of primer-template, because it was not detected with 13/30-
mer (Fig. 3B). Therefore, we concluded that the long ssDNA
region in template acted as a target of REV1 binding and inhib-
ited the activity.

We then labeled the primer termini of 13/30- and 13/91-mer
with **P and examined the extensions (the cis effect of ssDNA)
(Fig. 3C). Interestingly, both primer-templates were utilized as
good substrates. The time courses of the reactions revealed that
the incorporation of dCMP increased to a greater extent than the
amount equivalent to REV1 protein {18 fmol) in the reaction solu-
tion, indicating REV] was turned over many times. Thus, the cat-
alytic site of the REV1 protein was accessible in cis, meaning that
even after binding to ssDNA, REV1] interacted with a primer ter-
minus that is located on the long ssDNA template.

To further confirm this property of REV1, we designed an
experiment in which two primer-templates, one contained a long
ssDNA in the template and the other contained a shorter ssDNA
in the template, were competed with each other in the same reac-
tion for utilization as substrates for REV1. To distinguish the reac-
tion products on a polyacrylamide gel, we made another oligonu-
cleotide, 17/33-mer composed of a different sequence with a short
template strand (Fig. 3A). Because the 17-mer primer is 4 bases
longer than the 13-mer primer, the reaction products derived from
17-mer could not be overlapped by the products derived from the
13-mer when those were reacted together in a mixture. Those
primer-templates were utilized to almost the same extent in the
transferase reactions (Fig. 3D, panels a—c). When the 13/30- and
17/33-mer were reacted with REV1 in one tube, both were utilized
to the same extent (Fig. 3D, pane! d). However, when the 13/91-
and 17/33-mer were reacted with REV1 in one tube, we observed
no extension of the 17-mer (Fig. 3D, panel e), indicating that REV1
specifically utilized the primer-template followed by long ssDNA.

When the same experiment was carried out using truncated
mutants (Fig. 3E), the specific activities of mutant proteins
slightly differed possibly due to variation in stability under
standard reaction conditions. In this assay, we compared the
proteins with equivalent levels of activity, rather than amount
of proteins themselves (Fig. 3E). When 13/30- and 17/33-mer
were reacted with mutant REV1 proteins in one tube, both
primers were extended (Fig. 3E, panel a). With the 13/91- and
17/33-mer and mutants, the specificity to 13/91-mer was abol-
ished only with the mutant A5 (Fig. 3F, panel b). This result
agreed with inhibition curves of the mutants with ssDNA (Fig.
1G) and the electrophoretic mobility shift assay (Fig. 2, C and
D). Thus, REV1 is specifically targeted to the primer terminus,
followed by the long ssDNA template, and the N- and C-termi-
nal regions are required for the activity.

Effects of ssDNA on DNA Polymerase Activity of pol e, B, and n—
Although REV1 is one member of the Y family of DNA polymer-
ases (14), the N- and C-terminal regions are not conserved. To
determine whether the novel activity is specific to REV1, we first
tested the inhibitory effects of ssSDNA on another Y family poly-
merase, human pol 1 (42), and distinct family members, human
pol & (B family) and 8 (X family) {49, 50). Neither of the polymer-
ases was inhibited by d(C-T);,, 60-mer, in contrast to REV1 (Fig.
4A). We also tested the specificity for primer-template following
long ssDNA using combinations of 13/30- and 17/33-mer and
13/91- and 17/33-mer oligonucleotides (Fig. 4B8). In this assay, the
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FIGURE 4, The targeting mechanism is REV 1-specific. 4, effects of ssDNA on
DNA polymerase activity of pol o, 3, and 7. Relative activities were measured
by incorporation of [a-*2P]dCMP in a reaction mixture containing dNTP into
unlabeled primer-template, PS786T, in the presence of various concentra-
tions of d(C-T);, 60-mer. B, competition assay on the primer extension activity
of DNA polymerases using various primer-templates. The primer-templates
(20 nmeach} shown in Fig. 3A were used as substrates for the primer extension
assay. The indicated amounts of DNA polymerases and a mixture of a set of
primer-template shown at the bottom of each panel were incubated with
only dCTP, because further primer extensions of 13-mer by incorporation of
dNTP would result in overlapping of products from 17-mer and make the
results confusing. The reaction products were resolved on 20% polyacrylam-
ide gels containing 8 m urea, and the amounts of DNA present in each band
were quantified. The molar concentrations of polymerases in the reactions
were 0.2 nm pol & (1 ng), 0.5 nw (0.5 ng of pol B} and 5 nm pol » (10 ngl.

