lesions, unlike SMARCAL1 and ZRANB3. 

SMARCAL1 and ZRANB3 are selectively inhibited by bulky lesions on the leading strand but not 

the lagging strand, suggesting that ZRANB3 shares a mechanism of dsDNA translocation with 

SMARCAL1. The different activities further explain why cells may need all three enzymes to 

promote fork reversal since a variety of DNA lesions can trigger fork reversal. The differences in 

their ability to translocate through strand-specific lesions, combined with other differences in 

substrate specificity may allow cells to deal with a variety of replication obstacles. It is striking 

that the differences in activity were observed regardless of the type of bulky DNA modification, 

whether it was within the DNA backbone or on the nucleobases, and regardless of the length of 

the substrate or the distance the modification was placed from the fork junction. Thus, these 

differences appear to be intrinsic to the mechanism of enzyme translocation along dsDNA.  

 

The ATP-dependent motor domains of the fork remodelers are evolutionarily related to Snf2 

family chromatin remodelers, which translocate along one strand (the “tracking strand”) while 

also making essential contacts to the non-tracking (or “guide”) strand from the minor groove 

side of the duplex (13,33-43). HLTF, like the Snf2 translocases, has been shown to have 3′-5′ 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 19, 2024. ; https://doi.org/10.1101/2024.09.17.613558doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.17.613558
http://creativecommons.org/licenses/by-nc-nd/4.0/


 8 

polarity on the tracking strand, which would place translocation along the lagging strand 

(13,33,35,44). Therefore, the fact that SMARCAL1 and ZRANB3 are selectively inhibited on the 

leading strand seems counter-intuitive and could mean that these enzymes translocate on the 

leading strand with 5′-3′ polarity. However, this interpretation is unlikely given their divergence 

from known 5′-3′ translocases (45-47). A more plausible interpretation is that SMARCAL1 and 

ZRANB3 track 3′-5′ along the lagging template strand, while also making intimate contacts to 

the leading template (guide) strand and/or the minor groove that would render SMARCAL1 and 

ZRANB3 sensitive to bulky lesions and impede translocation. Indeed, SMARCAL1 and ZRANB3 

can be distinguished from HLTF and the other Snf2 family members by the sequences of 

helicase-related motifs IIa and Vb, which make the contacts to the guide strand and minor 

groove in dsDNA translocases (13,34,48). 

 

The differences in the ability of the enzymes to work in the presence of leading or lagging strand 

modifications could also be due to how the substrate recognition domains contact DNA and 

facilitate the annealing of strands. The substrate recognition domains of SMARCAL1 and 

ZRANB3 are thought to be similar while the HLTF HIRAN domain is structurally and functionally 

different. Perhaps the substrate recognition domains of SMARCAL1 and ZRANB3 are inhibited 

by the leading strand modifications even though the ATPase domains translocate primarily on 

the lagging strand (13,33,35,44). Both SMARCAL1 and HTLF bind duplex DNA at a model 

replication fork through their ATPase domains (9,24). However, whereas the HLTF HIRAN 

domain contacts the nascent strand, the SMARCAL HARP domain contacts the template 

strands at the fork junction (9). Thus, the leading strand DNA modifications in the template 

strand may not allow the SMARCAL HARP domain or the SRD in ZRANB3 to make the proper 

contacts needed for reversal. 
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Of the three translocases, HLTF appears to be unique in its insensitivity to DNA modifications. 

This result is consistent with the recent finding that HLTF can resolve G4 structures in DNA (49) 

and remove Cas9-gRNA complexes (50). HLTF travels on dsDNA and destabilizes the G4 

structure through its translocase activity, which both unfolds the G4 structure and promotes 

reannealing of the structure-forming ssDNA to its complementary strand (49). Thus, HLTF is 

unique among the ATP-dependent translocases in this regard and may generate more force 

than SMARCAL1 or ZRANB3 to enable translocation through various impediments. Unlike the 

HARP domain of SMARCAL1 and the SRD of ZRANB3, the HIRAN domain of HLTF does not 

make extensive contacts with the ssDNA of the leading template strand. Instead, it binds the 3′ 

hydroxyl group of the nascent leading strand, perhaps explaining why it is not inhibited by any of 

the DNA modifications. Further studies are needed to fully elucidate the translocation and 

reversal mechanisms of these enzymes. 

