
Restriction of Replication Fork Regression Activities by a 
Conserved SMC Complex

Xiaoyu Xue1, Koyi Choi2,3, Jacob N. Bonner2,3, Tamara Chiba1,5, Youngho Kwon1, 
Yuanyuan Xu1, Humberto Sanchez4, Claire Wyman4, Hengyao Niu1, Xiaolan Zhao2,3,*, 
Patrick Sung1,*

1Department of Molecular Biophysics and Biochemistry, Yale University School of Medicine, New 
Haven, CT 06520, USA 2Molecular Biology Program, Memorial Sloan Kettering Cancer Center, 
New York, NY 10065, USA 3Programs in Biochemistry, Cell, and Molecular Biology, Weill 
Graduate School of Medical Sciences of Cornell University, New York, NY 10021, USA 
4Departments of Radiation Oncology and Genetics, Cancer Genomics Center, Erasmus 
University Medical Center, 3000CA Rotterdam, The Netherlands

SUMMARY

Conserved, multi-tasking DNA helicases mediate diverse DNA transactions and are relevant for 

human disease pathogenesis. These helicases and their regulation help maintain genome stability 

during DNA replication and repair. We show that the structural maintenance of chromosome 

complex Smc5-Smc6 restrains the replication fork regression activity of Mph1 helicase, but not its 

D-loop disruptive activity. This regulatory mechanism enables flexibility in replication fork repair 

without interfering with DNA break repair. In vitro studies find that Smc5-Smc6 binds to a Mph1 

region required for efficient fork regression, preventing assembly of Mph1 oligomers at the 

junction of DNA forks. In vivo impairment of this regulatory mechanism compensates for the 

inactivation of another fork regression helicase and increases reliance on joint DNA structure 

removal or avoidance. Our findings provide molecular insights into replication fork repair 

regulation and uncover a role of Smc5-Smc6 in directing Mph1 activity towards a specific 

biochemical outcome.

INTRODUCTION

Successful completion of DNA replication requires pathways that protect, repair, or restart 

replication forks. These pathways and their regulation are indispensable for genome 
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maintenance, and their dysregulation underlies the pathogenesis of cancer-prone diseases 

(Cox et al., 2000; Weinert et al., 2009). While many protein factors relevant to these 

pathways have been identified, how they act or regulate one another remains poorly 

understood. Insights into this question are crucial for understanding how the integrity of our 

genome is maintained.

Current evidence suggests that stalled or impaired replication forks can be processed in 

multiple ways that lead to different outcomes. One of the least understood routes is the 

regression of replication forks. Specialized DNA motor proteins can generate regressed 

DNA replication forks in vitro and in cells (e.g. Betous et al., 2012; Blastyak et al., 2007; 

Gari et al., 2008; Hu et al., 2012; Ralf et al., 2006; Sun et al., 2008; Zheng et al., 2011). 

While replication fork regression can facilitate continuity of replication when encountering 

an obstacle, such as by enabling lesion bypass or removal upon template strand reannealing, 

it can also lead to undesirable consequences. For instance, the four-way DNA junction 

stemming from fork regression can be processed by nucleases and/or break repair 

mechanism to result in illegitimate ligation or toxic intermediates (Cotta-Ramusino et al., 

2005; Couch et al., 2013; Doe et al., 2002; Hu et al., 2012; Sun et al., 2008; Yeeles et al., 

2013). Additionally, replication fork regression likely entails replisome disassembly, which 

presents a challenge to the resumption of DNA synthesis. For these reasons, alternative fork 

rescue mechanisms, such as translesion DNA synthesis, are thought to provide a safer means 

for lesion tolerance or removal while preserving replisome integrity. Conceptually, these 

other pathways would be facilitated by down-regulation of fork regression activity. Indeed, 

DNA damage checkpoint kinases can mitigate fork regression (Couch et al., 2013; Hu et al., 

2012). Currently, little is known about fork regression regulatory mechanisms. To tackle this 

issue, we have examined the regulation of the budding yeast Mph1 helicase by the Smc5-

Smc6 complex.

