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Double Holliday junctions (dHJS) are important intermediates of homologous recombina-
tion. The separate junctions can each be cleaved by DNA structure-selective endonucleases
known as Holliday junction resolvases. Alternatively, double Holliday junctions can be
processed by a reaction known as “double Holliday junction dissolution.” This reaction
requires the cooperative action of a so-called “dissolvasome” comprising a Holliday junction
branch migration enzyme (Sgs1/BLM RecQ helicase) and a type IA topoisomerase (Top3/
Topollla) in complex with its OB (oligonucleotide /oligosaccharide binding) fold containing
accessory factor (Rmi1). This review details our current knowledge of the dissolution process
and the players involved in catalyzing this mechanistically complex means of completing

homologous recombination reactions.

or decades, homologous recombination

(HR) was defined as a mechanism for the
production of new allelic combinations during
meiosis because it can generate so-called cross-
ing-over (see Mehta and Haber 2014). Cross-
overs are likely generated by the asymmetric
cleavage of a key intermediate in HR, the dH]J,
by the action of structure-selective endonucle-
ases called “resolvases” (Fig. 1A) (see Wyatt and
West 2014). In addition to its essential function
during meiosis, HR has proven to be a crucial
DNA repair pathway in mitotic cells. Precisely
because it has the potential to generate crossing-
over, the resolution of dH]J by resolvases affords
a high risk of genomic instability in these cir-
cumstances. Indeed, when HR is engaged be-
tween two homologous chromosomes or two
homeologous sequences, dH]J resolution could
lead, respectively, to loss of heterozygosity or
gross chromosomal rearrangements. Thus, an

alternative mechanism allowing dHJ processing
without crossing-over would appear essential
when HR is used for DNA repair. Such a mech-
anism, termed dHJ dissolution, is thought to be
a major route for dissipation of dHJs arising
from HR repair (LaRocque et al. 2011; Krejci
et al. 2012). During dH]J dissolution, the two
HJs are branch migrated toward one another
until they form a hemicatenated intermediate
that can be decatenated by a topoisomerase
(Fig. 1B). This sophisticated reaction is per-
formed by the so-called “dissolvasome” com-
plex composed of a specific RecQ helicase
(BLM in humans/Sgs1 in budding yeast) and
a type IA topoisomerase known as topoisomer-
ase III (Fig. 2; for general reviews about RecQ
helicases and topoisomerases, see Champoux
2001; Wang 2002; Bachrati and Hickson 2003;
Viard and de la Tour 2007; Chu and Hickson
2009; Vindigni and Hickson 2009.
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Figure 1. Double Holliday junction processing pathways. (A) During HJ resolution, each HJ of a dHJ is cleaved
by a structure-selective endonuclease (resolvase). Depending on the combination of cleavage orientations,
which can be asymmetric or symmetric, this process can generate both crossover and noncrossover products.
In contrast, during dissolution (B), each strand engaged in the dHJ is reassociated with its original comple-
mentary strand, preventing exchange of genetic material between the two homologous sequences (and hence
generating exclusively noncrossover products). DHJ dissolution (B) is initiated by migration of the HJs toward
one another. The fusion/collapse of the two HJs results in a hemicatenated intermediate. Decatenation of this
intermediate regenerates the original DNA species present before the initiation of HR.

In this review, we first take a historical look
at the experimental evidence that led some
groups to formulate the proposal that a reaction
akin to dissolution must exist, and which then
led Wu and Hickson (2003) to confirm its exis-
tence by reconstitution of the dissolution reac-
tion in vitro using purified proteins. Following
that, we will review the individual and com-
bined roles of the components of what we will
term the dHJ dissolvasome. Although many
mechanistic aspects of dHJ dissolution remain
obscure, several biochemical studies have pro-
vided a general understanding of this concep-
tually simple, but mechanistically complex, re-
action.

BACKGROUND TO THE DISCOVERY OF DH]
DISSOLUTION

Well before the discovery of the dH]J dissolution
process, the two catalytic subunits of the dissol-
vasome, a specific RecQ helicase and a type IA
topoisomerase, were individually known for
their crucial role in preventing genomic insta-
bility generated during HR.

