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SUMMARY

Genetic evidence indicates that Saccharomyces cer-
evisiae Sgs1, Top3, and Rmi1 resolve topologically
linked intermediates arising from DNA replication
and recombination. Using purified proteins, we
show that Sgs1, Top3, Rmi1, and replication protein
A (RPA) coordinate catenation and decatenation of
dsDNA through sequential passage of single strands
of DNA, establishing a unique pathway for dsDNA
decatenation in eukaryotic cells. Sgs1 is required
for dsDNA unwinding and, unexpectedly, also has a
structural role in DNA strand passage. RPApromotes
DNA unwinding by Sgs1 by trapping ssDNA, and it
stimulates DNA strand passage by Top3. Paradoxi-
cally, Rmi1 has a unique regulatory capacity that
slows DNA relaxation by Top3 but stimulates DNA
decatenation. We establish that Rmi1 stabilizes the
‘‘open’’ Top3-DNA covalent complex formed as a
transient intermediate of strand passage. This con-
certed activity of the Sgs1-Top3-Rmi1-RPA repre-
sents an important mechanism for disentangling
structures resulting from the topological features of
duplex DNA.

INTRODUCTION

The RecQ family of DNA helicases functions tomaintain genomic

stability (Chu and Hickson, 2009). Mutations in three of the

five human members of this helicase family, BLM, WRN, and

RecQ4, result in chromosomal abnormalities that are associated

with increased cancer risk and premature aging manifested

by the Bloom, Werner, and Rothmund-Thomson syndromes,

respectively. The budding yeast Saccharomyces cerevisiae pos-

sesses a single RecQ family member, Sgs1, which is most

homologous to human BLM. This helicase was identified in

a screen for slow growth suppressors of topoisomerase III

(Top3), a phenotype that gave Sgs1 its name (Gangloff et al.,

1994). The association of RecQ helicases with a type IA topo-

isomerase is conserved from bacteria to humans, and it has

become clear that many RecQ/Sgs1/BLM functions are carried
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out in concert with the cognate-associated topoisomerase

(Bennett et al., 2000; Harmon et al., 1999, 2003; Wu et al.,

2000). More recently, additional components of this complex

were discovered, namely Rmi1 in yeast, and RMI1 and RMI2 in

human cells (Chang et al., 2005; Mullen et al., 2005; Yin et al.,

2005). Together, through direct physical interactions the eukary-

otic proteins form a functional unit termed the Sgs1-Top3-Rmi1

complex (Mankouri and Hickson, 2007).

The phenotypes of BLM�/� or sgs1 cells are complex and

reflect multiple and possibly overlapping functions. Mutants

are characterized by both mitotic and meiotic hyper-recombina-

tion associated with increased DNA crossovers, leading to chro-

mosomal translocations, rearrangements, and sister chromatid

exchanges. Slow growth, chromosome loss, and sensitivity to

various DNA-damaging agents are also characteristic (Gangloff

et al., 1994). Collectively, these findings suggest a function of

the Sgs1-Top3-Rmi1 complex at the interface of DNA recombi-

nation and replication (for review, see Mankouri and Hickson,

2007).

RecQ, Sgs1, and BLM have several functions in homologous

recombination (HR). Early in HR, they provide the important heli-

case activity or structural function needed to produce resected

double-stranded DNA (dsDNA) with a 30-ssDNA overhang in

cooperation with a specific nuclease: RecJ in E. coli (Handa

et al., 2009); Dna2 in yeast (Gravel et al., 2008; Mimitou and

Symington, 2008; Zhu et al., 2008); and either DNA2 or EXO1

in humans (Nimonkar et al., 2008, 2011). After resection, the

exposed 30-ssDNA tail becomes a substrate for a DNA strand

exchange protein, and both RecQ and BLM disrupt joint mole-

cules in vitro, indicating a likely regulatory role of RecQ homologs

in this process (Bugreev et al., 2007; Harmon and Kowalczykow-

ski, 1998). Finally, both the Sgs1-Top3 and BLM-TopoIIIa com-

plexes separate double Holliday junctions (dHJs), a late interme-

diate of HR, in a reaction that couples DNA unwinding by the

helicase with unlinking by the type IA topoisomerase to dissolve

these recombination intermediates without crossing over (Bzy-

mek et al., 2010; Cejka et al., 2010b; Plank et al., 2006; Wu

and Hickson, 2003).

The Sgs1-Top3-Rmi1 proteins also resolve structures arising

from stalled or collapsed replication forks, which arise from

lesions or adducts in the DNA. Although the exact mechanism

remains largely unknown, BLM can regress model replication

forks (Ralf et al., 2006) that, when coupled to limited DNA repli-

cation, can lead to lesion bypass. Alternatively, regression of
Inc.

mailto:sckowalczykowski@ucdavis.edu
http://dx.doi.org/10.1016/j.molcel.2012.06.032


N
o 

pr
ot

ei
n

Sgs1
Top3–Rmi1

RPA 

m
ul

tim
er

s

scDNA
ssDNA

B

1  2   3   4   5 6   7     

relaxed, 
nicked DNA

A

D

scDNA

1 2  3 4  5

m
ul

tim
er

s

Top3–++ ––

Rmi1–++––
Top3–Rmi1– – – – +

Sgs1

relaxed, 
nicked DNA

SSB

+++++
C

Rmi1 +– + + +

Sgs1 +– – – + +

Top3+– + + – +
–

m
ul

tim
er

s

scDNA

1  2    3   4   5 6       

RPA

Sgs1 (K706A)–– + – – –

nicked DNA

Figure 1. Sgs1, Rmi1, and RPA Stimulate

Formation of DNA Multimers by Top3

(A) DNA catenation.

(B) Catenation with Sgs1 (60 nM), Top3-Rmi1

(400 nM), and RPA (0.1, 0.33, 1, 3.1, and 6 mM).