Mph1 and its orthologs, such as human FANCM, which is mutated in the cancer prone 

syndrome Fanconi anemia, and fission yeast Fml1, are multifunctional DNA motor proteins 

(Whitby, 2010). Fork regression by these enzymes is relevant for replication fork repair but 

can lead to the generation of recombination intermediates that are difficult to resolve 

(Chavez et al., 2011; Chen et al., 2009; Choi et al., 2010; Gari et al., 2008; Sun et al., 2008; 

Whitby, 2010; Zheng et al., 2011). These motor proteins are also capable of dissociating D-

loops made by the Rad51 recombinase, leading to a non-crossover outcome in chromosomal 

break repair by homologous recombination (e. g. Crismani et al., 2012; Lorenz et al., 2012; 

Prakash et al., 2009; Sun et al., 2008). In mitotic cells, the D-loop dissociative activity of 

these proteins is favored since it minimizes the risk of the loss of heterozygosity, whereas 

replication fork regression catalyzed by them must be properly restrained to avoid the 

accumulation of toxic DNA joint molecules. How the replication fork regression activity of 

these proteins is specifically restrained in mitotic cells remains an open question. 

Interestingly, genetic and two-dimensional gel analyses have suggested a role for Smc5-

Smc6, a conserved structural maintenance of chromosome complex, in Mph1 regulation 

(Chavez et al., 2011; Chen et al., 2009; Choi et al., 2010; Sun et al., 2008). Notably, 

mutations in Smc5-Smc6 lead to growth impairment, hypersensitivity to replicative stress, 

and the accumulation of joint DNA structures during replication (Chavez et al., 2011; Chen 

et al., 2009; Choi et al., 2010; Sollier et al., 2009; Torres-Rosell et al., 2007) Deletion of 
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MPH1 or inactivation of Mph1 helicase activity alleviates these phenotypes in Smc5-Smc6 

mutants, whereas overexpression of Mph1 exacerbates them (Chavez et al., 2011; Chen et 

al., 2009; Choi et al., 2010).

In this study, we elucidate the molecular mechanism by which Smc5-Smc6 regulates Mph1. 

Our results show that, via Smc5, Smc5-Smc6 interacts with and attenuates the replication 

fork regression activity of Mph1 without negatively impacting upon D-loop disruption 

catalyzed by it. Intriguingly, while the effect of Smc5 is reliant on Mph1 interaction, its 

DNA binding activity is dispensable for this functional attribute. By biochemical analyses, 

atomic force microscopy (AFM), and electron microscopy (EM), we furnish evidence that 

Smc5 interferes with Mph1 oligomer formation at the junction of a DNA fork structure. Our 

results not only offer mechanistic insights into how a conserved replication regression motor 

protein engages DNA forks and is regulated to minimize the generation of toxic DNA 

intermediates, but also reveal a novel strategy that SMC employs to channel an impaired 

replication fork into alternate pathways of repair and restart.

RESULTS

Regulation of Mph1 fork regression activity by Smc5-Smc6

To elucidate the action mechanism of Smc5-Smc6, we performed a battery of biochemical 

experiments using highly purified proteins. His6-Flag-tagged Mph1 expressed in insect cells, 

His6- or MBP-tagged Smc5 expressed in E. coli, and Strep-tagged Smc5, Smc6, and Smc5-

Smc6 expressed in yeast were purified to greater than 85% homogeneity (Figures 1A and 

S1A, Supplemental Experimental Procedures). By affinity pulldown, we showed that Smc5 

interacts directly with Mph1, confirming a previous finding (Figure S1B) (Chen et al., 

2009). In addition, we found that Smc5-Smc6 retains this interaction while Smc6 does not 

bind Mph1 (Figure S1B). Thus, Smc5-Smc6 interacts with Mph1 through Smc5.

We first investigated how Smc5, Smc6, and Smc5-Smc6 influence the replication fork 

regression activity of Mph1. For this, we used a radiolabeled, oligonucleotide-based 

substrate resembling a replication fork, in which homology in the two duplex arms permits 

regression to occur (i.e. mobile replication fork structure or MRF). MRF regression 

mediated by Mph1 and its orthologs yields a Holliday junction (HJ) intermediate that is 

branch migrated to form two duplex molecules, one of which harbors the radiolabel (Figure 

1B) (Gari et al., 2008; Sun et al., 2008; Zheng et al., 2011). In the presence of ATP, Mph1 

catalyzes fork regression efficiently, such that 2 nM of the protein could convert ~ 90% of 

the substrate (5 nM) into product after 4 min of incubation (Figure 1B). Importantly, the 

addition of a stoichiometric quantity of Smc5 or Smc5-Smc6 (0.5–4 nM) led to increasingly 

strong inhibition of product formation (Figure 1B). For instance, 4 nM Smc5 or Smc5-

Smc6, inhibited this reaction > 4 fold, while the same concentration of Smc6 had no effect. 