Background on RecQ Helicases

Although the first RecQ helicase family member
to be identified was RecQ of Escherichia coli, this
review will focus on the eukaryotic homologs,
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Figure 2. Domain organization of RecQ helicases, topoisomerases IA, and RMI proteins. (A) Most of the RecQ
helicase members share a superfamily 2 helicase domain (SF2), a RecQ conserved domain (RQC), and a helicase
and RNase D carboxy-terminal domain (HRDC). Besides this “RecQ core” domain, some RecQ helicases
contain amino-terminal and carboxy-terminal extensions that vary in size, sequence, and functionality (e.g.,
SLD2 homology domain in RECQ4, and a signature motif in the carboxy-terminal domain of RECQ5). The
hatched boxes denote partially degenerate RQC domains. BLM /Sgs1 helicases share a common domain orga-
nization, including an amino-terminal extension that includes domains for interaction with both Topolll/
RMI1 (TR) and replication protein A (RPA), in addition to a region that has been proposed to be required for
DNA strand exchange (SE) activity. (B) All type IA topoisomerases contain a conserved catalytic domain
(topoisomerase IA). Some topoisomerase IA enzymes also exhibit a carboxy-terminal extension, frequently
composed of zinc finger motifs (black boxes), which is believed to mediate protein—DNA and protein—protein
interactions. The contribution of the carboxy-terminal extension to dissolution is unknown. The regions
interacting with other components of the dissolvasome are unknown. (C) In RMI1 proteins, only the
DUF1676 and the OB-fold domain 1 (OB1) are conserved from yeast to human. The OBI associates with
both BLM/Sgs1 and topoisomerase II1 (BT/ST). In addition, human RMI1 exhibits a carboxy-terminal exten-
sion, composed of a middle region, which mediates RPA binding, and a second OB fold (OB2), which is able to
associate with RMI2. RMI2 is also an OB-fold protein (OB3) that stably associates with the dissolvasome in
human cells. In total, therefore, the human RMI1/2 complex contains three OB folds.

because they are better characterized in terms of
their interactions with dHJs (for a detailed re-
view on RecQ of E. coli, see Nakayama 2005).
Nevertheless, it is clear that the malfunction of a
RecQ helicase causes genome instability in all
organisms (for review, see Chu and Hickson
2009; Bernstein et al. 2010; Larsen and Hickson
2013). In particular, a consistent observation in
recQ helicase mutants is an increase in the fre-
quency of crossing-over, which is generally de-
tected by scoring the level of sister chromatid

exchanges (SCEs) or loss of heterozygosity be-
tween homologs. For example, Saccharomyces
cerevisiae sgs] mutants show elevated levels of
mitotic HR, illegitimate recombination (Gang-
loff et al. 1994; Watt et al. 1996; Yamagata et al.
1998; Onoda et al. 2000), and gross chromo-
somal rearrangements (Myung et al. 2001;
Myung and Kolodner 2002). More specifically,
Ira et al. (2003) showed that sgsI mutants have
an elevated frequency of crossing-over during
HR, suggesting a role of Sgsl1 in crossover sup-
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pression. Among the five human RecQ homo-
logs, BLM is believed to be an Sgsl ortholog.
Sgs1 and BLM share similar sequences, domain
architecture, and functionality (Fig. 2) (Kusano
etal. 1999). BLM is defective in a rare autosomal
recessive disorder called Bloom’s syndrome (BS)
characterized by growth retardation, immune
deficiency, reduced fertility, sensitivity to sun-
light, and a high risk of developing various types
of cancer (German 1993; Luo et al. 2000). Cells
derived from BS patients show genomic insta-
bility, including the hallmark feature of an ele-
vated frequency of crossover recombination—
as scored by measuring SCE (Chaganti et al.
1974; German 1993).

Background on Type IA Topoisomerases

All topoisomerases are crucial for the proper
transmission of the genetic information caused
by their essential role during maintenance of
cellular DNA supercoiling homeostasis and de-
catenation of sister chromatids in mitosis (for
review, see Champoux 2001; Wang 2002; Viard
and de la Tour 2007). It is worth noting that a
subclass of topoisomerases, known as the type
IA topoisomerase, plays little or no direct role in
chromosome segregation or in regulating DNA
supercoiling. Nevertheless, type IA topoisomer-
ases are strongly conserved throughout evolu-
tion (Fig. 2) (Forterre and Gadelle 2009), and
their essential nature has been emphasized by a
plethora of genetic studies. Higher eukaryotic
cells have two type IA topoisomerases, Topollla
and TopolIIB. Although Topollla is involved in
DH]J dissolution, the function of TopolIIB re-
mains unclear and will not be discussed further
here. Deletion of the gene encoding Topollla
leads to a lethal phenotype associated with se-
vere developmental defects in mice, Drosophila
melanogaster, and Arabidopsis thaliana (Li and
Wang 1998; Plank et al. 2005; Hartung et al.
2007). In chicken DT40 cells, Topollla deple-
tion also causes cell death associated with dra-
matic genomic instability (Seki et al. 2006). In
Schizosaccharomyces pombe, deletion of top3™ is
also lethal and cell death is associated with chro-
mosome missegregation (Goodwin et al. 1999;
Maftahi et al. 1999; Oh et al. 2002). In contrast,