(C) Catenation with Sgs1 (60 nM), Sgs1 (K706A)

(60 nM), Top3 (400 nM), Rmi1 (400 nM), and RPA

(1 mM).

(D) Catenation with Sgs1 (100 nM), Top3-Rmi1

(300 nM), Top3 (300 nM), Rmi1 (300 nM), and SSB

(3.8 mM). See also Figure S1.
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replication forks leading to gap repair was proposed to produce,

through a recombination and postreplicative repair-dependent

process, X-shaped replication intermediates (also called sister

chromatid junctions) (Bernstein et al., 2009; Carotenuto and Lib-

eri, 2010; Liberi et al., 2005). These junctions could represent

catenated DNA molecules that are template-switch interme-

diates. Interestingly, because they accumulate specifically in

sgs1, top3, and rmi1 mutants, the Sgs1-Top3-Rmi1 complex is

required for their resolution (Bernstein et al., 2009; Liberi et al.,

2005).

The Sgs1-Top3-Rmi1 complex might also resolve late rep-

lication intermediates, structures arising when two replication

forks nearly converge to leave a short region of unreplicated

dsDNA (Wang, 1991). This topologically linked intermediate

can be resolved by coupling DNA unwinding by a RecQ heli-

case to unlinking by the respective topoisomerase, as shown

in vitro for the bacterial proteins (Suski and Marians, 2008).

The BLM-TopoIIIa-RMI1 complex was observed to localize on

ultrafine DNA bridges in mitosis in human cells (Chan et al.,

2009). Thus, Sgs1-Top3-Rmi1 and homologs might also be

required for efficient completion of DNA replication, and proper

segregation of daughter chromosomes (Chu and Hickson,

2009). E. coli RecQ and Topo III were shown to catenate and

decatenate dsDNA, showing that RecQ helicase generates

ssDNA for the DNA strand passage capacity of Topo III (Harmon

et al., 1999).

The phenotype of rmi1 null mutants strongly resembles that of

top3 mutants and is also suppressible by deletion of SGS1

(Chang et al., 2005; Mullen et al., 2005), suggesting that Rmi1

is required for the function of Top3. Little is known about the

biochemical function of Rmi1/hRMI1/hRMI2. These proteins

contain OB folds (oligonucleotide/oligosaccharide binding),

which could mediate DNA binding or protein-protein interactions

(Chen and Brill, 2007; Mullen et al., 2005; Raynard et al., 2008;

Wu et al., 2006; Xu et al., 2008). In agreement, both hRMI1 (Ray-

nard et al., 2006; Wu et al., 2006) and hRMI2 (Singh et al., 2008),
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and yeast Rmi1 (Cejka et al., 2010b) stim-

ulate the dissolution of an oligonucleo-

tide-based dHJ.

Previously, we demonstrated that

Rmi1 stimulated a late step in the disso-

lution of a dHJ by Sgs1 and Top3, sug-

gesting that Rmi1 promoted, minimally,

the dissolution of a hemicatenane, the

final predicted intermediate of dHJ
dissolution (Cejka et al., 2010b). In the present study we

show that the Sgs1-Top3-Rmi1 complex can promote the

catenation and decatenation of dsDNA. Sgs1 catalytic func-

tion is needed to unwind the dsDNA to produce the ssDNA

substrate for Top3, as expected, but unexpectedly, Sgs1 is

also needed in a structural capacity for DNA strand passage.

Also unanticipated, replication protein A (RPA) promotes the

reaction beyond simply stimulating DNA unwinding by Sgs1

and trapping ssDNA. Finally, we demonstrate an unanticipated

function of Rmi1: it regulates the outcome of Top3 activity

to increase the opportunity for DNA strand passage. Rmi1

achieves this control by the unique mechanism of stabilizing

the lifetime of the Top3-DNA cleavage complex. Taken to-

gether, we show that the components of the Sgs1-Top3-Rmi1

complex and RPA act in a remarkably concerted manner to

untangle a wide variety of DNA replication and recombination

intermediates.

RESULTS

Sgs1, Top3, and Rmi1 Catalyze Formation of DNA
Multimers in the Presence of ssDNA-Binding Proteins
Previously, we showed that Rmi1 was nearly essential for deca-

tenation of the multiply linked kinetoplast circular dsDNA by

Sgs1 and Top3 into monomeric units (Cejka et al., 2010b). These

results suggested that Rmi1 has a specific but undefined

function in DNA strand passage mediated by Sgs1 and Top3.

Depending on the direction of the strand passage event, two

circular DNA molecules can be either separated (i.e., deca-

tenated) or topologically linked (i.e., catenated). Therefore, cate-

nation and decatenation should be mechanistically identical

processes, and the directionality of the reaction would be deter-

mined by reaction component concentrations (see further below)

(Harmon et al., 2003). Initially, we analyzed catenation of DNA

by the Sgs1-Top3-Rmi1 complex (Figure 1A) because the ex-

perimental variables can be more easily defined.
ptember 28, 2012 ª2012 Elsevier Inc. 887
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Figure 2. Sgs1, Top3, and Rmi1 Promote Formation of Full dsDNA

Catenanes

(A) Approaches used to distinguish various multimeric species. EtBr, ethidium

bromide.

(B) DNA substrate and catenation products using Sgs1 (100 nM), Top3

(400 nM), Rmi1 (800 nM), and SSB (3.8 mM) separated by electrophoresis

under native or denaturing conditions.