Smc proteins and the Smc complex are devoid of MRF-processing ability (Figure 1B), and, 

as expected (Zheng et al., 2011) and the helicase-defective mph1-D209N mutant protein is 

ineffective (Figure 1B).

We next asked whether Smc5, Smc6 and their complex would affect Mph1-dependent 

processing of the HJ, a structure derived from fork regression (Figure 1B). We employed a 
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radiolabeled mobile HJ (MHJ), branch migration of which yields two duplexes with one 

harboring the radiolabel (Figure 1C) (Gari et al., 2008; Zheng et al., 2011). As for the MRF, 

stoichiometric amounts of Smc5 and Smc5-Smc6, but not Smc6, were able to strongly 

inhibit branch migration of the MHJ by Mph1 (Figure 1C). Neither the Smc species nor 

mph1-D209N dissociated the MHJ (Figure 1C). These results demonstrate that Smc5-Smc6 

does not process MRF or MHJ structures but effectively restrains Mph1 from doing so, and 

that Smc5 is key to mediating this effect.

Specificity of Smc5-Smc6 action

To determine the specificity of the inhibitory action of Smc5 and Smc5-Smc6, we first tested 

how they affected FANCM and Rad54 that exhibit similar activities as Mph1 (Bugreev et al., 

2006; Gari et al., 2008). Neither Smc5-Smc6 (Figures S1C–S1D) nor Smc5 (Figure S1E–

S1F) had a significant effect on the processing of MRF and MHJ by FANCM or by Rad54. 

These results indicate that the inhibitory effect of Smc5-Smc6 and Smc5 on Mph1-mediated 

reactions does not stem from a nonspecific steric effect on substrate accessibility.

We then tested whether Smc5-Smc6 also affects the D-loop dissociation activity of Mph1 

using oligonucleotide-based or Rad51-generated D-loops. By itself, Smc5-Smc6 could not 

disrupt these substrates and even appeared to enhance Mph1-mediated dissociation (Figure 

1D and data not shown). This stands in contrast to the complex’s strong inhibitory effect on 

Mph1-mediated MRF and MHJ processing. Lastly, we found that Smc5-Smc6 exerts no 

effect on the 3′-5′ helicase activity of Mph1 and has no helicase activity on its own (data 

not shown).

Dependence of Smc5 action on Mph1 interaction

We strived to understand the mechanism by which Smc5-Smc6 negatively regulates Mph1 in 

fork regression and HJ branch migration. First, we asked if this regulation relies on physical 

interaction between Mph1 and Smc5. As summarized in Figure 2A and exemplified in 

Figure 2B, yeast two-hybrid analysis found that the region spanning amino acid residues 

754-993 in Mph1 is both necessary and sufficient for binding Smc5 and a minimal Smc5 

region critical for Mph1 interaction (smc5-CC, see below). Additional deletion analysis 

identified three segments - S1 (residues 750-810), S2 (residues 914-933), and S3 (residues 

973-993) - involved in Smc5 interaction, as deletion of each segment reduced Smc5 binding, 

with S1 conferring partial interaction with Smc5 (Figures 2A and 2B).

To ascertain the relevance of the Mph1-Smc5 interaction, we generated ΔS1 and ΔS1-S3 

deletion mutants. In addition, as the S1 segment is conserved among Mph1 orthologues from 

Saccharomyces species particularly at hydrophobic and charged residues, some of these 

residues were replaced by alanine to yield the mph1-15A mutant (Figure 2C). Affinity 

pulldown using the three purified mph1 mutant proteins (Figure 2D) showed that mph1-ΔS1 

and mph1-15A are significantly impaired for Smc5 binding (Figure 2E), and mph1-ΔS1-S3 

is completely defective in this regard (Figure S2A).