S. cerevisiae top3A strains are viable, but are very
slow growing, and show a pleiotropic pheno-
type, including hyperrecombination, sensitivity
to DNA-damaging agents, defects in accurate
chromosome segregation, and a failure to com-
plete meiosis (Wallis et al. 1989; Gangloff et al.
1994; Chakraverty et al. 2001).

Genetic and Physical Interactions
between RecQ Helicases and
Topoisomerase Il

A possible functional interaction between the
Sgs1/BLM RecQ helicases and type IA topo-
isomerases was first suggested by studies show-
ing that mutations in their genes genetically in-
teract. For the most part, mutations in SGSI and
TOP3 are epistatic, and indeed deletion of SGS1
is a strong suppressor of the drastic growth
and DNA repair defects in top3 mutants (Gang-
loff et al. 1994, 1999; Watt et al. 1996). A similar
genetic interaction has also been found in
S. pombe, where deletion of the SGSI homolog,
rqhl™, can rescue the lethality associated with
top3A (Goodwin et al. 1999; Maftahi et al. 1999).
In DT40 cells, the disruption of the RecQ heli-
case BLM suppresses genomic instability defects
associated with TopIlla depletion, without ac-
tually preventing cell death (Seki et al. 2006). In
addition to this conserved genetic interaction,
Sgs1/BLM RecQ helicases and type IA topo-
isomerases physically interact, as has been shown
in S. cerevisiae between Top3 and Sgs1 (Bennett
et al. 2000; Fricke et al. 2001), in S. pombe be-
tween Top3 and Rqh1 (Laursen et al. 2003; Ah-
mad and Stewart 2005), and in human cells be-
tween BLM and Topollla (Johnson et al. 2000;
Wau et al. 2000). More important, this physical
interaction is crucial for Sgs1/BLM to maintain
genomic stability in vivo, because the first 100 aa
residues of Sgs1, which mediate the physical as-
sociation with Top3, are required for the com-
plementation of the sgsI phenotypes (Gangloft
et al. 1994; Bennett et al. 2000; Duno et al. 2000;
Mullen et al. 2000; Fricke et al. 2001; Ui et al.
2001; Onodera et al. 2002; Ira et al. 2003; Wein-
stein and Rothstein 2008). Similarly, the puta-
tive Topollla interaction domain of BLM is nec-
essary for the suppression of the elevated SCE
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phenotype of BS cells (Wu et al. 2000; Hu et al.
2001).

Connections between RecQ Helicases/Type
IA Topoisomerases and HR

The hyper-crossing-over phenotypes of cells
lacking Sgs1/BLM and Top3/Topollla suggest
a role in HR. The search for other (non-sgsI)
suppressors of top3A growth impairment in S.
cerevisiae and S. pombe identified genes encod-
ing proteins involved in the initial steps of HR,
suchas RAD51 and rad22™, respectively (Oakley
et al. 2002; Shor et al. 2002; Laursen et al. 2003).
Moreover, sgsl/top3 mutants accumulate un-
processed HR DNA intermediates following ex-
posure to a DNA damaging agent (Liberi et al.
2005; Mankouri and Hickson 2006; Carotenuto
and Liberi 2010). These data indicated that RecQ
helicase/topoisomerase I1I act on DNA inter-
mediates that build up during HR. The identifi-
cation of those intermediates as being HJs was
suggested by three additional facts. First, the vi-
ability of cells lacking BLM, Sgs1, and/or Top3
depends on functional DNA structure-selective
endonucleases implicated as HJ resolvases such
as Mus81-Mms4 (Kaliraman et al. 2001; Mullen
et al. 2001; Andersen et al. 2011; Wechsler et al.
2011). Second, the synthetic lethality of sgsI
mus81 double mutants can be suppressed either
by the overexpression of the bacterial HJ resol-
vase, RusA, or by the inactivation of the early
steps of HR (Mullen et al. 2001; Fabre et al.
2002; Bastin-Shanower et al. 2003). Similar re-
sults were obtained in S. pombe (Boddy et al.
2000; Doe et al. 2002), and in D. melanogaster
(Trowbridge et al. 2007; Andersen et al. 2011).
Third, it was demonstrated that the HR interme-
diates accumulating in sgs! and fop3 mutants
during a perturbed S-phase contain HJs (Bzy-
mek et al. 2010; Ashton et al. 2011; Mankouri
etal.2011).

