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BLM encodes a member of the highly conserved RecQ DNA helicase
family, which is essential for the maintenance of genome stability.
Homozygous inactivation of BLM gives rise to the cancer predis-
position disorder Bloom’s syndrome. A common feature of many
RecQ helicase mutants is a hyperrecombination phenotype. In
Bloom'’s syndrome, this phenotype manifests as an elevated fre-
quency of sister chromatid exchanges and interhomologue recom-
bination. We have shown previously that BLM, together with its
evolutionarily conserved binding partner topoisomerase lll«
(hTOPO llla), can process recombination intermediates that contain
double Holliday junctions into noncrossover products by a mech-
anism termed dissolution. Here we show that a recently identified
third component of the human BLM/hTOPO Illla complex, BLAP75/
RMI1, promotes dissolution catalyzed by hTOPO lll«. This activity
of BLAP75/RMI1 is specific for dissolution catalyzed by hTOPO lll«
because it has no effect in reactions containing either Escherichia
coli Top1 or Top3, both of which can also catalyze dissolution in a
BLM-dependent manner. We present evidence that BLAP75/RMI1
acts by recruiting hTOPO llla to double Holliday junctions. Impli-
cations of the conserved ability of type IA topoisomerases to
catalyze dissolution and how the evolution of factors such as
BLAP75/RMI1 might confer specificity on the execution of this
process are discussed.

Bloom’s syndrome | Holliday junction dissolution | topoisomerase Ill |
sister chromatid exchanges

he RecQ family of DNA helicases is essential for the mainte-
nance of genome stability (1). The human genome contains five
RecQ helicase genes. Mutations in three of these genes give rise to
clinically defined cancer predisposition disorders (2). One of these
disorders is Bloom’s syndrome (BS), which is caused by biallelic
mutations in the BLM gene (3). The BLM protein is a 3'-5" DNA
helicase that processes a broad range of structurally diverse DNA
substrates (4-7). These substrates include DNA structures that
arise during homologous recombination, such as D-loops and
Holliday junctions (5, 6). These structures are of particular rele-
vance to the BS phenotype because BS cells display elevated levels
of homologous recombination (8). This hyperrecombination phe-
notype is also a feature of Saccharomyces cerevisiae and Schizosac-
charomyces pombe mutants defective in their respective BLM
orthologs, SGSI and rghl* (9-11). In the case of BS cells, recom-
bination events are particularly apparent between sister chromatids,
and such recombination events are termed sister chromatid ex-
changes (SCEs) (8). These exchanges arise primarily as a conse-
quence of crossing-over during the processing of recombination
intermediates (12).
BLM exists in a complex with topoisomerase IIla (WTOPO Ill«),
a type IA topoisomerase (13, 14). This complex is evolutionarily
conserved, and functional and/or physical interactions between
RecQ helicases and type IA topoisomerases have also been dem-
onstrated in bacteria and yeast (9, 15-17). Two type IA topoisom-
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erases are found in Escherichia coli (Topl and Top3) and in
mammals (TOPO IIla and TOPO IIIB), whereas budding yeast
contains a single type IA topoisomerase (Top3) (18). In unicellular
organisms, mutations in type IA topoisomerases give rise to a
hyperrecombination phenotype, indicating that RecQ helicase/
type IA topoisomerase complexes act during homologous recom-
bination (19, 20). Indeed, many aspects of the phenotypes of RecQ
helicase and type IA topoisomerase mutants can be suppressed by
mutations in the RADS52 epistasis group of recombinational repair
genes, suggesting a role for these two classes of proteins in the
processing of recombination intermediates (11, 21, 22). In budding
yeast, Sgsl and its binding partner Top3 have been shown to
suppress the formation of crossovers during homologous recombi-
nation-mediated repair of a DNA double-strand break, a process
that would suppress SCEs (23). Consistent with this finding, we have
shown that BLM and hTOPO Ill« cooperate to convert double
Holliday junction (DHJ) structures exclusively into noncrossover
products by a mechanism termed dissolution (24).