  

This work enhances our understanding of the biochemical mechanism of fork regression by the 

ATP-dependent translocases and helps to explain the need for their seemingly redundant 

activities. While certain characteristics are shared among these Snf2 member translocases, it is 

apparent that each enzyme contains unique biochemical functions dependent on the substrate 

and context it encounters. This highlights the requirement for multiple translocases in the cell to 

efficiently handle different lesions encountered during DNA elongation to maintain genome 

stability.  
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Experimental Procedures  

Protein purification  

FLAG-SMARCAL1 and FLAG-ZRANB3 were purified from baculovirus infected Sf9 cells. Cell 

pellets were lysed in lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 

0.1% Triton-X and protease inhibitors) for 45 min at 4 °C. Lysates were cleared at 25,000 x g for 

30 min at 4 °C. Clarified lysates were added to Flag M2 affinity resin and incubated for 2 hr at 4 

°C. The lysate was then spun down at 1,200 x g for 5 min and washed 1X in lysis buffer, 2X in 

LiCl buffer (10 mM HEPES pH 7.6, 0.3 M LiCl, 20% glycerol, 0.01% Triton X-100, 1 mM DTT, 

1.5 mM MgCl2, protease inhibitors) and 2X in elution buffer (10 mM HEPES pH 7.6, 100 mM 

KCl, 1.5 mM MgCl2, 10% glycerol, 1 mM DTT). Protein was eluted in elution buffer with 0.25 

mg/mL flag peptide at 4 °C for 30 min. Protein was buffer exchanged into elution buffer without 

flag peptide, concentrated using an Amicon-Ultra 30-kDa concentrator, and stored at -80 °C. 

 

His-MBP-HLTF was purified as previously described (24). Briefly, full-length HLTF was 

expressed from baculovirus-infected Hi5 insect cells. Cells were harvested 48 hr after infection 

and lysed in Buffer A (50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 10% glycerol, 0.01% Nonidet P-

40 supplemented with protease inhibitors and 20 mM imidazole). The clarified lysate was 

incubated with Ni-NTA resin and eluted with 300 mM imidazole in Buffer A. The protein sample 

was incubated with amylose resin in 50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 10% glycerol, and 

0.01% Nonidet P-40 and eluted by on-column cleavage by TEV protease at 4 °C. Imidazole was 

added to a final concentration of 30 mM and repassed through a nickel affinity column. The 

sample was concentrated using an Amicon Ultra 30 kDa concentrator, buffer exchanged into 50 

mM Tris-HCl, pH 7.5, 250 mM NaCl, 20% glycerol, 0.5 mM EDTA, and 1 mM tris(2-

carboxyethyl)phosphine (TCEP), and stored at −80 °C. 
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Generation of fork reversal substrates  

Oligonucleotide sequences used to generate all substrates are listed in Table S1. The 

combination of oligonucleotides annealed to create each substrate are listed in Table S2 and 

illustrated in Figure S1.  

 

Cy5 labeled substrates: 48Cy5 or 48Cy5Block was annealed with 52, and 50 or 50Cy5Block 

was annealed with 53 in 1X saline-sodium citrate (SSC) buffer at 95 °C for 3 min and then 

gradually cooled to room temperature overnight. The annealed products were combined to form 

no block, lead Cy5, or lag Cy5 substrates and annealed in annealing buffer (25 mM Tris acetate 

pH 7.5, 5 mM magnesium acetate, 0.1 mg/ml BSA, 2 mM DTT) at 37 °C for 20 min and 

subsequently cooled to room temperature. The DNA substrates were then PAGE purified, 

concentrated and stored at −20 °C until further use. 

 

Internal biotin-streptavidin substrates: Oligonucleotides were end-labeled with [g-32P]-ATP and 

T4 polynucleotide kinase (NEB) and purified through a G-25 column (GE healthcare). End-

labeled lag N42 was annealed with unlabeled lag P62 or lag P62 biotin, and unlabeled lead N42 

was annealed with unlabeled lead P62 or lead p62 biotin in 1X saline-sodium citrate (SSC) 

buffer at 95 °C for 3 min and then gradually cooled to room temperature overnight. The 

annealed products were combined to form no biotin, lag biotin or lead biotin substrates and 

annealed in annealing buffer at 37 °C for 20 min and subsequently cooled to room temperature. 