A REV1

REV1(341-829)

FIGURE 5. Model for actions of REV1. A, sequestration of REV1 from primer-
template by ssDNA. B, targeting REV1 to a primer terminus via ssDNA binding.
The catalytic site of REV1 is shown as an open circle inside shaded oval. See text
for details.

primer extension reactions were carried out with orly dCTP as the
dNTP source to prevent overlapping reaction products. Although
pol @ and 1 showed a slight preference for 13/91-mer (Fig. 48}, the
level was similar to that of A5 (Fig. 3E, panel b), suggesting that the
novel property is REV1-specific.

DISCUSSION

In this study, we provide evidence of a novel biochemical
activity of human REV1 protein. First, we found that ssDNA
inhibits the transferase activity of REV1, because of sequestra-
tion of the catalytic site by high affinity binding (Fig. 54). The
N- and C-terminal domains are required for the sequestration,
because a mutant REV1 lacking both N- and C-terminal
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domains lost only the function for sequestration, and not
ssDNA binding and transferase activity (Fig. 5A4). Second, we
demonstrated that sequestration by ssDNA is only effective in
trans. When REV1 binds to the template strand annealing a
primer, the primer terminus is accessible for the catalytic site
(Fig. 5B). Therefore, the catalytic site is open in cis. Third, we
showed that REV1 preferentially utilizes the primer-template
following long ssDNA.

We speculate that REV1 translocates on ssDNA from the
following considerations, according to modeis involved in pro-
tein translocation that have been well discussed with regard to
repressor-DNA recognition (51). We found that the extent of
inhibition by ssDNA correlated with the length (Fig. 1E). To
explain the synergism observed, two models were considered.
One is a “dissociation-reassociation model,” in which a protein
dissociated from a DNA molecule could reassociate within a
closely spaced site of the same DNA molecule. Therefore, the
protein would appear to be trapped in the DNA molecule. The
frequency of both initial binding and re-association would be
proportional to the length of DNA. Because the binding event is
affected by two factors, the inhibition curve would become
“synergistic.” The other is a "sliding model,” in which the dis-
sociation rate would be inversely proportional to the length of
the DNA, because the protein could translocate at any point
within the molecule. Besides, the length of the DNA molecule is
proportional to the frequency of initial binding of the protein.
Therefore, the inhibition curve would again become synergistic.
After the occasional dissociation or sliding out of the DNA mole-
cule, however, the protein could reassociate to another molecule
of DNA, and therefore would not appear to be trapped. Our bio-
chemical data here support the latter model. The primer-template
following long ssDNA did not inhibit transferase activity in cis, and
we observed turnover of REV1 protein several times with respect
to dCMP transferase enzyme activity. These results indicate that
after binding to any site of the ssDNA region, REV1 can access the
primer terminus and subsequently dissociate and re-bind to
another molecule. Currently, we do not have direct evidence for
sliding of REV1, but we cannot explain our biochemical data with-
out consideration of such translocation.

Translesion DNA synthesis plays an important role in post-
replication repair pathways. It has been postulated that after
posing a replicative DNA polymerase at a damage base, it is
replaced with specialized DNA polymerases for translesion
DNA synthesis. However, the biochemical reactions have yet to be
clarified. Genetic data from yeast to humans suggest that REV1 has
a central function in organizing such a polymerase switch (3).
Besides, in higher eukaryotes, it has been shown that mouse and
human REV1 have potential for interaction with other translesion
DNA polymerases (35-41). The novel property of REV1 may play
a role in organization of translesion DNA synthesis (52).
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HIV-1 Vpr induces ATM-dependent cellular signal with enhanced