(C) Catenation products using Sgs1 (60 nM), Top3-Rmi1 (400 nM), and SSB

(3.8 mM), lane 1, were digested with EcoRI (lane 2) in the presence of 0.1 mg/ml

ethidium bromide. See also Figure S2.
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As shown in Figure 1B, Sgs1, Top3, and Rmi1 proteins

promote the formation of a modest amount of DNA multimers,

when starting with monomeric negatively supercoiled DNA

(scDNA). We observed that RPA increased the yield of DNA mul-

timers and resulted inmultimers that were often too large to enter

the agarose gel during electrophoretic analysis, remaining trap-

ped in the wells (Figure 1B, lanes 3–5). Formation of these large

DNA complexes required catalytically active Sgs1, Top3, and

was also largely dependent on Rmi1 (Figure 1C). Only a substoi-

chiometric amount of RPA was needed (�50% saturation of the

potential ssDNA), and a further increase in RPA concentration in-

hibited catenation but led to the formation of a fast-migrating

DNA species (Figure 1B, lanes 6 and 7). Subsequent analysis

of the fast-migrating species revealed that it is ssDNA produced

from the complete unwinding and unlinking of the plasmid

substrate into its component single strands (see Figure S1A

available online). Thus, these proteins comprise a highly active

DNA unwinding and strand passage complex.

RPA not only binds ssDNA but also physically and functionally

interacts with Sgs1 to promote DNA unwinding (Cejka et al.,

2010b; Cobb et al., 2003). To separate the effect of binding

to ssDNA from direct stimulation of Sgs1, we substituted RPA

with E. coli SSB, which does not interact with Sgs1 (Cejka

et al., 2010b; Cobb et al., 2003). In this case the reactions

produced a distinct pattern of DNA multimeric bands that ex-

tended above the monomer species, with only a small fraction

of DNA remaining in or near the wells (Figure 1D). Although utili-

zation of the scDNA substrate was similar to the experiments

with RPA, SSB stimulated the reactions to a lower extent, as

measured by the amount of the larger multimeric complexes

(compare Figures 1B–1D). As was the case with RPA, Rmi1

greatly stimulated the reaction: without Rmi1, multimers were

barely detectable (Figure S1B, lane 7); increasing the Rmi1

concentration led to a proportional increase in DNA multimers

(Figure S1B, lanes 7–11). The formation of themultimeric product

was dependent on time (Figure S1C), concentration of Top3-

Rmi1 (Figure S1D), and barely detectable in the absence of

Rmi1 (Figure S1E). The requirement for Sgs1, Top3, Rmi1, and

RPA makes it unlikely that a contaminating eukaryotic type II

topoisomerase is responsible for the catenation, but to eliminate

that possibility, we added etoposide, which is a potent inhibitor

of eukaryotic type II topoisomerases. The etoposide did not

inhibit the multimerization reaction (Figure S2A) but did inhibit

a type II topoisomerase control reaction (Figure S2B), confirming

our conclusion that the catenation is specific to the type IA topo-

isomerase, Top3, and either requires or is greatly stimulated by

Sgs1, Rmi1, and RPA.

The DNA Multimers Produced by Sgs1, Top3, and Rmi1
Are Catenanes
Next, we set out to identify the nature of the multimers produced

by Sgs1-Top3-Rmi1. For these experiments, multimers pro-

duced by the protein complex in the presence of SSB were

used initially because the distinct ‘‘ladder’’ formed with SSB

facilitated analysis. The multimers were expected to fall into

one of three classes of DNA species, or the combination thereof:

(1) denatured and randomly annealed ssDNA molecules, (2)

hemicatenanes, or (3) full catenanes (Figure 2A). When the
888 Molecular Cell 47, 886–896, September 28, 2012 ª2012 Elsevier
products of an Sgs1-Top3-Rmi1 reaction were analyzed by

denaturing gel electrophoresis, the slower-migrating multimeric

species were maintained, demonstrating that the multimers are

topologically linked (Figure 2B), either as hemi- or full catenanes,

and are not annealed ssDNA.

Hemicatenanes, which comprise another possibility for the

multimeric species, are dsDNA molecules linked only by a single

strand of one duplex wrapped around a single strand of another

duplex; they can be distinguished from full catenanes by several

complementary approaches. The first approach uses digestion

with a restriction endonuclease that cuts once within the mono-

mer (Harmon et al., 1999). Full catenanes will fall apart into

monomeric linear dsDNA, whereas hemicatenanes will remain

entangled (Figure 2A). Ethidium bromide was present in the

reaction to limit thermal DNA branch migration of the hemicate-

nane off the end of the linearized DNA. Figure 2C (lane 2) and

Figure S2C show that digestion with EcoRI caused themultimers

to collapse into a band that comigrated with linear substrate

DNA, suggesting that the DNA multimers are full catenanes. To

verify this identification, we exploited the structure-selective

endonuclease T7 Endonuclease I, which cleaves ssDNA, DNA

mismatches, and branched DNA molecules including HJs (Fig-

ure S2D), but not dsDNA (de Massy et al., 1987), and is thus ex-

pected to cleave hemicatenanes to produce nicked or linear

DNA monomers. As shown in Figure S2E (compare lanes 1 and

2), the DNA multimers were refractory to T7 Endonuclease I,
Inc.
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Catenation products using Sgs1 (60 nM), Top3-Rmi1 (400 nM), and RPA
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suggesting that they are neither hemicatenanes nor structures

with any ssDNA character. Finally, we treated the catenated

multimers with Drosophila Topo II. Topo II will decatenate full

catenanes, but not hemicatenanes (Berger et al., 1996). When

incubated with Topo II, all of the multimers formed by Sgs1-

Top3-Rmi1 were decatenated into relaxed monomeric dsDNA

(Figure S2E). Collectively, these experiments show that the

majority, if not all, of the multimers produced by Sgs1-Top3-

Rmi1 are full catenanes. Full catenanes were also the products

of catenation by RecQ and Topo III (Harmon et al., 1999),

implying that this is conserved activity of this RecQ-topoisomer-

ase pair.

Catenation Is Specific to the Cognate Complex of Yeast
Proteins
To investigate whether the protein-protein interactions are im-

portant for catenation, we replaced the yeast protein compo-

nents of this complex with homologous proteins from E. coli or

humans. BLM helicase, hTopo IIIa, EcTopo I, nor hRMI1 could

replace their respective yeast homologs (Figure S3A). Therefore,

the catenation reaction is specific to the yeast proteins, implying

that direct protein-protein interactions are an integral part of the

reaction mechanism.