We found that none of the above mutations affects the ATPase activity of Mph1 (Figure 

S2B), its D-loop dissociative activity (Figure S2C), or MRF binding (Figures S2D–S2E, and 

data not shown). In addition, they show very similar profiles as the wild-type protein when 
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analyzed by circular dichroism (Figures S2G–S2H). These analyses demonstrate that the 

mutant mph1 proteins are properly folded. We did find that the mutants are moderately 

impaired for MRF regression activity (Figures 2F and S2I). Thus, the S1-S3 region appears 

to be required for maximal fork regression by Mph1 but not for DNA binding, ATPase, or D-

loop disruption. As the S1-S3 region does not bind MRF (Figure S2F), its effect on 

replication fork regression is not due to DNA association. Importantly, replication fork 

regression by mph1-ΔS1 and mph1-15A is only slightly affected by Smc5 (Figure 2F), and 

mph1-ΔS1-S3 is unresponsive to Smc5 (Figure S2I). Similarly, MHJ branch migration 

mediated by these mutant proteins is either unresponsive or largely unaffected by Smc5 

(Figure S2J–S2K). Thus, regulation of Mph1-mediated fork regression or branch migration 

is contingent upon physical interaction with Smc5 in a region of Mph1 required for maximal 

enzyme activity.

Like other members of the SMC family, Smc5 harbors three domains: a “hinge”, an 

extended anti-parallel coiled coil, and a globular “head” composed of the N- and C-termini 

(Figure S3A). Smc5 coiled coil fragments, but not the hinge or head region, interact with 

Mph1 in yeast two hybrid analysis (Figure S3A), and the larger coiled coil region is as 

proficient as full-length Smc5 in binding Mph1 or S1-S3 (Figures S3A and 2B). While this 

Smc5 fragment is refractory to purification, the coiled coil and hinge fragment (smc5-ΔNC) 

can be purified, and it associates with Mph1 with the same affinity as Smc5 (Figure S3B). 

Importantly, smc5-ΔNC reduces Mph1 fork regression activity as much as Smc5 (Figure 

S3C). Since smc5-ΔNC is devoid of any MRF binding ability while Smc5 has only a modest 

affinity for MRF (Figure S3D), inhibition of Mph1 is independent of DNA binding by Smc5. 

This conclusion is also consistent with the lack of interference by Smc5 in FANCM- and 

Rad54- mediated DNA processing (Figure S1E–S1F).

Interference of Mph1-substrate engagement by Smc5

To obtain additional mechanistic insights, we examined a plasmid-based sigma-shaped 

structure that more closely resembles a replication fork (Blastyak et al., 2007; Ralf et al., 

2006). With this substrate, fork regression yields a HJ, which can branch migrate over 2.9 kb 

to generate a radiolabeled linear product and an unlabeled circular one (Figure 3A). This 

large substrate is ideal for order-of-addition experiments that would allow us to distinguish 

between whether Smc5 inhibits Mph1 engagement with the substrate or interferes with 

Mph1 function at a later step. Pre-incubation of Mph1 with Smc5 led to a strong inhibition 

of product formation (Figure 3B, left). This inhibition again depends on Smc5-Mph1 

interaction, as Smc5 had little effect on product formation by mph1-ΔS1 (Figure 3B, right). 

In contrast, Mph1 pre-bound to the sigma structure is unresponsive to Smc5 (Figure 3C). 

These observations suggest that Smc5 blocks the productive engagement of Mph1 with its 

substrate rather than antagonizing substrate-bound Mph1.

Prevention of Mph1 oligomerization at DNA junctions by Smc5

AFM allows direct imaging of DNA, proteins, and their complexes at the single molecule 

level (Hansma et al., 2004). MRF with two arms of 170 base pairs and one arm of 150 base 

pairs and monomeric Mph1 are clearly discernable by AFM (Figures 4A (i–ii) and S4A–

S4B). When Mph1 was incubated with this substrate, ~80% of the DNA molecules became 
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Mph1-bound at the junction point within the substrate (Figures 4A (iii) and 4B). Junction-

bound Mph1 was larger than Mph1 alone (compare Figure 4A (ii) vs. (iii)). Volume analysis 

from AFM images indicated that Mph1 protein consists of a mixture of monomers and 

dimers (Figure 4C). In contrast, the predominant DNA junction bound Mph1 harbored 6–8 

protomers with additional populations being equivalent to ~12 and ~18 protomers (Figure 

4C). These analyses thus showed that Mph1 associates with the DNA junction of a MRF as 

defined multimeric complexes.