These genetic studies indicate that the
RecQ-topoisomerase III complex actually plays
a role in completion of HR, representing an
alternative to the classical HJ resolvase pathway
for the dissipation of dHJ in a way that prevents
crossing-overs. Several groups proposed that
two HJs could theoretically be dissipated with-

Dissolution of Double Holliday Junctions

out resolvases by a two-step mechanism involv-
ing the convergent branch migration of dHJ,
followed by the release of hemicatenanes gener-
ated after the collapse of the two junctions (Fig.
1B) (Nasmyth 1982; Wang et al. 1990; Duguet
1997; Wu and Hickson 2001; Ira et al. 2003).
Using an oligo-based dHJ substrate (OligoDH]J;
Fig. 3), Wu and Hickson (2003) demonstrated
that the BLM / Topollla complex catalyzes such
areaction in vitro, shedding light on most of the
observations accumulated during years of ge-
netic analysis on those enzymes.

MECHANISTIC INSIGHT INTO
THE DISSOLUTION OF A DOUBLE
HJ (dH))

Two substrates are commonly used to study dis-
solution in vitro (Fig. 3). One is composed of
two ligated oligonucleotides, which we will refer

oligoDHJ

quoguopone ({7 )

plasmidDHJ

Branch
E =
lDecatenation ED
lDecatenation

o ()

Figure 3. DHJ substrates. Several substrates have been
used to study HJ dissolution in vitro. The oligoDHJ
substrate (left) is generated by the annealing and li-
gation of two oligonucleotides, leading to the forma-
tion of two HJ separated by 14 bp of quasi-homology.
The processing of this substrate by the dissolvasome
requires little or no branch migration allowing the
investigation of the decatenation step. Following
dissolution, the two strands forming the oligoDHJ
substrate are physically separated and remain circu-
lar. The plasmidDH]J (right) comprises two circular
dsDNA molecules associated though a region of ho-
mology (depicted in black and red). This substrate
permits the analysis of the entire dissolution reaction,
which in this case will lead to the complete separation
of the two plasmids.
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to as the oligoDH]J. This molecule can be viewed
as the product of convergent branch migration
at or near the point where decatenation can
occur, allowing analysis of the decatenation
step (Fu et al. 1994; Wu and Hickson 2003).
Although this substrate is quite easy to prepare
(Bachrati and Hickson 2009), it does not con-
tain HJs that can migrate freely and, therefore,
does not permit the biochemical analysis of
the convergent branch migration step of dis-
solution. By contrast, the second, much larger
substrate (termed plasmidDH]J) does contain
two migratable HJs but is technically much
more challenging to prepare (Plank and Hsieh
2006; Chen et al. 2013). The lack of a facile
method for the preparation of a substrate con-
taining two fully branch migratable HJs repre-
sents one important difficulty with conducting
biochemical analysis of the dHJ dissolution re-
action in vitro.

Importance of Protein Complex Formation
for Dissolution

The genetic data reviewed above suggested that
the physical interaction between the helicase
and the topoisomerase component of the dis-
solvasome would be crucial for the dissolution
reaction in vivo. Consistent with this, highly
efficient dissolution is observed in vitro only
when BLM or Sgsl are incubated in the pres-
ence of the topoisomerase III enzyme from the
same species. Moreover, the BLM /Sgs1 compo-
nent cannot be replaced by another RecQ heli-
case (Wu and Hickson 2003; Wu et al. 2005;
Plank et al. 2006; Raynard et al. 2006; Cejka
et al. 2010). However, a BLM mutant lacking
the first 212 residues shown to be responsible
for interaction with Topollla is as efficient as
the full-length BLM in catalyzing dissolution of
the oligoDHJ substrate (Wu et al. 2005). To-
gether, these data indicate that BLM /Topollla
physical interaction is not absolutely required
for dissolution in vitro. Consistent with this,
the reaction can occur, albeit quite inefficiently,
when BLM/Sgsl is utilized together with a
noncognate type IA topoisomerase (Wu et al.
2006). Hence, beside their ability to interact
together, BLM/Sgs1 and type IA topoisomer-

ases must exhibit specific properties that allow
them to catalyze the different steps leading to
HJ dissolution.