Sgs1, Top3, and Rmi1 Can Decatenate Topologically
Linked DNA
To this point, we have demonstrated that the yeast Sgs1-

Top3-Rmi1 complex can efficiently catenate dsDNA molecules.

We expected DNA strand passage to be reversible and the

catenation reaction to be in equilibrium with decatenation (Har-

mon et al., 2003). Consequently, we next tested whether Sgs1-

Top3-Rmi1 could decatenate the multimeric catenanes. We

prepared catenanes by incubating monomeric circular dsDNA

with Sgs1-Top3-Rmi1-RPA, and deproteinized and purified the

resulting DNA products. A significant proportion of the purified

product comprised large catenanes that do not enter the aga-

rose gel during electrophoresis (Figure 3, lane 1). This purified

catenated DNA was the substrate for subsequent reactions,

where we varied both the Sgs1 and the Top3-Rmi1 concentra-

tions. In the presence of RPA, we found that the Sgs1-Top3-

Rmi1 complex greatly reduced the amount of catenanes trapped

in the wells, and converted a portion into monomeric circular

dsDNA or into catenanes with a smaller number of units (Fig-

ure 3). The fraction of the large catenated complex that was con-

verted to monomeric circles was inversely correlated with the

concentration of the Sgs1-Top3-Rmi1 complex. A decrease in

the Sgs1-Top3-Rmi1 concentration of approximately 10- to 20-

fold favored decatenation over catenation (Figure 3). As ex-

pected, the Sgs1-Top3-Rmi1 complex exhibited a decatenation

activity in the presence of SSB as well (Figure S3B). In summary

the yeast Sgs1-Top3-Rmi1 complex can both catenate and dec-

atenate DNA, with the directionality of the reaction driven by the

concentration of Sgs1, Top3, and Rmi1.

Sgs1 Unwinds Covalently Closed dsDNA
Because catenation by Sgs1-Top3-Rmi1 required the helicase

activity of Sgs1 (Figure 1C), we expected that the unwinding

activity of Sgs1 provides Top3 with ssDNA, which is the
Molecu
preferred substrate of this type IA topoisomerase. To detect

DNA unwinding, we employed a Topo I-coupled assay used

previously by Harmon et al. (1999). As illustrated in Figure 4A,

helicase activity on covalently closed DNA in the presence of

a ssDNA-binding protein results in the production of a denatured

region, which leads to positive supercoiling within the remaining

duplex region of the substrate.Wheat germ Topo I can rapidly re-

move this positive supercoiling. Upon deproteinization, removal

of the ssDNA-binding protein results in renaturation of the dena-

tured ‘‘bubble,’’ revealing negative scDNA (Figure 4A). Using this

assay, we show that Sgs1 is indeed capable of unwinding cova-

lently closed dsDNA (Figure 4B). This reaction is dependent on

ATP hydrolysis indicating that the activity is not a result of simple

protein binding (Figure 4B). Clearly, Sgs1, similarly to E. coli

RecQ helicase (Harmon et al., 1999), can unwind covalently

closed dsDNA, and does not require a free end for loading

onto DNA. The unwinding of dsDNA thus likely represents the

first step in the dsDNA catenation/decatenation mechanism.

Sgs1 Has a Structural Role in the Catenation of DNA
Thus far, we demonstrated that catalytically active Sgs1 is

required, together with Top3 and Rmi1, for catenation. There-

fore, the unwinding activity of Sgs1 likely generates ssDNA,

which then becomes a substrate for the strand passage activity
lar Cell 47, 886–896, September 28, 2012 ª2012 Elsevier Inc. 889
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of Top3. To confirm this hypothesis, we utilized a covalently

closed dsDNA substrate containing a 450 nt region of unpaired

ssDNA (Figure 5A). The Sgs1-Top3-Rmi1 complex, as expected,

converted this substrate into multimers (Figure 5A, lane 2) as

effectively as the fully duplex DNA. Surprisingly, when Sgs1

was omitted, therewas little catenation by Top3-Rmi1 alone (Fig-

ure 5A, lane 10), despite the presence of a preexisting region of

ssDNA in all of the molecules. However, when the Sgs1 (K706A)

helicase-dead mutant, which was ineffective in the standard

reactions (Figure 1C), was added to Top3-Rmi1 and the bubbled

DNA, formation of multimeric catenanes was restored to the

same extent as seen with wild-type Sgs1 (Figure 5A, compare

lanes 2 and 6). This result shows that Sgs1 has an unexpected

structural role in promoting DNA catenation that is independent

of its helicase activity. Sgs1, thus, has two functions in the cate-

nation of fully duplex DNA: (1) the helicase activity of Sgs1 is

required to unwind duplex DNA, and (2) the physical presence

of Sgs1 protein is needed to promote DNA strand passage by

the Top3-Rmi1 heterodimer.

RPA Promotes DNA Strand Passage by Top3-Rmi1
Independently of Its Role in Stimulating DNA Unwinding
by Sgs1
The catenation of dsDNA was stimulated by RPA but also to

a lower degree by the noncognate SSB protein (Figure 1). The

likely explanation is that SSB acts nonspecifically by trapping

ssDNA created by Sgs1-catalyzed unwinding, whereas RPA, in

addition to this nonspecific role, acts specifically via its direct

interaction with and stimulation of Sgs1 (Cejka and Kowalczy-

kowski, 2010; Cobb et al., 2003). However, because of the pre-

existing noncomplementary ssDNA in theDNAbubble substrate,

Sgs1 helicase function is not necessary, and neither RPA nor

SSB should be needed. As we anticipated, SSB did not stimulate
890 Molecular Cell 47, 886–896, September 28, 2012 ª2012 Elsevier
the catenation of the bubbled DNA substrate (Figure 5A,

compare lanes 3 and 4). Unexpectedly, however, RPA clearly

stimulated catenation of the bubbled DNA by Sgs1-Top3-Rmi1

(Figure 5A, compare lanes 2 and 4). The effect of RPAwas largely

dependent on the presence of Sgs1 (Figure 5A, compare lanes 2

and 10), but the helicase-dead (Sgs1 K706A) protein could also

function with this bubbled DNA, but only in the presence of

RPA, and not with SSB (Figure 5A, compare lanes 6 and 8).