The DNA substrates were then PAGE purified, concentrated and stored at −20 °C until further 

use. 

 

HMCES-DPC substrates: Oligonucleotides were end-labeled with [g-32P]-ATP and T4 

polynucleotide kinase (NEB) and purified through a G-25 column (GE healthcare). End-labeled 
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lag 82 was annealed to unlabeled lag 122 and end-labeled lead 82 was annealed to unlabeled 

lead 122 in 1X saline-sodium citrate (SSC) buffer at 95 °C for 3 min and then gradually cooled 

to room temperature overnight. The lag products were further annealed to lead 122 or lead 122 

uracil, and the lead products were further annealed to lag 122 or lag 122 uracil in annealing 

buffer at 37 °C for 20 min and subsequently cooled to room temperature to generate substrates 

with ssDNA either on the leading or lagging strand (see Table S2). The DNA substrates were 

then PAGE purified, concentrated and stored at −20 °C until further use. 

 

Fork reversal assays  

Fork reversal on a Cy5 labeled substrate was measured as previously described (14) with minor 

modifications. Assays were performed at 37 °C in buffer containing 40 mM HEPES pH 7.6, 

either 20 mM KCl (SMARCAL1), 50 mM KCl (HLTF) or 100 mM KCl (ZRANB3), 5 mM MgCl2, 2 

mM ATP, 1 mM TCEP, 100 µg/mL BSA and 5 nM DNA fork substrate. Reactions with varying 

concentration of fork reversal enzyme (0-100 nM) were quenched after 30 min by adding 

proteinase K (Sigma-Aldrich, St. Louis, MO, USA) to a final concentration of 1 mg/mL and 

incubating for 10 min. Reactions were brought to 5% glycerol (v/v) prior to electrophoresis on an 

8% non-denaturing polyacrylamide gel at 5 W for 2.5 hr. Gels were imaged for Cy5 at 635 nm 

excitation and 670 nm emission wavelengths on a Typhoon Trio variable mode imager. Band 

intensities were quantified, and data were plotted using GraphPad Prism v.10.  

 

Fork reversal on streptavidin-biotin substrates was completed by combining 3 nM of the reversal 

substrates with 12 nM of streptavidin for 10 min at room temperature in reversal buffer (40 mM 

Tris pH 7.5, 20 mM KCl, 5 mM MgCl2, 2 mM ATP, 0.1 mg/ml BSA, 2 mM DTT). Increasing 

amounts of reversal enzyme (0-30 nM) was added to initiate the reaction and reactions were 

incubated at 37 °C. Reactions were quenched after 30 min by adding proteinase K (Sigma-

Aldrich, St. Louis, MO, USA) to a final concentration of 1 mg/mL and incubating for 10 min. 
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Reactions were brought to 5% glycerol (v/v) prior to electrophoresis on an 8% non-denaturing 

polyacrylamide gel for 60 min at 80V. Gels were dried, exposed to a phosphor screen and 

imaged on a Typhoon (Cytiva). Band intensities were quantified, and data were plotted using 

GraphPad Prism v.10. 

 

For reversal on HMCES-DPC substrates first required crosslinking of HMCES to the abasic site. 

The reversal substrates were incubated with uracil DNA glycosylase (UDG)(NEB) in fork 

reversal buffer for 30 min at room temperature to generate an AP site. HMCES was then added 

in 20-fold excess to the DNA and further incubated for 30 min at room temperature. 1 nM of the 

HMCES-DPC substrate was then used for fork reversal assays. These assays were carried out 

in reversal buffer and increasing amounts of enzyme (0-30 nM) at 30 °C. Reactions were 

quenched after 30 min by adding proteinase K (Sigma-Aldrich, St. Louis, MO, USA) to a final 

concentration of 1 mg/mL and incubating for 10 min. To test progression on an abasic site 

alone, a reaction was set up in the absence of HMCES. To test if a proteolyzed HMCES DPC 

would impede translocation, the HMCES DPC was formed on ssDNA and proteinase K was 

added for 10 min before annealing to the complementary substrate. The peptide adduct on 

ssDNA was then annealed and purified as above and used in the fork reversal reaction. 