homologous recombination
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An ATM-dependent cellular signal, a DNA-damage
response, has been shown to be involved during infection
of human immunodeficiency virus type-1 (HIV-1), and a
high incidence of malignant tumor development has been
observed in HIV-1-positive patients, Vpr, an accessory
gene product of HIV-1, delays the progression of the cell
cycle af the G2/M phase, and ATR-Chk1-Wee-1, another
DNA-damage signal, is a proposed celldar pathway
responsible for the Vpr-induced cell cycle arrest. In this
study, we present evidence that Vpr also activates ATM,
and induces expression of »~-H2AX and phosphorylation of
Chk2. Strikingly, Vpr was found to stimulate the focus
formation of Rad51 and BRCA1, which are involved in
repair of DNA double-strand breaks (DSBs) by homo-
logous recombination (HR), and biochemical analysis
revealed that Vpr dissociates the interaction of p53 and
Rad51 in the chromatin fraction, as observed under
irradiation-induced DSBs. Vpr was consistently found to
increase the rate of HR in the locus of I-Scel, a rare
cutting-enzyme site that had been introduced into the
genome. An increase of the HR rate enhanced by Vpr was
attenuated by an ATM inhibitor, KU55933, suggesting
that Vpr-induced DSBs activate ATM-dependent cellular
signal that enhances the intracellular recombination
potential. In context with a recent report that KUS5933
attenuated the integration of HIV-1 into host genomes, we
discuss the possible role of Vpr-induced DSBs in viral
integration and also in HIV-1 associated malipnancy.
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Introduction

The induction of a cellular response similar to DNA-
damage-sensing signals has been shown during human
immunodeficiency virus type-1 (HIV-1) infection
(Daniel et al., 1999, 2003, 2004, 2005; Lau et al., 2004).
The synthesis of linear HIV-1 DNA in the cytoplasm
by reverse transcription and the integration process of
HIV-1 DNA into the host genome are thought to be
possible triggers for the DNA-damage signals (Lau
et al., 2004, 2005). When chromosomal DNA is
damaged (DSB; DNA double-strand break), two kinds
of kinases (ATM and ATR) are initially activated to
exert checkpoint control on cell cycle {(Abraham, 2001).
‘When caffeine, which is known to inhibit both ATR and
ATM, is administered in conjugation with the viral
infection, the integration of viral DNA into the host
genome is impaired (Daniel er al., 2005), Additionally,
data showing that the recently developed ATM inhibitor
KU55933 decreased the copy number of the integrated
HIV-1 DNAs strongly suggest that an ATM-dependent
signal has a key role in viral transduction (Lau et al.,
2005). In addition to the mechanism of viral infection,
HIV-l-induced DSBs or their signals have an impact on
the approaching AIDS pathogenesis, especially for
cancer development. A high incidence of malignant
tumors has been reported in ATIDS patients (Mayer
et al., 1995; Biggar et al., 1996; Straus, 2001), and recent
observations have indicated that tumor development
is observed even in HIV-l-positive patients who do
not show any immunocompromised manifestations
(Knowles, 2003). These data suggest that HIV-1
infection is by itself oncogenic (Laurence and Astrin,
1991), but the viral protein responsible for ATM
activation during HIV-1 infection has not been well
characterized,

Vpr, an accessory gene product of HIV-1, impairs the
progression of the cell cycle at G2/M phase (He et al.,
1995; Goh er ai., 1998). Vpr is thought to inactivate
Cdc2, which is a component of maturation-promoting
factor, by phosphorylating tyrosine 15 (Bukrinsky and
Adzhubei, 1999; Elder e¢ al., 2002). Recent studies have
shown that Vpr-induced G2 arrest is attenuated by the
introduction of wee-I siRNA or deletion of the wee-I
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gene (Yuan et al, 2004). Together with data on a
dominant-negative mutant of ATR and its siRNA,
ATR-Chk2-Wee-1 as a summarized signal pathway was
postulated to be responsible for the Vpr-induced G2
arrest (Roshal et al., 2003; Yuan et ol., 2004; Zimmerman
et al., 2004). As an earlier study demonstrated that
ATM was not important for Vpr-induced G2 arrest
(Bartz et al., 1998), thers have been no reports that
describe the activation of ATM under Vpr expression.
To investipate the Vpr-induced cell cycle abnormalities,
we established a MIT-23 cell line, in which Vpr
expression is tightly regulated by a tetracycline promoter
(Shitnura er al., 1999b). We found that the continuous
expression of Vpr indnced the formation of TUNEL-
positive micronuclei and increased the rate of gene
amplification (Shimura et al., 1999a), implying that Vpr
induces DSBs. Through an analysis with a pulse-field gel
electrophoresis on HIV-1 infected cells, we recently
detected an altered migration pattern of high-molecular-
weight genomic DNA (Tachiwana er al., 2006), also
implying that Vpr induces DSBs. Thus, it is now
important to clarify whether a cellular response depen-
dent on ATM, a kinase activated selectively by DSBs
(O’Connel er al., 2000; Khanna er al, 2001; Shiloh,
2001}, is really induced by Vpr, and if so, we need to
determine whether Vpr is the major viral protein
responsible for ATM activation.