This shows that RPA not only promotes unwinding of dsDNA

by Sgs1 and binds to the unwound products but that it

also specifically stimulates DNA strand passage by Top3-Rmi1

when complexed with Sgs1. This surprising result reveals an

unanticipated species-specific function of RPA in dsDNA cate-

nation that cannot be explained by specific stimulation of DNA

unwinding by Sgs1; rather, RPA specifically affects DNA strand

passage by Top3-Rmi1 via its interaction with Sgs1.

Catenation of dsDNA Occurs Primarily through the
Gating of Single Strands of DNA
Type IA topoisomerases such as Top3 act by transiently cleaving

ssDNA, and it is believed that these enzymes then pass ssDNA

through the open ‘‘gate’’ (reviewed in Baker et al., 2009); how-

ever, the crystal structure of E. coli Topo III raised the possi-

bility that these proteins can pass dsDNA through the open

ssDNA gate (Changela et al., 2001). The catenation of dsDNA

by Sgs1-Top3-Rmi1-RPA requires the passage of four DNA

strands. This may occur either through four sequential ssDNA

passages, which can take place when two ssDNA ‘‘bubbles,’’

formed by the helicase activity of Sgs1 on two separate DNA

molecules, encounter one another. Alternatively, one ssDNA

bubble on a single DNA molecule may be sufficient, provided

that Top3 can pass a DNA duplex through the open gate, per-

forming the catenation/decatenation reaction in only two steps.

To determine the mechanism of the DNA catenation by the

Sgs1-Top3-Rmi1 complex, we performed the catenation reac-

tion using a mixed population of bubbled and fully duplexed

circular DNA monomers as substrate (Figure 5B). As expected,

Sgs1-Top3-Rmi1 converted both substrates into multimeric

catenanes. Importantly, however, when wild-type Sgs1 was re-

placed by the helicase-dead Sgs1 (K706A) mutant, the bubbled

DNA was more efficiently converted into the catenane network

than the fully complementary dsDNA (Figure 5B, lane 11). We

further verified these findings by performing kinetic experiments

(Figures 5C and S4). These results demonstrate that Top3-Rmi1

in the physical presence of a helicase-defective Sgs1 can gate

dsDNA, although the rate is �10-fold slower than for ssDNA.

Thus, the catenation of dsDNA by Sgs1-Top3-Rmi1 occurs

more rapidly through four sequential passages of single strands

of DNA, but dsDNA can nonetheless be passed through the gate

eliminating the obligatory need for two simultaneous ssDNA

bubbles in the dsDNA partners.

Rmi1 Stalls Top3-Mediated Relaxation of scDNA
Top3 is a type IA DNA topoisomerase, the hallmark activity of

which is relaxation of negative scDNA, which occurs by a

three-step reaction mechanism (reviewed in Viard and de la

Tour, 2007). The type IA topoisomerases bind to one strand of

DNA through either opportunistic binding of a preexisting ssDNA
Inc.
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Figure 5. Sgs1 and RPA Play a Structural Role in DNA Catenation

(A) Catenation with ‘‘bubbled’’ DNA (10 ng/ml), Sgs1 or Sgs1 (K706A) (60 nM),

Top3-Rmi1 (400 nM), and RPA (1 mM) or SSB (3.8 mM). Reactions were incu-

bated with NaCl (500 mM, 5 min) before termination.
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bubble, or induced local denaturation of a dsDNA duplex upon

binding. Once bound, the topoisomerase creates a transient

ssDNA break in one of the DNA strands of the duplex. This break

occurs by transesterification that creates a transient covalent

intermediate between the topoisomerase and the 50-terminated

end of the break, while remaining bound to the other, 30-termi-

nated DNA end to preserve DNA integrity. This creates a protein

gate in the DNA backbone that allows passage of the intact

ssDNA through the break; the topoisomerase then completes

the reaction by bringing the two ends of the broken strand

back together and reversing the transesterification reaction,

sealing the break and dissociating from the DNA. In vitro, these

assays are typically performed at elevated temperatures and in

a reaction buffer containing high glycerol and low monovalent

and divalent salt concentrations to facilitate the reaction by de-

stabilizing the DNA duplex (Chen and Brill, 2007). Starting with

negative scDNA, the expected products of these reactions are

partially relaxed DNA and a small fraction of nicked DNA result-

ing from the trapping of the covalent Top3-DNA intermediate

upon rapid deproteinization (see scheme atop Figure 6A; Kung

and Wang, 1977). Because Rmi1 had a strong effect on cate-

nation by Top3, we sought to determine its effect on relaxation

by Top3.