The Decatenation Step

The hemicatenated DNA structure generated by
the fusion/collapse of two HJs is the key inter-
mediate in dHJ dissolution. Although the actual
structure of two fused HJs is not known, it is
likely to correspond to a combination of one
or more single-stranded catenanes (Fig. 1B).
Among all topoisomerases, only type IA topo-
isomerases can perform the decatenation reac-
tion required for the topological separation of
the two duplexes (Wu and Hickson 2003; Plank
etal. 2006; Wu et al. 2006; Cejka et al. 2010). This
specificity has been attributed to the unique
ability of type IA topoisomerases to catalyze ef-
ficient single stranded decatenation (Brown and
Cozzarelli 1981; Harmon et al. 1999; Yang et al.
20105 Cejka et al. 2012). The specific require-
ment of a type IA topoisomerase during the
last step of HJ dissolution may also reside in
their affinity for complex DNA structures. In-
deed, both yTop3 and hTopollla exhibit re-
markable affinity for HJ-containing substrates
that are largely double stranded in character
(Fig. 3) (Wu et al. 2006; Chen and Brill 2007).
This is surprising because catalysis by the type
IA topoisomerase requires the presence of sin-
gle-stranded DNA (ssDNA) in the substrate
(Srivenugopal et al. 1984; Kirkegaard and Wang
1985; Kim and Wang 1992; Chen and Brill
2007). Type IA topoisomerases may be viewed,
therefore, as DNA structure-selective topoi-
somerases, making them ideally suited for the
processing of complex DNA structures.

Function of the RecQ Helicase during
Decatenation

Despite the above discussion, the type IA topo-
isomerase cannot perform efficient decatena-
tion of a dHJ alone, because this requires the
presence of the RecQ helicase. Moreover, the
helicase likely plays an active role during deca-
tenation as evidenced by the requirement of
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its ATPase activity for the reaction (Wu and
Hickson 2003; Raynard et al. 2006; Bussen
et al. 2007; Cejka et al. 2010; Yang et al. 2010;
Chen et al. 2014). It is likely that the RecQ
unwinding activity remodels the substrate into
a conformation that can be efficiently proces-
sed by the type IA topoisomerase—for instance,
by providing accessible ssDNA. Indeed, Sgs1/
BLM helicases are known to stimulate both
the relaxation and decatenation activities of
Top3/Topollla (Wu and Hickson 2002; Yang
et al. 2010; Cejka et al. 2012). However, none
of the other RecQ helicases tested thus far can
assist the type IA topoisomerase during DHJ de-
catenation (Wu and Hickson 2003; Wu et al.
2005; Plank et al. 2006; Cejka et al. 2010). This
observation suggests that the Sgsl1/BLM sub-
family might possess functional domain(s)
that are missing from or altered in other RecQ
helicases and that are crucial during dissolu-
tion. For instance, the unique HRDC domain
of BLM is absolutely required for dissolution
(Bernstein and Keck 2005; Wu et al. 2005).
This domain displays specific DNA binding
properties allowing BLM to specifically bind
to and unwind a HJ (Janscak et al. 2003; Wu
et al. 2005). More important, amino-terminal
extensions of several RecQ helicases are known
to carry additional activities providing a func-
tional specialization (Fig. 2) (Huang et al.
1998; Matsuno et al. 2006). Although the ex-
treme amino-terminal region of BLM/Sgsl
where Topollla/Top3 binds is dispensable
for efficient dissolution of the oligoDHJ sub-
strate (Wu et al. 2005), a function for the ex-
tended amino-terminal region during catalysis
of convergent branch migration should not be
excluded.

Convergent Branch Migration Step

If the type IA topoisomerase surely provides
the crucial catalytic activity during decatena-
tion, the RecQ helicase is certainly the central
catalytic component of the dissolvasome during
convergent branch migration. Indeed, many
RecQ helicases, including BLM and Sgs1, exhib-
it efficient branch migration activities on a sin-
gle HJ (Constantinou et al. 2000; Karow et al.