DNA damage is induced by reactive oxygen species,
ionizing radiation, and chemicals (Abraham, 2001), and
are repaired by homologous recombination (HR) or
nonhomologous DNA end-joining (INHEJ) pathways
(Khanna and Jacksom, 2001; van Gent er al, 2001).
Once a DSB is generated, a 3’ single-stranded DNA tail
is processed, where replication protein A (RPA) and
Rad5l, an eukaryotic homologue of the bacterial DNA
strand exchange protein RecA (Cromie er al, 2001;
West, 2003), accumulate. It was shown that p53 and
BRCAZ phosphorylated at serine 3291 bind Rad51 and
suppress its HR activity (Dong et al., 2003; Linke et al.,
2003; Yoon et al, 2004). Functional BRCA1 and 2 are
required when DSBs occur; otherwise, genomic instabi-
Jity is induced, as observed in cancer-prone individuals
with mutations of these genes (van Gent et al., 2001;
Dong et al., 2003).

In this report, we first show that Vpr induced an
ATM-dependent cellular signal. The cellular response
under Vpr expression was similar to that caused by
X-ray irradiation involving BRCAI1, RPA and Rad5l.
‘We next demonstrate that Vpr increased the frequency
of HR in an ATM-dependent manner. Data support the
idea that Vpr induces DSBs. The possible role of Vpr in
viral infection and in HIV-1-associated malignant tumor
development is discussed.

Results

DSB-induced cellular signals by Vpr
Initially, we examined whether DSB-dependent cellular
signals were induced by HIV-1 infection. HT1080 cells

Oneogene

were infected with viruses without (R ) or with wild-
type vpr (R*), and an immunchistochemical analysis
was performed. As shown in Figure la, y-H2AX
accumulated after infection with the R* wvirus (right
panels) but not with the R virus (Figure la, middle
panels). Western blot analysis demonstrated a high-level
expression of p-H2AX with the phosphorylation of p53
in cells infected with the R+ virus (Figure 1b, lanes 4
and 5). Viral concentrations of 50 and 100ng/m! of
p24 were sufficient for the induction of y-H2AX. In con-
trast, the R virus did not induce p53 phosphory-
lation, although it slightly increased p353 expression
(Figure 1b, lanes 2 and 3).

To characterize the intracellnlar signals specifically
induced by Vpr, we used MIT-23 cells, in which vpr
mRNA expression was tightly regulated by the tetra-
cycline promoter (Shimura et al., 1995b). In MIT-23 cells,
Vpr expression was observed in 48h after treatment
of 3ug/ml of doxycycline (DOX) (Figure 2a). Under
such conditions, we observed focus formation of ATM
phosphorylated at serine 1981 (ATM-p} (Figure 2b,
upper panels) and y-H2AX (lower panels). In contrast,
focus formation of these molecules was not observed in
MIT-23 cells without DOX treatment (left panels).
Additionally, we did not detect focus formation of

vpr{)
160 ng

Vpr (+)
100 ng

a
No infecticn

b Vpr (-}

Vpr (+)