Top3 also has a vigorous relaxation activity, as indicated by

the appearance of topoisomer bandswith a reduced electropho-

retic mobility relative to negative scDNA (Figure 6A). Rmi1, as ex-

pected, showed no relaxation activity (Figure 6A). Surprisingly,

Top3 and Rmi1, purified either separately or together as a heter-

odimer, processed the scDNA to form a large fraction of appar-

ently nicked DNA upon standard termination with SDS, EDTA,

and Proteinase K (Figure 6A, lanes 4 and 5). We verified the

DNA species as nicked by analyzing the reaction products on

an agarose gel containing ethidium bromide during electropho-

resis, which can resolve nicked from fully relaxed DNA (Fig-

ure 6A, lanes 4 and 5; compare upper and lower panels). Neither

Top3 nor Rmi1 showed significant nicking activity when incu-

bated with substrate separately, showing that Top3-Rmi1 is

responsible for this activity. To determine whether these nicks

were the result of Top3 that was stalled by Rmi1 in a state that

kinetically preserved the covalent intermediate, NaCl was added

at the end of the 30 min incubation period to 500 mM, and the

reaction was incubated for an additional 5 min before inactivat-

ing the proteins with SDS, EDTA, and Proteinase K. These condi-

tions are known to allow type IA topoisomerases to complete

the ligation of open complexes while preventing rebinding and

subsequent strand scission (Kung and Wang, 1977). These

termination conditions completely prevented nicking, resulting

in partially relaxed DNA as the sole product (Figure 6A, lane 8);

in contrast, and as expected, addition of NaCl to 500 mM prior

to initiation of the reaction completely inhibited relaxation (Fig-

ure 6A, lane 7). No catenation of DNA was observed under these

conditions (Figure S5A). Thus, Rmi1 was apparently trapping the
(B) Catenation with both fully dsDNA and ‘‘bubbled’’ DNA, and Sgs1 or Sgs1

(K706A), Top3 or Top3-Rmi1 and RPA as in (A).

(C) Kinetics of catenation for bubbled DNA versus dsDNA using Top3-Rmi1,

RPA, and either Sgs1 or Sgs1 (K706A); quantification is from two independent

experiments ± SEM. See also Figure S4.
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Figure 6. Rmi1 Slows Top3-Dependent Relaxation of Negatively

scDNA and Increases the Steady-State Amount of Top3-DNA Cova-

lent Intermediates

(A) Relaxation of negative scDNA by Top3 and Rmi1 expressed individually or

as a heterodimer (all 100 nM), lanes 1–5, plus either EDTA (25 mM, lane 6) or

NaCl (0.5 M, lane 7); in lane 8, NaCl (0.5 M) was added at the end of a standard

30 min incubation for 5 min.

(B) Quantification of nicked dsDNA in reactions terminated with SDS/EDTA/

Proteinase K.

(C) Quantification of relaxed DNA in reactions terminated with NaCl followed

by SDS/EDTA/Proteinase K. Quantification is from two independent

experiments ± SEM.

(D) Model for the effect of Rmi1 on the catalytic activity of Top3. By stabilizing

the nicked ‘‘open’’ Top3-DNA intermediate, Rmi1 inhibits DNA relaxation but

promotes DNA catenation. See also Figure S5.
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covalently linked, ‘‘open’’ intermediate formed between Top3

and DNA.

To further substantiate this conclusion, we examined the

consequences of changing Rmi1 concentrations. Increasing

the Rmi1 concentration increased the amount of DNA that was

nicked (in the absence of NaCl treatment) (Figures 6B and

S5B). Interestingly, and consistent with our interpretations,

when these same reactions were treated with NaCl to eliminate

nicking, we found that increasing Rmi1 concentration reduced

relaxation of scDNA by Top3 (Figures 6C and S5B). In addition a

time course of Top3 and Top3-Rmi1 reactions indicated that the

Rmi1-dependent nicking occurred on the same timescale as

Top3-catalyzed relaxation (Figure S5C). Taken together, these

data indicate that Rmi1 transiently slows Top3-catalyzed relaxa-

tion by kinetically stabilizing the Top3-DNA covalent interme-

diate. As a consequence, the steady-state concentration of the

nicked Top3-DNA intermediate is increased, which is revealed

upon rapid deproteinization of the complex (Figure 6B). We

believe that this specific regulatory function of Rmi1 promotes

the physiologically relevant reaction (i.e., decatenation), while in-

hibiting DNA relaxation (Figure 6D).

DISCUSSION

Our experiments have revealed unexpected functions for the

Sgs1, RPA, and Rmi1 proteins in regulating DNA strand passage

by the topoisomerase, Top3. Top3 belongs to the type IA

topoisomerase family. These enzymes catalyze the passage of

one strand of DNA through a transient break in another strand

(Viard and de la Tour, 2007). We showed that Sgs1, Top3,

Rmi1, and RPA are all required for efficient conversion of circular

dsDNA into topologically linked dsDNA rings, i.e., catenanes.

The catenation reaction is reversible and in equilibrium with the

physiologically more relevant decatenation reaction because

the same protein complex can separate interlinked dsDNA rings

as well.

How can a type IA topoisomerase, such as Top3, which

requires ssDNA as a substrate, promote catenation and decate-

nation of dsDNA?We show that Sgs1 helicase activity is required

when the DNA is fully duplex and that Sgs1 can unwind dsDNA at

internal sites without the need for a free end. Thus, the first step

in dsDNA linking and unlinking is formation of a ssDNA bubble by

the helicase activity of Sgs1.This unwound region is trapped

by RPA binding, which prevents its reannealing. RPA functions

in a species-specific capacity to promote DNA unwinding by

Sgs1 (Cejka and Kowalczykowski, 2010). Furthermore, DNA

unwinding by Sgs1 is stimulated by both Top3 and Rmi1 via

specific protein-protein interactions (Cejka et al., 2010a). The

unwound ssDNA is a substrate for Top3 that, due to its tight

association with Sgs1, permits delivery of Top3 to the ssDNA

and the coordination of DNA unwinding and strand passage.

Unexpectedly, this species-specific interaction between Sgs1

and Top3 is essential even when the requirement for Sgs1 heli-

case function is bypassed through the use of DNA containing

a noncomplementary ssDNA bubble. In this case, Sgs1 protein

is physically required, but catalytic function is not. Thus, Sgs1

plays a role both in DNA unwinding, where its helicase activity

is essential, and in DNA strand transfer by Top3, where it serves
Inc.
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a structural role. Similarly, and unexpectedly, RPA also has

a structural role in the promotion of DNA strand passage by

Top3 that is also revealed in the experiments with ssDNA

bubbles. This structural function of RPA is also largely depen-

dent on the physical presence of Sgs1, revealing the network

of protein-protein interactions that are mostly centered on Sgs1.