Recently, BLAP75 was identified as a third, evolutionarily con-
served, component of the BLM/hTOPO Il complex (25, 26). In
yeast, the ortholog of BLAP75, Rmil, was identified independently
by two groups as a subunit of the Sgs1-Top3 complex (27, 28). In
human and yeast cells, BLAP75 and Rmil, respectively, are re-
quired for the stability of the RecQ helicase/type A topoisomerase
complex in which each protein resides (26-28). BLAP75 and Rmil
contain a conserved nucleic acid recognition motif, termed the
oligonucleotide/oligosaccharide-binding (OB)-fold domain, and
are, therefore, predicted to bind DNA (26-28). Indeed, recent data
indicate that Rmil is a DNA-binding protein with a preference for
Holliday junctions (27). However, the precise roles of BLAP75 and
Rmil are unknown, although genetic analyses indicate that their
function is closely associated with the activity of the RecQ helicase/
Topo III complex. For example, RNA interference-mediated
down-regulation of BLAP7S5 results in an increase in the frequency
of SCEs (26). In yeast, rmil A mutants phenocopy top3A cells and
display an array of genetic interactions similar to that seen with
TOP3 (27, 28). In particular, mutations in SGS/ can suppress many
of the phenotypes of both rmil and fop3 mutants, suggesting that
Rmil acts downstream of Sgs1 alongside Top3 in the resolution of
recombination intermediates (27, 28). To avoid confusion over
nomenclature, we will henceforth refer to the human ortholog of
Rmil as hRMI1 instead of BLAP75.
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Fig. 1. hRMI1 stimulates BLM/hTOPO llla-mediated dissolution. (A) Coo-
massie blue-stained polyacrylamide gel showing recombinant hRMI1 purified
from E. coli cells. (B) Dissolution reactions containing BLM (2.5 nM, lanes 2 and
5-9), hTOPO llla (83 nM, lanes 3 and 5-9), and a 2-fold dilution series of hARMI1
(83 nM, lane 6; 166 nM, lane 7; 332 nM, lane 8; and 664 nM, lanes 4 and 9) as
indicated above the lanes. The positions of DHJ and the detectable dissolution
product are indicated on the right. (C Upper) Time course of dissolution
reactions containing BLM (2.5 nM) and hTOPO Illa (83 nM) with or without
hRMI1 (664 nM) as indicated by the white bar above the lanes. The positions
of DHJ and the detectable dissolution product are indicated on the right.
(CLower) Quantification of the dissolution product as a function of time in the
presence or absence of hRMI1 as indicated.

In this study, we have identified a previously unrecognized
biochemical function of hRMI1 by showing that hRMI1 cooperates
with BLM and hTOPO Ill« to catalyze DHJ dissolution. Moreover,
we show that this role of hRMI1 is mediated through a specific
interaction with hTOPO IIla and that hRMI1 promotes the
recruitment of hTOPO Ill« to DHJs.

Results and Discussion

hRMI1 Is Required for Efficient DHJ Dissolution. We proposed pre-
viously that DHJ dissolution represents a mechanism that elimi-
nates crossing-over during recombination and hence suppresses the
formation of SCEs (24). The physical association of hRMI1 with
BLM, together with the elevated SCE frequency seen after RNA
interference-mediated suppression of hRMI1 expression (26),
prompted us to examine whether hRMI1 might have an influence
on BLM/hTOPO Illa-mediated dissolution. Recombinant hRMI1
was expressed and purified to near homogeneity from E. coli cells
as described in Methods (Fig. 14). The dissolution reaction was
performed by using a previously described substrate, termed DHJ,
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that consists of two interlinked circular oligonucleotides that, when
annealed, form a DHJ structure (24). Dissolution of DHIJ results in
the release of two intact circular oligonucleotides (24). As shown
previously, the DHIJ structure is subject to dissolution by the
combined action of BLM and hTOPO Ille (Fig. 1B, lane 5).
Interestingly, although hRMI1 alone had no effect on DHJ, we
found that the addition of hRMI1 stimulated, in a concentration-
dependent manner, BLM and hTOPO Illa-mediated dissolution
(Fig. 1B). Time-course experiments indicated a >10-fold increase
in the rate of dissolution when hRMI1 was included in the reaction
(Fig. 1C). This stimulatory effect of hRMI1 was seen with recom-
binant protein purified from either E. coli (Fig. 1) or insect cells
(data not shown), thereby eliminating the possibility that the
stimulatory effect of the hRMI1 preparation was due to the
presence of a contaminating protein derived from the host cell.
hRMI1 incubated with either BLM alone or hTOPO Ill« alone
generated no dissolution product (Fig. 24, lanes 9 and 14 and Fig.
2B, lanes 9 and 14), indicating that hRMI1 causes a bona fide
stimulation of the dissolution reaction as opposed to being able to
functionally substitute for either BLM or hTOPO Ille.