Dissolution of Double Holliday Junctions

2000; Bugreev et al. 2008; Cejka and Kowalczy-
kowski 2010). The mechanism of this branch
migration activity is unknown, but it might re-
sult from the association of the unwinding and
annealing activities of RecQ helicases (Cheok
et al. 2005). More important, besides the fact
that many RecQ helicases can catalyze single
HJ branch migration, thus far only the Sgs1/
BLM subtype has a proven role during dH]J
dissolution. This specificity highlights once
again the potential existence of atypical pro-
perties shared only by Sgsl and BLM. For ex-
ample, the substrate specificity provided by the
poorly conserved HRDC domain of the BLM/
Sgs1 helicases could play a crucial function dur-
ing convergent branch migration (Wu et al.
2005). An alternative model, yet to be demon-
strated, proposes that the RecQ core domain
simply functions in the translocation of the
protein along ssDNA, whereas it is the amino-
terminal domain that catalyzes branch migra-
tion via a strand exchange activity (Chen and
Brill 2010).

Function of the Type IATopoisomerase during
Convergent Branch Migration

In the context of a topologically closed dHJ (ex-
emplified by the plasmidDHJ substrate), each
strand of a duplex is associated with its comple-
mentary strand in the other duplex through
base pairing and topological linking (Fig. 3).
Therefore, the initial step of dHJ dissolution
cannot be catalyzed by a helicase alone; instead,
it requires the combined action of a helicase and
a topoisomerase to permit the two HJs to con-
verge. According to the twin supercoiling do-
main model, branch migration catalyzed by a
helicase will lead to the redistribution of topo-
logical links, with an accumulation of positive
supercoils between the two junctions and neg-
ative supercoils behind them (Liu and Wang
1987; Plank et al. 2006). These torsional stresses
must be dissipated by the action of a topoisom-
erase. Indeed, in vitro, Sgs1 together with wheat
germ TopolB, which exhibits an efficient relax-
ation activity of both positive and negative su-
percoils, can catalyze convergent branch migra-
tion of the plasmidDH]J to generate products
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corresponding to a nearly or completely fused
HJ (Cejka et al. 2010). However, the final deca-
tenation step still requires a type IA topoisom-
erase. This observation indicates that, at least in
vitro, Sgsl does not require the presence of its
Top3 partner to catalyze convergent branch mi-
gration, and that the dissipation of the topolog-
ical stress generated during convergent branch
migration can occur through an “uncoupled”
mechanism. Having said that, as a component
of the same complex, the type IA topoisomerase
subunit of the dissolvasome likely supports this
function in vivo. Consistent with this, when as-
sayed on the plasmidDH] substrate, the associ-
ation of Sgsl or D. melanogaster BLM with its
cognate type IA topoisomerase formed a profi-
cient branch migrating machine (Plank et al.
2006; Cejka et al. 2010). The precise mechanism
by which Top3 assists the efficient convergent
branch migration catalyzed by Sgs1 in a topolog-
ically closed substrate remains unclear, mainly
because of the well-established inefficiency of
type IA topoisomerases to relax either negative
or positive supercoils. However, one must con-
sider that the affinity of type IA topoisomerases
for a four-way junction, as well as its association
with a cognate RecQ helicase, would allow its
positioning in the vicinity of the HJ and provide
the ssSDNA necessary for relaxation of torsional
stress (Cejkaetal. 2012). One could also speculate
that the type IA topoisomerase directly manipu-
lates the topology of the HJ itself, allowing the
branch migration to occur without generating
torsional stress (Duguet 1997; Plank and Hsieh
2009).

In the previous paragraphs, we have at-
tempted to describe the individual contribu-
tion of the two catalytic subunits of the dis-
solvasome during the convergent branch
migration and decatenation steps of dissolu-
tion. However, the dissolution reaction appears
to result not only from the simple addition
of two individual activities, but also from a po-
tential intricate cooperation of these activities,
emphasizing the complex nature of dissolu-
tion reaction. This view is further strengthened
by the presence and the function of the third
component of the minimal dissolvasome core
complex, RMII.