DNA strand passage was strongly stimulated by Rmi1, a

known interacting partner of both Sgs1 and Top3. We showed

that Rmi1 stabilizes a kinetic intermediate of the Top3 reaction,

where the topoisomerase remains covalently bound to a tran-

sient ssDNA break in a conformation that allows passage of

the intact DNA strand through the open gate (Figure 6D). We

hypothesize that by increasing the lifetime of this ‘‘open’’ inter-

mediate, the Rmi1-Top3-DNA complex has a higher probability

of a productive encounter with another strand of DNA in a

different molecule (in trans) to permit its passage through the

open gate and thereby promote DNA catenation/decatenation.

We conclude that ssDNA molecules are primarily being passed

through the open gate, although dsDNA can pass as well, albeit

at a slower rate. We also established, as might be expected

from this model for Rmi1 function, that Rmi1 inhibits DNA

relaxation, which is the passage of DNA though a gate within

the same DNA molecule (in cis). Thus, Rmi1 serves as an impor-

tant discriminatory factor that inhibits DNA relaxation by Top3

and, instead, promotes the physiologically more relevant DNA

decatenation.
Molecu
Collectively, these experiments revealed that the components

of the Sgs1-Top3-Rmi1 and RPA complex have multiple func-

tions, both catalytic and structural, to promote the activity of

the other members of this complex. We propose the following

model for dsDNA decatenation by the Sgs1-Top3-Rmi1 and

RPA complex (Figure 7A). Sgs1 first unwinds dsDNA, and the re-

sulting ssDNA is bound and stabilized by RPA. This enables

Top3 to bind its preferred substrate, ssDNA, as a part of the

Sgs1-RPA complex. Subsequently, Top3 catalyzes sequential

rounds of DNA strand passage, which are both regulated and

specifically stimulated by Sgs1, Rmi1, and RPA. DNA strand

passage most often occurs via consecutive ssDNA transfers

through the open gate. DsDNA can be passed through the

ssDNA gate as well, albeit at a lower rate (�10-fold). We hypoth-

esize that Sgs1 and RPA might also facilitate formation of a

higher-order complex of Top3-Rmi1, which could help coordi-

nate multiple-strand transfer reactions required in this model,

and also to explain the observed structural role of Sgs1 and

RPA in DNA catenation. Compatible with this idea, multimeric

forms of the Sgs1 homolog, BLM, were observed by electron

microscopy (Karow et al., 1999).

What is the physiological relevance of the observed reac-

tions? During various DNAmetabolic processes such as replica-

tion or repair, it is essential to relieve superhelical twists and

disentangle chromosomal DNA. These functions are carried

out by the three topoisomerases, Top1, Top2, and Top3, in
lar Cell 47, 886–896, September 28, 2012 ª2012 Elsevier Inc. 893
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yeast (Wang, 1991). Topoisomerase I (Top1) is a type IB enzyme

that relaxes dsDNA through a transient ssDNA break and rota-

tional swiveling (Baker et al., 2009), whereas topoisomerase II

(Top2) is a type II enzyme, which transports dsDNA through

a transient dsDNA break (Berger et al., 1996). Top3 in conjunc-

tion with Sgs1 and Rmi1, and its homologs, can untangle various

DNA molecules by transporting any DNA through a transient

ssDNA break (Cejka et al., 2010b; Chan et al., 2007; Harmon

et al., 1999; Plank and Hsieh, 2006; Suski and Marians, 2008;

Wu and Hickson, 2003). In yeast, sgs1 top1 and top3 top1

double mutants show that synthetic growth defects or are

not viable (Lu et al., 1996; Tong et al., 2001), suggesting that

Sgs1-Top3 functions in a parallel pathway to that of Top1,

although the relevant DNA intermediates and functions are not

known. The sgs1 helicase-dead (K706R) top1 double mutant

has a faster growth rate than sgs1 top1, and this effect is depen-

dent on direct interaction between the Sgs1 (K706R) mutant and

Top3 (Weinstein and Rothstein, 2008). These genetic experi-

ments are in agreement with the in vitro data presented here

that defined a structural role for Sgs1 in promoting DNA catena-

tion/decatenation by Top3.

A pair of converging replication forks can stall before comple-

tion, leaving a region of unreplicated DNA between the two forks.

This unreplicated DNA (termed a late replication intermediate,

Figure 7B) is topologically entangled (Suski and Marians, 2008;

Wang, 1991). The activity of the Sgs1-Top3-Rmi1 complex and

its homologs (Chan et al., 2007; Suski and Marians, 2008) can

disentangle this structure. This occurs through decatenation of

single strands of DNA, a property of Sgs1-Top3-Rmi1 and its

homologs. The situation when only one DNA strand gets fully

replicated before the other gives rise to another DNA interme-

diate with topologically linked single and double strands of

DNA (Figure 7B). Based on the results presented here, the

Sgs1-Top3-Rmi1 and RPA complex would be uniquely able to

process this DNA structure. Full replication of both DNA strands

would result in intertwined (catenated) dsDNA (Wang, 1991). This

structure would be a good substrate for Top2, although our

results presented here indicate that it could also be decatenated

by the Sgs1-Top3-Rmi1 complex (Figure 7B). In this regard it is

relevant that human cells lacking the BLM helicase are specifi-

cally sensitive to ICRF 193 (Marple et al., 2006). This drug inhibits

the ATPase activity of Topo II and, when used at lower concen-

trations, causes the accumulation of DNA catenanes associated

with a transient G2 phase cell-cycle arrest (Robinson et al.,

2007). In contrast, BLM-deficient cells are not sensitive to etopo-

side (Marple et al., 2006), a drug that prevents DNA religation by

Topo II, resulting in DNA double-strand breaks with the topo-

isomerase being covalently attached to the DNA ends, and

presumably repair by recombination or NHEJ. These results

suggest that BLM/Sgs1 could function in a backup pathway

when dsDNA catenanes accumulate due to compromised

dsDNA decatenation activity of Topo II.