Virus {ng)
Chk2.p

+H2AX |

e |

pS3 |

o-Tubulin

1 2 3 4 5

Figure 1 Activation of DSB-induced signaling. {a) Focus forma-
tion of y-H2AX in cells infected with B or R virus, HTI080 cells
were infected with R or R~ virus at the concentration of 100 ngfml
of p24 gap protein. After 48h of infection, the cells were stained
with specific antibody against »-H2AX. The signals for »-H2AX are
shown as red spots in the nucleus (blue). (b) Western blot analysis
of proteins involved in the DSB-induced signa! pathway. Cell
lysates of virus-infected and control cells after 48 i were subjected
to analysis. Control celis {lane 1), cails infected with R virus (Janes
2 and 3}, and cells infected with R * virus (lanes 4 and 5} are shown.
Fwo doses of viruses at the concentration of 50 {lanes 2 and 4) and
100ng/ml of p24 gag protein {lanes 3 and 5) were used. «-Tubulin
indicates that the amounts of loaded proteins are pot significantly
different.
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Figure2 Activation of DSB-induced cellular signaling, (a) Expres-
sion profiles of Vpr in MIT-23 cells. Vpr expression was induced
in 48h with 3 pg/ml DOX in MIT-23 cells. The Vpr expression
level in MIT-23 cells was analysed by Western blotting with the
Vpr-specific antibody 8D1. (b} Focus formation of phosphorylation
of ATM (ATM-p) and y-H2AX following Vpr expression. The cells
were stained with specific antibodies against ATM-p and y-H2AX.
The signals for ATM-p and y-H2AX are depicted as red spots in
the nucleus (blue). (c) Western blot anatysis of proteins involved in
the DSB-induced signnl pathway. Cell lysates of MIT-23 cells
(lanes 1 and 2} were subjected to analysis. As a positive control,
HT1080 cells were irradiated at 7.5 Gy, collected after 30min, and
subjected to analysis.

ATM-p or y-H2AX in DOX-treated AVpr cells, in
which only the vpr gene was climinated from vectors
that were utilized for the establishment of MIT-23 cells
(data not shown). Western blot analysis also detected
that DNA-damage-sensing signals were induced by
Vpr expression (Figure 2c). Interestingly, Chk2, a
substrate of ATM, was highly phosphorylated at
threonine 68 by Vpr expression (Figure 2c, lane 2).
Additionally, p53 expression as well as its phosphoryla-
tion also increased 2s a downstream response of
these molecnles. Consistent with the previous
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report showing that Chkl, a substrate of ATR, is
activated by Vpr (Roshal er al., 2003), we observed the
presence of the slowly migrating band of Chkl as its
phosphorylated form under Vpr expression (data not
shown),

To compare the Vpr-induced DSB-dependent
signals with those by X-ray irradiation, HT1080
cells were irradiated with 7.5Gy of X-rays, and
the evoked signals were analysed. As shown in
Figure 2b (right panels), X-ray-induced DSBs generated
focus formation of ATM-p (Figure 2b, upper panel)
and y-H2AX (lower panel). Additionally, Western
blot analysis clearly demonstrated the phosphory-
lation of both Chk2 and p53 (lane 3 and 4). Data
suggest that Vpr-induced DNA-damage signals are
quite similar to those triggered by a well-characterized
DSB inducer.

Mobilization of cellular factors that are involved in repair
of DSBs

To further characterize the molecules activated
as a cellular respomse to Vpr-induced DSBs, we
investigated BRCAI, RPA and Rad5] mobilized for
repair of DSBs (West, 2003). As shown in Figure 3, the
immunohistochemical analysis carried out under Vpr
expression clearly detected focns formation of
these molecules (Figure 3). In contrast, control
cells did not show remarkable modification of these
molecules. Again, X-ray irradiation also induced the
same modification of the molecules (Figure 3, right
panels).

It has been proposed that during the DSB repair
process, Rad5l is released from a complex of p33
and becomes competent for HR (Linke er al,
2003; Bertrand ef al., 2004}, To address this possibility,
we compared the physical association of Rad51 and
p53 in the insoluble chromatin fraction before and
after the induction of Vpr expression. The interaction
of these molecnles was eliminated following Vpr
expression (Figure 4a, lanes 3 and 4; arrow). The level
of the complex formation of p53 and Rad51 decreased
by 35% compared to the control. This
finding is reproducibly observed, implying the possibi-
lity that Vpr binds either Rad51 or p53 and ceases
their interaction. We examined the direct interaction of
Vpr and Rad51 by using recombinant proteins, but
did not obtain pesitive results (data not shown). As it
has been shown that Vpr does pot interact with p53
(Sawaya er al., 1998), the mechanism of dissociation of
p53 and Rad5! in Vpr-expressing cells remains to be
clarified.