Reactions were brought to 5% glycerol (v/v) prior to electrophoresis on an 8% non-denaturing 

polyacrylamide gel for 60 min at 80V. Gels were dried, exposed to a phosphoscreen and 

imaged on a Typhoon (Cytiva). Band intensities were quantified, and data were plotted using 

GraphPad Prism v.10.  

 

Electrophoretic mobility shift assays (EMSA) 

For the gel mobility shift assay, increasing concentrations of purified SMARCAL1 and ZRANB3 

(0, 10, 50, 100 nM final concentrations) were combined with radiolabeled model fork substrates 

(1 nM final concentration) in binding buffer (40 mM Tris pH 7.5, 20 mM KCl, 5 mM MgCl2, 0.1 
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mg/ml BSA, 2 mM DTT) for 15 min at room temperature. Reactions were brought to 5% glycerol 

(v/v) prior to electrophoresis on an 8% non-denaturing polyacrylamide gel for 60 min at 80 V. 

Gels were dried, exposed to a phosphoscreen and imaged on a Typhoon (Cytiva). Band 

intensities were quantified, and data were plotted using GraphPad Prism v.10. 
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Abbreviations 

AP, abasic site; DPC, DNA protein crosslink; TLS, translesion synthesis; dsDNA, double-

stranded DNA; ssDNA, single-stranded DNA; RPA, replication protein A; SMARCAL1, 

SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A-like 

protein 1; ZRANB3, Zinc finger Ran-binding domain-containing protein 3; HLTF, Helicase-like 

transcription factor; Snf2, sucrose non-fermenter 2; SRD, substrate recognition domain; 

HMCES, Embryonic stem cell-specific 5-hydroxymethylcytosine-binding protein, ES cell-specific 

5hmC-binding protein; BSA, bovine serum albumin 
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Figure 1. Fork reversal on model replication substrates containing a Cy5 lesion. (A, C, E) 

Representative native PAGE gels for fork reversal assays performed with (A) SMARCAL1, (C) 

ZRANB3, or (E) HLTF on an unmodified DNA fork, a leading template Cy5 lesion, or a lagging 

template Cy5 lesion. DNA substrates used in fork reversal activity assays are shown with the 

Cy5 location labeled by a star (magenta). (B, D, F) Quantification of fork reversal assays 

performed in triplicate for (A) SMARCAL1, (C) ZRANB3, or (E) HLTF.   
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Figure 2. Fork reversal on model replication substrates containing a streptavidin-biotin 

lesion. (A, C, E) Representative native PAGE gels for fork reversal assays performed with (A) 

SMARCAL1, (C) ZRANB3, or (E) HLTF on an unmodified DNA fork, a leading template biotin-

streptavidin lesion, or a lagging template biotin-streptavidin lesion. DNA substrates used in fork 

reversal activity assays are shown with location of the biotin-streptavidin. (B, D, F) 
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Quantification of fork reversal assays performed in triplicate for (A) SMARCAL1, (C) ZRANB3, 

or (E) HLTF.   
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Figure 3. Fork reversal on model replication substrate containing an AP site. Quantitation 

of fork reversal by (A) SMARCAL1, (B) ZRANB3, or (C) HLTF in the presence of a leading 

strand abasic site.  
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Figure 4. Fork reversal on model replication substrates containing a HMCES-DPC. (A, C, 

E) Representative native PAGE gels for fork reversal assays performed with (A) SMARCAL1, 

(C) ZRANB3, or (E) HLTF on an unmodified DNA fork, a leading template HMCES-DPC lesion, 

or a lagging template HMCES-DPC lesion. DNA substrates used in fork reversal activity assays 

are shown with location of the HMCES-DPC. (B, D, F) Quantification of fork reversal assays 

performed in triplicate for (A) SMARCAL1, (C) ZRANB3, or (E) HLTF.   
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