hRMI1 Specifically Stimulates hTOPO llla in the Catalysis of DHJ
Dissolution. Dissolution is absolutely dependent on both BLM and
hTOPO IIl« (24). A number of possibilities existed, therefore, for
how hRMI1 might act to stimulate dissolution: (/) hRMI1 specif-
ically stimulates BLM; (i) hRMI1 specifically stimulates h TOPO
Ie; or (iif) hRMI1 stimulates the concerted action of BLM and
hTOPO Ila on DHJ structures. To distinguish between these
possibilities, we performed dissolution reactions under conditions
in which either BLM or hTOPO Illae was present at limiting
concentrations to restrict the extent of dissolution. When hRMI1
was added to reactions in which the concentration of hTOPO Illa
was limiting, a strong stimulatory effect could be observed (Fig.
2A4). At lower concentrations of hTOPO IIle, the extent of
dissolution was >10-fold greater in the presence of hRMI1 than in
its absence (Fig. 24). In contrast, hRMI1 had no significant effect
in reactions in which the concentration of BLM limited the extent
of dissolution (Fig. 2B). Thus, hRMI1 specifically stimulates the
hTOPO Illa component of the dissolution reaction. Two observa-
tions are consistent with this result. First, in yeast, mutation of RMI1
generates a phenocopy of a fop3 mutation that can be suppressed
by deletion of SGS1 (27, 28). This observation suggests that Rmil
acts downstream of Sgs1 in conjunction with Top3. Second, disso-
lution catalyzed by BLM and hTOPO Illa does not require an
evolutionarily conserved hTOPO Ill« interaction domain located
in the N-terminal domain of BLM (29). This observation suggests
that BLM and hTOPO Illa might act sequentially to catalyze
dissolution. Under these circumstances, it is possible, therefore, that
hRMI1 exerts its effects directly on hTOPO Illa.

hRMI1 Cannot Stimulate Dissolution Catalyzed by Other Type IA
Topoisomerases. Next, we addressed the mechanism by which
hRMI1 promotes dissolution. Because hRMI1 acts on the hTOPO
IIIae component of dissolution, we surmised that hRMI1 might
mediate its effect either through some modulation of the DNA
substrate that facilitates hTOPO Illa-mediated strand passage
activity or through a direct stimulation of hTOPO I« activity. To
address the former possibility, we first determined whether other
type IA topoisomerases could catalyze dissolution in conjunction
with BLM. The process of dissolution has a specific requirement for
BLM, because neither E. coli RecQ nor three other human RecQ
helicases (WRN, RECQ1, and RECQ5p) could substitute for
BLM in dissolution reactions (29). However, in contrast to BLM,
we found that hTOPO I« could be replaced by either of the E. coli
type IA topoisomerases, Topl and Top3 (Fig. 34). As shown in ref.
29, wheat germ topoisomerase 1, which is a type IB topoisomerase,
could not substitute for hTOPO Ille, indicating that dissolution
displays a specific requirement for type IA topoisomerase activity
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hRMI1 specifically stimulates the hnTOPO llla component of dissolution reactions. (A Upper) Dissolution reactions containing fixed concentrations of BLM

and hRMI1 as indicated by the black and white bars, respectively, and a 2-fold dilution series of hTOPO Illa (highest concentration of 40 nM, indicated by the
gray triangles). The positions of DHJ and the detectable dissolution product are indicated on the left. (A Lower) Quantification of the dissolution product in lanes
2-6 (—hRMI1) and lanes 9-13 (+hRMI1) as a function of hTOPO llla concentration. (B Upper) Dissolution reactions containing fixed concentrations of hATOPO
Il and hRMI1, as indicated by the gray and white bars, respectively, and a 2-fold dilution series of BLM (highest concentration of 1.5 nM, indicated by black
triangles). (B Lower) Quantification of the dissolution product in lanes 2-6 (—hRMI1) and lanes 9-13 (+hRMI1) as a function of BLM concentration.