RMIT

Rmi1, an Integral Component of the Core
Dissolvasome

In S. cerevisae, two independent approaches led
to the identification of Rmil as a candidate pro-
tein functioning alongside Sgs1 and Top3 in the
maintenance of genomic stability (Bellaoui
etal. 2003; Tong et al. 2004). rmil mutants phe-
nocopy all investigated Atop3-associated phe-
notypes including slow growth, sensitivity to
DNA damaging agents, an increased rate of
mitotic recombination, meiotic defects, gross
chromosomal rearrangements, and an accumu-
lation of HR intermediates (Chang et al. 2005;
Mullen et al. 2005; Ashton et al. 2011). More-
over, Armil is synthetically lethal with muta-
tions in genes encoding putative HJ resolvases,
and this synthetic lethality can be suppressed by
inactivation of early steps of HR. Finally, rmil is
epistatic to top3, and the slow growth pheno-
type of Armil strains can be suppressed by mu-
tations in the SGSI gene (Chang et al. 2005;
Mullen et al. 2005). Rmil is a conserved protein,
being present in nearly all eukaryotes although
no ortholog has been found in D. melano-
gaster (Yin et al. 2005; Chen et al. 2012). As
with Topollla, Rmil homologs are essential
in S. pombe, A. thaliana, and mice (Chang et
al. 2005; Hartung et al. 2008; Chen et al. 2011;
Guiraldelli et al. 2013). Finally, in HelLa cells,
depletion of RMI1 by siRNA is associated with
an increased level of SCE (Yin et al. 2005).
The confirmation that Rmil is an integral
and conserved component of the dissolvasome
came with the finding that the human homolog
of yeast Rmil, RMI1 (originally designated
BLAP75, a BLM-associated protein of 75 kDa)
forms a stable complex with both BLM and
Topollla in vivo and in vitro (Meetei et al.
2003; Yin et al. 2005; Raynard et al. 2006). Sim-
ilarly, Rmil was also found in a complex with
Sgs1 and Top3 in yeast (Chang et al. 2005; Mul-
len et al. 2005; Chen and Brill 2007). Although
Rmil /RMI1 seems to interact independently
with Sgs1/BLM and Top3/Topollle, it forms
a stable heterodimer with the type IA topoisom-
erase. In contrast, it appears that at least a pro-
portion of the RecQ helicase is found outside of
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the apparently obligate Rmil/Top3 complex in
cells (Mullen et al. 2005; Chen and Brill 2007).

Role of RMI1 during HJ Dissolution

RMII strongly stimulates the dissolution re-
action catalyzed by BLM and Topollla, and
this stimulation requires Rmilinteraction with
BLM and Topollla (Raynard et al. 2006, 2008;
Wau et al. 2006; Cejka et al. 2010). Importantly,
the stimulatory effect of RMI1 on dissolution is
so impressive that the reaction catalyzed by
Topollla and BLM alone appears extremely
inefficient by comparison. RMI1 is, therefore,
considered to be a key component of the effi-
cient dissolvasome.

Human RMI1 is composed of two OB-fold
domains linked together by an undefined do-
main (Fig. 2). However, only the amino-termi-
nal domain of hRMII is conserved in yeast. This
conserved OB-fold domain is required for
Topollla and BLM binding and is sufficient
for efficient dissolution in vitro (Raynard et al.
2008). As a consequence, the conserved dissol-
vasome core complex can be considered as being
composed of Topollla, BLM, together with the
conserved amino-terminal domain of RMI1.

Beside its ability to physically associate with
BLM and Topollla, RMI1 does not seem to
exhibit any obvious biochemical property that
would readily explain its contribution to disso-
lution. Because RMI1 is an OB fold containing
protein (Fig. 2), it is tempting to speculate that it
is a DNA binding protein (Murzin 1993). RMI1
does exhibit some affinity for DNA that can only
be observed with high protein concentrations
or with cross-linking treatment (Mullen et al.
2005; Wu et al. 2006; Chen and Brill 2007; Xu
etal. 2008; Wang et al. 2010). Thus, it is unlikely
that its role in dissolution depends entirely on
its apparently unimpressive DNA binding prop-
erties. Moreover, the putative DNA binding do-
main of RMI1 has been shown to correspond to
the nonconserved carboxy-terminal OB-fold
domain, dispensable for dissolution stimula-
tion of the human BLM /Topollla decatenation
activity (Fig. 2) (Raynard et al. 2008). The role
of the Rmil subunit during dissolution is main-
ly attributed to its direct influence on Topollla/

Dissolution of Double Holliday Junctions

Top3 biochemical properties. Indeed, Rmil/
RMI1 proteins have been shown to significantly
enhance Top3/Topollla binding to different
substrates including the dHJ and ssDNA (Wu
et al. 2006; Chen and Brill 2007) and to influ-
ence several activities of topoisomerase III en-
zymes (Chen and Brill 2007; Yang et al. 2010;
Cejka et al. 2012). Importantly, in each case, the
effect of Rmil/RMI1 on Top3/Topollla activ-
ity is synergistically enhanced in the presence
of Sgs1/BLM, indicating cooperation between
RMI1 and BLM in the stimulation of the topo-
isomerase (Wu etal. 2006; Yang et al. 2010, 2012;
Cejka et al. 2012).