We also used metal shadowing EM to show that Mph1 specifically recognizes the junction 

point in the MRF (Figure S4C). Moreover, compared with Mph1 alone (Figure S4C (iii), (v) 

and (vi), circled) and Mph1 associated with a 3′ ssDNA overhang (Figure S4C (ii), yellow 

arrows), Mph1 species bound to the MRF junction (Figure S4C (iii)–(vi), white arrows) are 

clearly larger, again indicative of protein oligomerization. The EM experiments thus provide 

further support for Mph1 oligomerization at DNA junctions.

Importantly, AFM analysis showed that Smc5, added in slight excess over Mph1, reduces 

the frequency of Mph1-MRF complexes about 5 fold (Figures 4A (iv) and 4B). Like Mph1, 

mph1-ΔS1-S3 also forms oligomers at the MRF junction, but these are resistant to Smc5 

(Figures 4A (v–vi) and 4B). No significant binding of Smc5 to the MRF was detected by 

this method (Figure 4A (vii)). Taken together, these results reveal that Mph1 oligomerizes on 

the junction point within the MRF, and that Smc5 prevents Mph1-substrate engagement in a 

manner that requires its interaction with Mph1.

Genetic compensation and sensitization by mph1-ΔS1

We examined mph1ΔS1 mutant cells genetically to understand the biological relevance of 

Mph1 regulation. This mph1 mutant is most suitable for in vivo analysis, as the S2 and S3 

regions in Mph1 are involved in additional interactions, such as with the ssDNA binding 

protein RPA (Banerjee et al., 2008). Our biochemical data predicted that mph1-ΔS1 would 

confer increased fork regression ability, but this effect could be mild, as the mph1-ΔS1 

protein retains residual Smc5 binding (Figures 2B and 2E). To test this prediction, we first 

examined whether mph1-ΔS1 would compensate for the loss of fork regression function of 

the Rad5 protein. Rad5 has been implicated in replication fork rescue, and mutation of 

residues D681 and E682 to alanine (rad5-DEAA) in helicase motif II abolishes its fork 

regression activity and results in sensitivity to the fork blocking agent MMS (Blastyak et al., 

2007; Gangavarapu et al., 2006; Minca and Kowalski, 2010). We found that mph1-ΔS1 
indeed partially suppresses rad5-DEAA MMS sensitivity (Figure 4D). As Rad5 also 

participates in lesion bypass along with the Mms2-Ubc13 ubiquitin enzyme complex, we 

examined whether mph1-ΔS1 would alleviate the MMS sensitivity of mms2Δ cells but found 

no suppression (Figure 4D). Thus, mph1-ΔS1 appears to specifically compensate for the 

rad5 mutant’s fork regression defect.

We reasoned that increased fork regression by mph1-ΔS1 would also increase reliance on 

enzymes that resolve structures stemming from regressed replication forks. We found that 

although mph1-ΔS1 by itself shows only mild sensitivity to MMS, its survival in the 

presence of MMS requires Srs2, which prevents the formation of recombination 

intermediates, and Mms4, which resolves these intermediates (Figure 4D and S4D). 
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Specifically, a strong synergism of mph1-ΔS1 with the mms4Δ or srs2Δ mutation was seen 

(Figure 4D). Together, the genetic interactions documented herein complement our 

biochemical results in showing that impaired Smc5-mediated regulation of Mph1 activity 

renders cells reliant on enzymes for joint DNA molecule removal or avoidance, yet 

compensates for the defect in another DNA motor protein.

DISCUSSION

Our results show that Smc5-Smc6 restrains the replication fork regression and DNA branch 

migration activities of Mph1, but not the latter’s D-loop dissociative and DNA unwinding 

functions. We have also presented several lines of evidence to support the conclusion that 

Smc5 regulation of Mph1 does not require Smc5 DNA binding, but rather stems from its 

direct interaction with Mph1. These results challenge the canonical view of SMC proteins as 

a DNA-tethering entity whose coiled coil domain serves only a structural role, and suggest 

that SMC complexes employ versatile and dynamic protein interactions as an additional 

means of regulating DNA metabolism/transactions. AFM and EM analyses have provided 

evidence that Mph1 functions as an oligomer to mediate fork regression. To our knowledge, 

this is the first molecular description of how a replication fork regression enzyme engages its 

substrate and is consistent with previous accounts of oligomerization of DNA branch 

migrating enzymes (Petukhova et al., 1999; Ristic et al., 2001; West, 1997). Our results 

suggest that Smc5 regulates Mph1 by preventing the ability of the latter to oligomerize at 

fork junctions by targeting a region needed for optimal enzymatic activity.