(Fig. 34). Importantly, dissolution catalyzed by E. coli Topl and
Top3 was BLM-dependent, indicating that the reaction catalyzed by
each of the bacterial topoisomerases is mechanistically similar to
dissolution carried out by hTOPO IIlw. The ability of E. coli Topl
to substitute for h"TOPO Il is consistent with the observation that
overexpression of this protein in yeast can suppress some of the
phenotypes of fop3 mutant cells (20).

The finding that E. coli Top1 and Top3 can catalyze dissolution
in a BLM-dependent manner allowed us to test whether hRMI1
could stimulate dissolution catalyzed by type IA topoisomerases
other than hTOPO IIla. In contrast to reactions containing
hTOPO Ille, the addition of hRMI1 to reactions containing either
of the bacterial type IA topoisomerases had no effect on the
efficiency of dissolution (Fig. 3 B and C). We conclude, therefore,
that the specific nature of the functional interaction between
hRMI1 and hTOPO Ill« versus other type IA topoisomerases
makes it very unlikely that the stimulatory effect of hRMII is
mediated through modulation of the DHJ molecule itself to facil-
itate the strand passage activity of type IA topoisomerases. More-
over, because all of these reactions contained BLLM, this observa-
tion also lends further support to the notion that hRMI1 does not
mediate its stimulatory effect on dissolution through modulation of
the activity of BLM.

hRMI1 Promotes hTOPO lll«a Binding to DHJs. Given that the mech-
anism by which hRMI1 stimulates dissolution is mediated through
neither a direct effect on BLM nor a modulation of the DHJ DNA
to facilitate the strand passage activity of type IA topoisomerases,
we investigated whether hRMI1 modulated the activity of hTOPO
111« alone on the DHJ substrate. As stated above, hRMI1 was not
able to circumvent the requirement for BLM in dissolution reac-
tions and hence was not able to stimulate the strand passage activity
of hTOPO Ill« (in the absence of BLM) on the DHJ substrate. We
analyzed, therefore, whether hRMI1 mediates its stimulatory effect
on dissolution by influencing the ability of hTOPO Ill« to bind to
the DHJ molecule. To analyze this, we used EMSAs to assess the
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formation of protein-DNA complexes. hTOPO Illa alone was
found to bind the DHJ and generated multiple protein-DNA
complexes whose electrophoretic mobility was inversely propor-
tional to protein concentration. At high protein concentrations,
hTOPO IIla produced two discernible protein-DNA species,
termed complexes A and B (Fig. 44). At the highest concentration
of hTOPO IIl« tested, the formation of the slowest migrating
species, complex A, was predominant, whereas at lower concen-
trations of hTOPO IIle, complex B was predominant (Fig. 44). At
concentrations below those required for the formation of complex
B, hTOPO Illa-DNA complexes migrated as a smear that had a
reduced electrophoretic mobility compared with the unbound
substrate. This profile of protein—-DNA complex formation suggests
that multiple molecules of hTOPO IIla may load onto a single DHJ
molecule, in a stepwise manner, giving rise to progressively lower
mobility species as the hTOPO Illa protein concentration is
increased. The inability to detect discrete protein—-DNA complexes
at lower hTOPO Il concentrations suggests that at these con-
centrations of hTOPO Ille, protein-DNA complexes are some-
what unstable and may dissociate during gel electrophoresis.
hRMI1 alone did not bind DHJ at concentrations equivalent to that
at which hTOPO Illa caused complete retardation of the substrate.
However, at higher concentrations (>166 nM) hRMI1 alone bound
DHJ, generating one minor and one major protein-DNA complex
(Fig. 4B). This finding is consistent with the ability of yeast RMI1
to bind single Holliday junctions and ssDNA because elements of
both structures are likely to be present in the DHJ molecule.
Next, we analyzed whether hRMI1 could influence the DNA-
binding properties of hTOPO IIla. To do this, we used two
concentrations of hTOPO IIla at which either complex A or
complex B could be detected and analyzed the effect of addition of
hRMII. Interestingly, addition of hRMI1 at concentrations 80-fold
below that required to show DHJ binding (3 nM) caused a decrease
in the electrophoretic mobility of complex B (Fig. 4C). Moreover
complex B was converted, in the presence of hRMII, to a species
that had an electrophoretic mobility that was indistinguishable from