The Sgs1-Top3-Rmi1 proteins and their homologs also clearly

function in DNA repair, where they dissolve dHJs to complete

HR, among other functions (Cejka et al., 2010a, 2010b; Plank

et al., 2006;Wu and Hickson, 2003). This occurs through conver-

gent migration of the Holliday junctions by Sgs1-Top3 via unlink-

ing of ssDNA (Cejka et al., 2010b). The last predicted interme-
894 Molecular Cell 47, 886–896, September 28, 2012 ª2012 Elsevier
diate in the dissolution pathway is a hemicatenane (Figure 7B).

We showed previously that Rmi1 specifically promoted the latter

unlinking steps of dissolution; in the absence of Top3 or Rmi1,

a multiply linked hemicatenane-like structure would persist. We

have proposed that such structures may represent the stalled

intermediates that form in top3 (or rmi1) mutants due to the

essential function of these proteins in resolving catenanes linked

by ssDNA. These intermediates may be responsible for the char-

acteristic slow growth of top3 and rmi1 mutants, which would

then be rescued by sgs1 mutation by preventing unwinding of

dHJs into multiply linked hemicatenanes (Liberi et al., 2005)

and allowing alternative nucleolytic resolution pathways access

to an interlinked pathological structure (Mankouri et al., 2011).

The experiments presented here are compatible with this idea,

in that they reveal that the Sgs1-Top3-Rmi1 and RPA complex

very efficiently unlinks hemicatenanes. Our results, implicating

Sgs1-Top3-Rmi1 and RPA in the untangling of intermediates

containing dsDNA, can now be used to relate the phenotypes

associated with sgs1 mutations to their biochemical functions.

Deletions in sgs1 reveal a genetic separation of recombination-

and replication-associated functions (Bernstein et al., 2009);

analysis of their biochemical activities would illuminate the

complexities of Sgs1-Top3-Rmi1 and RPA function in the untan-

gling of DNA as well as in other functions of these multifaceted

proteins.

In summary we demonstrate here that the Sgs1-Top3-Rmi1

and RPA complex can decatenate a wide variety of topologically

linked DNA structures, both single and double stranded (Fig-

ure 7B). Due to the associated unwinding activity of Sgs1, and

the regulatory roles of Rmi1 and RPA, the type IA topoisomerase,

Top3, employs a distinctive mechanism to mediate and regulate

topological transactions. By integrating these multiple activities,

the Sgs1-Top3-Rmi1 and RPA complex can unlink two-, three-,

and four-stranded DNA intermediates that are generated in the

course of repair and replication, and consequently, it possesses

unique advantages relative to other topoisomerases in the broad

spectrum of topologically linked molecules that it can disen-

tangle and dissolve.
EXPERIMENTAL PROCEDURES

Catenation Assay

Reactions (20 ml) contained 25 mM Tris-acetate (pH 7.5), 1 mM magnesium

acetate, 37.5 mM NaCl, 0.1 mM dithiothreitol, 1 mM phosphoenolpyruvate,

100 mg/ml BSA (New England BioLabs), 80 U/ml pyruvate kinase (Sigma-

Aldrich), 1 mMATP, 10 ng/ml pUC19 negative scDNA, and RPA or SSB, as indi-

cated. Mixtures were assembled on ice, and Top3 and/or Rmi1 was added.

Reactions were initiated by adding Sgs1 and shifting the temperature to

30�C. After incubation for 30 min, unless noted otherwise, reactions were

stopped with 6 ml STOP buffer (150 mM EDTA, 2% SDS, 30% glycerol, and

0.1% bromophenol blue) and 1 ml Proteinase K (14–22 mg/ml; Roche) for

60 min at 37�C. Where indicated, reactions were supplemented with 100 mM

etoposide (Sigma-Aldrich). Products were analyzed by electrophoresis in

1% agarose TAE buffer (40 mM Tris-acetate [pH 8.0] and 1 mM EDTA) either

with or without ethidium bromide (0.1 mg/ml). Where indicated, the de-

proteinized reaction products were purified by extraction with both phenol

and phenol-chloroform and ethanol precipitation, and incubated with Sgs1,

Top3, and Rmi1; T7 Endo I (New England BioLabs, in NEB buffer 2); or EcoRI

(New England BioLabs, in NEB buffer 2), or DmTopo II (in 50 mM Tris-HCl [pH

7.5], 60 mM KCl, 10 mMMgCl2, 1 mM ATP, 0.1 mM EDTA, and 30 mg/ml BSA).
Inc.



Molecular Cell

Decatenation of DNA by Sgs1, Top3, Rmi1, and RPA
Topo I-Coupled Unwinding of Covalently Closed Plasmid DNA

Relaxed pUC19 dsDNAwas prepared from negative scDNA using wheat germ

Topo I (Promega). The DNAunwinding reactions were carried out and analyzed

as described for catenation assays except that 10 ng/ml pUC19 relaxed DNA,

2.3 mMRPA, 0.25 U/ml wheat germ Topo I, and indicated Sgs1 were used, and

NaCl was omitted.

Relaxation of Negatively scDNA

Reactions contained 25 mM sodium HEPES (pH 7.0), 5 mM sodium acetate,

100 mg/ml BSA, 0.2 mM EDTA, 0.3 mM magnesium acetate, 32% glycerol,

10 ng/ml pDHJS AN+ negative scDNA (Plank and Hsieh, 2006), and proteins

as indicated. The reactions were assembled on ice and incubated at 42�C
for 30 min. Where indicated, the reactions were supplemented with 2 ml 5 M

NaCl at the end of the 30min incubation period for 5min at 42�C. The reactions
were then stopped and analyzed as described above.
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