Based on our findings and the literature, we present the following model for the relationship 

between Smc5-Smc6 and Mph1 in DNA replication (Figure 4E). Smc5-Smc6, shown to 

localize in vivo to stalled forks (Ampatzidou et al., 2006; Lindroos et al., 2006), restrains the 

fork regression and branch migration activities of Mph1 (➀ and ➁). While some degree of 

regression can be beneficial for fork restart (Michel et al., 2001; Whitby, 2010), studies 

presented here and elsewhere indicate that it must be tightly controlled (Couch et al., 2013; 

Hu et al., 2012) to allow translesion DNA synthesis-mediated fork bypass and prevent the 

formation of excessive joint DNA molecules (Chavez et al., 2011; Chen et al., 2009). We 

speculate that after DNA synthesis templated from the sister strand, Smc5-Smc6 may favor 

the reversal of fork regression by restraining Mph1 activity (➃). Our results shed light on a 

novel function of Smc5-Smc6 and should provide a molecular context for understanding 

how fork regression is regulated in other eukaryotic cells. As Smc5 alone is sufficient for 

Mph1 inhibition, other subunits of the complex must perform additional functions integral to 

the regulatory mechanisms documented for this complex, such as protein modifications by 

SUMO and ubiquitin as well as chromosome loading (Chiolo et al., 2011; Doyle et al., 2010; 

Duan et al., 2009; Kegel et al., 2010; Zhao and Blobel, 2005). Future work to elucidate how 

this SMC complex integrates multiple roles will provide further insights into genome 

protection mechanisms.
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EXPERIMENTAL PROCEDURES

Preparation of proteins

Due to space limitation, the purification of recombinant proteins (Mph1 and its mutants, 

Smc5 and its fragments, Smc6, and Smc5-Smc6) is described in detail in the Supplemental 

Experimental Procedures.

Replication fork regression and branch migration assays

The substrates (MRF, MHJ, and sigma structure) were prepared as described (Blastyak et al., 

2007; Gari et al., 2008; Ralf et al., 2006). The replication fork regression and branch 

migration reactions followed protocols used previously to characterize Mph1/FANCM 

activities (Gari et al., 2008; Singh et al., 2010; Zheng et al., 2011), as detailed in the 

Supplemental Experimental Procedures. We note that previous studies have shown that all 

the Mph1-catalyzed reactions, including DNA fork regression, DNA branch migration, DNA 

unwinding, and D-loop disruption, require ATP hydrolysis (Gari et al., 2008; Prakash et al., 

2009; Sun et al., 2008; Zheng et al., 2011). Additional experimental details for the 

replication fork regression and DNA branch migration assays, affinity pulldown assay, 

ATPase assay, yeast two hybrid assay, AFM analysis, metal shadowing electron microscopy 

analysis, DNA mobility shift assay and D-loop formation and disruption assays are provided 

in the Supplemental Experimental Procedures. The yeast strains used in this study are 

summarized in Table S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Inhibition of Mph1-catalyzed DNA fork regression and branch migration by Smc5-
Smc6
(A) Purified Smc5, Smc6, Smc5-Smc6, and Mph1. Coomassie Blue stain of the proteins 

after SDS-PAGE is shown. (B–C) The influence of Smc5, Smc6, and Smc5-Smc6 on Mph1-

catalyzed regression of the movable replication fork (MRF, B) and branch migration of the 

movable Holliday junction (MHJ, C). DNA substrates were at 5 nM and reactions were 

incubated at 30 °C for 4 min. Schematics of the MRF, Holliday junction (HJ) intermediate, 

and final products (B) and the MHJ and final products (C) are shown on top. (D) Smc5-