Wau et al.
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as indicated by the white bar, and a 2-fold dilution series of E. coli Top1 (highest concentration of 8 nM), as indicated by the gray triangles. The positions of DHJ
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that of complex A. In contrast, addition of hRMI1 had no effect on
complex A (Fig. 4C). These data suggest that hRMI1 can stimulate
the stepwise loading of hTOPO Ill« onto DHJ to form complex A.
Complex A likely represents a protein-DNA complex that contains
the maximal number of stably bound hTOPO Illa molecules and
is therefore resistant to the stimulatory effects of hRMI1. When
both proteins were incubated together with DHJ at concentrations
at which either protein alone bound DHJ, no new unique com-
plexes, dependent on the presence of both hRMI1 and hTOPO
IIle, could be detected. Indeed, at high concentrations of hRMI1,
the formation of hRMI1-DHJ complexes was inhibited in the
presence of hTOPO Ille, suggesting that hRMII and hTOPO Ill«
cannot simultaneously bind DHJ (Fig. 4C, compare lanes 8, 15, and
21). This finding suggests that the ability of hRMI1 to promote the
loading of hTOPO IIle onto DHJ does not require its stable
association with the hTOPO IIla—DHJ complex. Consistent with
this notion is the fact that a less than 1:1 molar ratio of
hRMI1:hTOPO Ille« is required for hRMI1 to load hTOPO Ill«
onto DHJ (Fig. 4C).

hTOPO llla and hRMI1 Physically Interact. The ability of hRMI1 to
load hTOPO IIla onto DHJ without stably associating with the
hTOPO IIla—DHJ complex and at concentrations at which hRMI1
alone did not stably bind DHJ suggested that hRMI1 might exert
its effect through a protein—protein interaction with hTOPO IIla.

Wau et al.

Such an interaction might induce a conformational change in
hTOPO Ill« that facilitates its loading onto DHJ structures. We
therefore tested, using two independent means, whether hTOPO
Il and hRMI1 could physically interact. First, we produced
recombinant hRMI1 protein in the form of a maltose-binding
protein (MBP) fusion and examined its binding to in vitro-translated
hTOPO I« in a pull-down assay (Fig. 54 and B). hTOPO Illa was
efficiently retained by MBP-hRMI1 immobilized on amylose beads
but was not efficiently retained by the MBP-paramyosin control,
suggesting a physical interaction between hRMI1 and hTOPO IIla.
Inclusion of either micrococcal nuclease or ethidium bromide had
little or no effect on the ability of hRMI1 and hTOPO Ill« to
interact, suggesting that the interaction was not mediated by DNA
(Fig. 5 4 and B). Second, to confirm that the interaction between
hTOPO Illa and hRMI1 was direct and not mediated by proteins
present in the in vitro translation reaction, purified hTOPO Il and
hRMI1 were subjected to Far-Western analysis in which hRMI1
immobilized on a membrane was used to capture hTOPO I« (Fig.
5C). By using this methodology, hTOPO IIla was found to specif-
ically interact with hRMI1. We thus conclude that hRMI1 and
hTOPO Ill« can directly interact independently of DNA.

Concluding Remarks. The ability of hRMI1 to stimulate DHJ dis-
solution is a previously unrecognized biochemical activity ascribed
to this recently identified, evolutionarily conserved component of
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Fig.4. hRMI1 promotes hTOPO llla binding to DHJ. (A) EMSAs using DHJ and
various concentrations of hTOPO lll« as indicated. Positions of protein—-DNA
complexes, designated A and B, and the unbound DHJ substrate are indicated
on the right. (B) EMSAs using DHJ and various concentrations of hRMI1 as
indicated. The position of the unbound DHJ substrate isindicated on the right.
(C) EMSAs using DHJ, two fixed concentrations of hTOPO lllq, as indicated by
the gray bars (lanes 2-8 and 9-15), and a 3-fold dilution series of hRMI1
(highest concentration of 256 nM), as indicated by the white triangles (lanes
3-8, 10-15, and 16-21). Positions of protein-DNA complexes, designated A
and B, and the unbound DHJ substrate are indicated on the left.