Analysis of the effect of RMI1 on the disso-
lution of the plasmidDH]J substrate indicated
that Rmil functions primarily in the decatena-
tion step of dissolution, playing little or no role
during convergent branch migration (Cejkaetal.
2010). However, because the Topollla/RMI1
subcomplex strongly stimulates BLM unwind-
ing activity of a four-way junction, an involve-
ment of TopoIllla/RMII1 during the branch mi-
gration process is possible (Bussen et al. 2007;
Raynard et al. 2008). This stimulation requires
only the conserved amino-terminal portion of
RMI1 (Fig. 2), suggesting that the stimulation of
the RecQ helicase unwinding activity by the
Topoisomerase/Rmil subcomplex might be a
conserved feature during evolution (Raynard
et al. 2008). The synergistic influence exerted by
Sgs1/BLM and Top3/Topollla on each other
in the presence of Rmil/RMI1 emphasizes the
highly sophisticated reaction required for effi-
cient HJ dissolution. In this context, the Rmil
subunit might act as both the architect and the
choreographer of the dissolvasome, being re-
sponsible for the tight association and coordina-
tion between the two catalytical subunits. Indeed,
recent biochemical and structural data strongly
suggest that Rmil regulates the decatenation
function of Top3 thoroughly altering the dynam-
ics of the opening and closing of the topoisom-
erase gate (Cejka et al. 2012; Bocquet et al. 2014).

An Extended Human Dissolvasome Complex

Efficient dissolution of the more complex plas-
midDH] substrate also seems to require the
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presence of the ssDNA binding protein RPA
(Plank et al. 2006; Cejka et al. 2010). This stim-
ulatory effect is attributed to the binding to and
stimulation of BLM/Sgs1 helicase activity by
RPA, suggesting that RPA could be part of an
extended dissolvasome complex (Brosh et al.
2000; Meetei et al. 2003; Doherty et al. 2005;
Hegnauer et al. 2012). This proposal is support-
ed by recent findings showing that the stimula-
tory effect of hRPA on dHJ dissolution requires
both its ssDNA binding activity and a direct
physical interaction with RMI1 (Xue et al.
2013). Importantly, however, the hRPA inter-
acting domain of RMI1 resides in the noncon-
served central region of hRMI1, suggesting that
the physical integration of RPA within the dis-
solvasome might not be conserved in yeast (Xue
et al. 2013). Consistently, yRPA and E. coli sin-
gle-strand binding protein (SSB) stimulate dis-
solution by yeast Sgs1/Top3/Rmil complex to a
similar degree (Cejka et al. 2010). hRPA is not
the only protein found to physically associate
with the carboxy-terminal extension found in
higher eukaryotic RMI1. Indeed, this noncon-
served region is responsible for the association
of the dissolvasome complex with FANCM and
RMI2 (Deans and West 2009; Yang et al. 2010;
Hoadley et al. 2012; Manthei and Keck 2013).
Among them, only RMI2 is thought to be im-
portant for the functionality of the complex in
vivo (Fig. 2) (Singh et al. 2008; Xu et al. 2008;
Hoadley et al. 2010). However, this additional
OB fold containing protein has a minor effect
on the efficiency of dissolution in vitro (Singh
et al. 2008; Xu et al. 2008).

CONCLUDING REMARKS

Ten years after its discovery, the precise mecha-
nism by which the dissolvasome catalyzes
dissolution still remains enigmatic. Indeed, de-
spite its apparent simplicity, dissolution clearly
requires some remarkably complicated bio-
chemical cooperation between a type IA topo-
isomerase, a RecQ helicase, and an OB-fold
protein. Many aspects of the process remain
elusive and will deserve attention in the future.
For instance, the reasons underlying the appar-
ent specialization of one subgroup of RecQ hel-

icases defined by Sgs1/BLM in dissolution and
the mechanical contribution of Type IA topo-
isomerase during convergent branch migra-
tion are still unknown. In addition, several
structural elements might be illuminating to
understand the architecture of the complex. It
is noteworthy that the dissolvasome complex is
thought to dissipate other DNA structures such
as late replication intermediates or catenated
DNA (Wu et al. 1999; Mankouri and Hickson
2007; Suski and Marians 2008; Cejka et al. 2012;
Manthei and Keck 2013). Because the mecha-
nism underlying those processes and dissolu-
tion might be similar, it would also be informa-
tive to carry on mechanistic studies of those
reactions.
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