Smc6 does not affect Mph1-catalyzed D-loop dissociation. Rad51-mediated D-loop 

formation is shown on top. The D-loop dissociative activity of Mph1 was examined with and 

without Smc5-Smc6 after a 4-min incubation at 30 °C. NP, no protein control. Average of 

triplicates ± SD are graphed at the bottom in (B–D). See also Figure S1.
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Figure 2. Smc5 regulation of Mph1 is contingent upon their interaction
(A) Yeast two hybrid result that delimit the Smc5 interaction domain in Mph1. The relative 

strength of the Mph1 species for Smc5 interaction is indicated. (B) Examples of yeast two 

hybrid assays involving Mph1 fragments with Smc5 or the coiled coil domain of Smc5 

(smc5-CC). (C) Alignment of Mph1 S1 region from Saccharomyces species. Fifteen 

conserved residues changed to alanine in mph1-15A are indicated by asterisks. (D) Purified 

Mph1 and its three mutant variants. Coomassie Blue stain of the proteins after SDS-PAGE is 

shown. (E) Mutant mph1 proteins exhibit reduced Smc5 binding. Affinity pulldown results 

are shown and the relative ratio of Mph1 or its mutants to Smc5 in the eluate (E) is 

indicated. S: supernatant. W: wash. (F) Deleting or mutating the S1 region of Mph1 largely 

abolishes Smc5 inhibitory effect in Mph1-catalyzed MRF regression. Mph1 or its mutants (2 
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nM) with or without Smc5 (4 nM) were incubated with MRF (5 nM) at 30 °C for indicated 

time. Average of triplicates ± SD are graphed at the bottom. See also Figure S2 and Figure 

S3.
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Figure 3. Inhibition of Mph1-catalyzed sigma structure processing by Smc5
(A) Schematic of the plasmid-based sigma structure and its processing. Fork regression 

converts the sigma structure (σ) into a HJ, and complete branch migration yields a nicked 

circular duplex (P1) and radiolabeled linear duplex (P2). (B) Smc5 inhibits processing of the 

sigma structure by Mph1 but has no effect on the equivalent reaction mediated by mph1-

ΔS1. Mph1 or mph1-ΔS1 (4 nM) were preincubated with Smc5 (40 nM) before adding 0.6 

nM of the sigma substrate and incubation at 30 °C for 5, 15 and 30 min. (C) Pre-incubation 

of sigma structure substrate with Mph1 alleviates inhibition by Smc5. NP, no protein control. 

The values plotted are the averages of triplicates ± SD (B–C).
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Figure 4. AFM analysis of the effect of Smc5 on Mph1 engagement with MRF and genetic tests 
of mph1-ΔS1
(A) Representative AFM images are shown for the following: MRF alone (i), Mph1 alone 

(ii), Mph1 incubated with MRF (iii), Mph1 and Smc5 incubated with MRF (iv), mph1-ΔS1-

S3 incubated with MRF (v), mph1-ΔS1-S3 and Smc5 incubated with MRF (vi), and Smc5 

incubated with MRF (vii). (B) Quantification of the AFM data. The numbers ofMph1-MRF 

complexes over the total number of MRF molecules sampled are indicated. For example, 

among 1236 MRF molecules examined, 977 were bounded by Mph1, whereas when Mph1 

was pre-incubated with Smc5, only 165 were bounded by Mph1 among 1085 MRF 

molecules examined. (C) Distribution analysis of protein volume from AFM images of 

Mph1 protein alone and Mph1 bound to MRF DNA, expressed as Mph1 monomer 

equivalents. For Mph1 protein alone the fitted red line, R2=0.98, has a mean=1.4 ± 0.9 

Xue et al. Page 15

Mol Cell. Author manuscript; available in PMC 2015 November 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(S.D.) (n=167). The distribution of particle volume for Mph1 complexes bound to MRF 

DNA plotted in a histogram was best fitted to a Gaussian distribution with three populations 

(red line, R2=0.95, mean of the first peak=7.3 ± 1.7 (S.D.), mean of the second peak=12 ± 

2.5 (S.D.), mean of the third peak=17.4 ± 0.8 (S.D.), (n=82). (D) mph1-ΔS1 rescues the 

MMS sensitivity of the rad5 helicase dead allele (rad5-DEAA) but not that of mms2Δ, and is 

sensitized by srs2Δ and mms4Δ. The number of cells spotted is indicated for each column. 

(E) Model depicting the roles of Mph1 and Smc5-Smc6 in replication fork repair. See main 

text for details. See also Figure S4 and Table S2.
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