the BLM/hTOPO Illa complex. The elevated frequency of SCEs
seen in BS cells and after RNA interference-mediated suppression
of hRMI1 strongly supports the notion that dissolution acts to
suppress the formation of crossovers that can arise during homol-
ogous recombination (8, 26). Several lines of evidence suggest that
catalysis of dissolution is highly specific for and requires the
coordinate action of the components of this complex. First, there is
an absolute requirement for BLM in dissolution because no other
helicase tested, including several other RecQ helicases, can support
the reaction (29). This requirement is, in part, mediated through the
helicase and ribonuclease D C-terminal domain of BLM, which
specifically acts to promote BLM binding to DHJ structures (29).
Second, there is a requirement for the strand passage activity of
hTOPO Ila. In contrast to BLM, the requirement for hTOPO
IIle, at least in vitro, is less specific because other type IA topo-
isomerases can catalyze dissolution in conjunction with BLM. This
finding is consistent with the observation that in vitro, the conserved
hTOPO Ill« interaction domain located in the N-terminal domain
of BLM is dispensable for dissolution. However, in vivo, there likely
exists a highly specific requirement for hTOPO Ill« in dissolution,
which may be conferred by at least two features: the correct
subcellular localization of hTOPO Ill« (14), which does require a
physical interaction of BLM and hTOPO Ill« and, as demonstrated
in this study, the ability of hRMI1 to stimulate the recruitment of
hTOPO Illa to DHJ structures. It remains to be determined how
hRMI1 promotes the binding of hTOPO Illa to DHJ structures.
Our data are consistent with two models, which are not necessarily
mutually exclusive: (i) hRMI1 binds DHIJ structures and, through
a physical association, recruits hTOPO IIla before dissociating
from the DNA, and (i) hRMI1 induces a conformational change
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Fig. 5. Direct interaction between hRMI1 and hTOPO llla. (A) Binding of in
vitro-translated, 3°S-labeled hTOPO llla to MBP-paramyosin or MBP-hRMI1.
Reactions were performed in the absence or presence of micrococcal nuclease
(MN, 2 units) or ethidium bromide (EtBr, 100 ng/ml) as indicated. The lane
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reactions shown in A. (C) Direct binding of hTOPO llla and hRMI1. Identical
membranes containing hTOPO llla (positive control), hRMI1, or BSA (negative
control) were incubated with either hnTOPO llla or control buffer, as indicated
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in hTOPO IIle, which facilitates the binding of hTOPO Ill«a to
DHJ structures. The generation of mutations in hRMI1 that disrupt
the ability of hRMI to interact with either " TOPO Il or DNA will
be important in distinguishing between such models. It also remains
to be determined what structural features of the DHJ molecule are
recognized by hRMI1 and hTOPO Illa and how modification of
the DHJ substrate by BLM might affect the functional relationship
between hRMI1 and hTOPO IIl« in binding to the DHJ. Both yeast
Rmil and hTOPO Illa preferentially bind single-stranded DNA
over double-stranded DNA. Yeast Rmil can also bind single
Holliday junctions. To what degree these binding activities contrib-
ute to the recognition of DHJ by hRMI1 and hTOPO Ill« is
currently unknown. It is possible that the full extent of the stimu-
latory effect of hRMI1 on hTOPO Ille binding to DHJ requires
conversion of the DHJ molecule into a yet to be identified inter-
mediate by BLM.

The specificity of the BLM/hTOPO IIIa/hRMI1 complex to
catalyze dissolution likely evolved to preclude aberrant processing
of DHIJs by other DNA-metabolizing enzymes, which could result
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in genome destabilization. Further analysis of this heteromeric DHJ
processing complex will be important in furthering our understand-
ing of the mechanism by which cells effect efficient repair of DNA
double-strand breaks and damaged replication forks, both of which
can give rise to DHIJs (23, 24, 30-32).

Methods

Proteins. hRMI1 was expressed and purified from E. coli cells. The
hRMI1 ORF was PCR amplified from the cDNA clone AK(022950
and cloned into pET15b. The resulting plasmid, hRMI1-pET15b,
was transformed into BL21(ADE3). One liter of bacteria was grown
at 37°C to midlogarithmic phase, and isopropyl B-D-thiogalactoside
was added to give a final concentration of 0.4 mM to induce
expression of hRMI1. Growth was continued overnight at 16°C.
Cells were harvested and resuspended in 5 ml of 2 lysis buffer [100
mM Hepes-KOH, pH 7.5/20% (volivol) glycerol/20 mM sodium
pyrophosphate/100 mM NaF/2 mM NazVO,] with 2 mM PMSF
and 80 ug/ml leupeptin. Water was added to a final volume of 10
ml. The cell suspension was sonicated with five pulses of 30 s with
1 min of cooling on ice between pulses. Nonidet P-40 and NaCl
were added to final concentrations of 0.1% and 250 mM, respec-
tively, and the lysate was incubated on ice for 15 min. The lysate was
centrifuged for 30 min at 20,000 rpm at 4°C in a Sorvall SS34 rotor.
hRMI1 was found in the insoluble fraction. Two grams of the
insoluble fraction was resuspended in 40 ml of extraction/wash
(E/W) buffer (50 mM sodium phosphate/6 M guanidineHCl/300
mM NaCl, pH 7.0) and agitated until the suspension became
translucent. After centrifugation at 15,000 rpm for 20 min at 4°C in
a Sorvall SS34 rotor, the supernatant was added to 5 ml of TALON
resin (Clontech) and mixed for 1.5 h at 4°C. The supernatant was
removed, and the resin was washed three times with 50 ml of E/W
buffer. The resin was transferred to a column and washed twice with
50 ml of E/W buffer, and bound proteins were eluted with 45 mM
sodium phosphate/5.4 M guanidine-HCI/270 mM NaCl/150 mM
imidazole (pH 7.0). The purified RMI1 was renatured by dialysis
against two changes of 2.5 liters of PBS overnight at 4°C. BLM was
expressed and purified as described in ref. 33. hTOPO IIla was a
gift from J.-F. Riou and H. Goulaouic (both of Aventis Pharma,
France). E. coli Topl and Top3 were gifts from K. Marians
(Memorial Sloan—Kettering Cancer Center, New York). Wheat
germ topoisomerase I was purchased from Promega.

Dissolution Assays. The DHJ substrate was prepared and purified as
described in refs. 24 and 34 and was added at 30 fM with the
indicated proteins in reaction buffer containing 50 mM TrissHCI
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(pH 7.5), 50 mM NaCl, 4 mM MgCl,, 5 mM ATP, 1 mM DTT, and
0.1 mg/ml BSA at 37°C for 60 min. Reactions were stopped by the
addition of 1% SDS and 50 mM EDTA. Samples were deprotein-
ized with proteinase K and extracted once with phenol/chloroform
before being subjected to denaturing 8% PAGE. Gels were dried
and subjected to phosphorimaging analysis by using a STORM 840
scanner and IMAGEQUANT software (Amersham Biosciences).

DNA-Binding EMSA. DHJ was incubated with various concentrations
of protein, as indicated in the figure legends, in reaction buffer
containing 20 mM triethanolamine (pH 7.5), 4 mM MgCl,, 10
png/ml BSA, and 1 mM DTT at 37°C for 7.5 min. Samples were then
subjected to 5% PAGE and visualized by autoradiography.

Pull-Down Assay. [*S]Met-labeled hTOPO I« was synthesized in
vitro from pcDNA3.1-hTop3 (T7) by using a TnT Quick Coupled
Transcription/Translation System (Promega). MBP fusion proteins
were expressed in the E. coli strain PR745. For the pull-down assays,
amylose beads (NEB, Beverly, MA) were incubated with E. coli
lysate containing either MBP-RMI1 or MBP-paramyosin followed
by washing three times to remove unbound proteins. Upon addition
of in vitro-synthesized hTOPO Ille, with or without micrococcal
nuclease or ethidium bromide, the suspensions in binding buffer [40
mM Hepes, pH 7.9/2% (vol/vol) glycerol/50 mM KCI/50 mM
NaCl/5 mM MgCl,/1 mM EDTA/0.5 mM DTT/0.2 mM phenyl-
methanesulfonyl fluoride] were incubated at 28°C for 30 min and
then incubated for another 1 h at 4°C. After four washes, bound
proteins were resolved by SDS/PAGE (8%) and visualized by
autoradiography or Coomassie blue staining.

Far-Western Blotting. The indicated proteins were separated by
denaturing 10% PAGE and transferred to nitrocellulose mem-
brane. Membranes were subjected to Far-Western analysis using
hTOPO IIl« as a probe and anti-hTOPO I« antibody as described
in ref. 14.
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