We also compared this molecular change with that
induced by X-ray irradiation. HTI080 cells were
irradiated, and the subsequent change of the interaction
of Rad5l and p53 was examined. As observed in
Figure 4a, the interaction between Rad51 and p53 in
the insoluble chromatin fraction was also abolished
(Figure 4b, compare lanes 2 and 4, arrow). Data suggest
that Vpr modifies Rad51 in the same way as
X-ray irradiation.
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Vpr Xeray
BRCA1
APA
Rad&1
Figure 3 Involvement of BRCAL, RPA and Rad5] in Vpr-induced signaling. MIT-23 cells were cultured in the presence or absence of
3 ug/ml DOX for 48k, Focus formations of BRCAL, RPA and Rad$] during Vpr expression are shown. These signals are visualized as
red spots in the nuclens (blue).
a Soluble Inscluble b Soluble Insoluble
Vpr - + - + Xray - + - +
IP:p53 p53| "wkaEp s W IP:p53 P53 4
WB:  Radsy o |a— WBI paggy
Input p53! - | Input  p53 [
: Radb1
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Figured Dissociated interaction of p33 and Rad5l in a chromatin fraction during Vpr expression. The Iysates of the soluble (lanes 1
and 2) and insoluble chromatin fractions (lanes 3 and 4) subjected to analysis. Proteins that were immunoprecipitated (IP) with the
anti-p53 antibody {xp53) were analysed by Western blot analysis (WB) with the op53 and «Rad5] antibodies, respectively. Input
lysates were also analysed by the same antibodies and ahistone H3 (HH3). The cell Iysate with (lanes 2 and 4) or without (lanes 1 and 3)
Vpr expression are shown (a). The same analysis was performed on X-ray irradiated cells (b). Armowheads indicate Rad51 recovered by
«p53 antibody.
Increased rate of HR by Vpr After 72h of trapsfection, the EGEFP- and EBFP-
DSBs must be correctly repaired, or genome integrity  positive cells were counted by flow cytometry
cannot be maintained (West, 2003). As Vpr induces  (Figure 5a, regions a and b, respectively). Then, the
DSBs and cellular factors such as Rad3l and BRAC1  frequency of HR was calculated as a ratio of number of
are mobilized under Vpr expression, we hypothesized  cells positive for EGFP and EBFP. It increased about
that the rate of HR increased in Vpr-expressing cells. To  2.5-fold by co-transfection of a plasmid encoding Vpr.
measure the rate of HR, we first utilized a system  Vpr-induced enhancement of HR was reproducibly
invented by Slebos and Taylor (2001) that could  observed (P<0.05), and the representative results are
monitor extrachromosomal recombination within a  shown in Figure 5b.
plasmid DNA (pBHRF). pBHRF contains a truncated Although the experiments with pBHRF strongly sug-
ERFP cassette, which forms a functional EGFP following  gested that Vpr increases HR, it has been demonstrated
intramolecular HR (Slebos and Taylor, 2001). We co-  that an extrachromosomal HR does not correlate
transfected HT1080 with pBHRF and a plasmid DNA  with intrachromosomal HR. Waldman and Liskay
encoding Vpr and examined the effects of Vpr on HR.  (1987) clearly demonstrated that the frequency of
Oncogene
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Figure 5 Increased rate of extrachromosomal HR by Vpr. {(a) A
representative result of three independent experiments with
PBHRF. HT1080 cells were co-transfected with pBHRF and
pcDNA3.1/Vpr (sce Materials and methods section). The celis were
subjected to analysis by flow cytometry after 72h. Regions & and b
were tentatively determined in a control sample. These indicate the
areas where cells positive for EGFP (region a} or EBFP (region b)
were not present in untreated samples. After treatment cell
numbers in these areas were counted and compared. (b) Increase
of GFP-positive cclls by Vpr. The mtio of GFP-positive cells to
BFP-positive cells, which are indicative of HR frequencics (Slebos
and Faylor, 200}), were counted. Each sample was analysed twice
in triplicate; bars 4 s.d.

extrachromosomal and intrachromosomal recombina-
tion rates are differentially influenced by the mismatch
of the nucleotides. To measure the rate of intrachromo-
soml HR under Vpr expression correctly, we prepared
stable transfectants derived from HTI1080 cells that
had been introduced with pDR-GFP. pDR-GFP is a
reporter construct that will generate an intact EGFP
gene by gene conversion after digestion with a rare
cutting enzyme, 1-Scel (Pierce er al., 1999). We obtained
two independent transfectants, HT/DR-GFP-1 and -2,
that possessed an integrated exogenmous plasmid DNA
competent for a short tract gene conversion (Supple-
mentary information la) (Pierce er al_, 1999). Then, HT/
DR-GFP cells were infected with adenoviruses of either
Adfgal or Ad-Scel-NG and subjected to analysis of
GFP-positive cells after 72h. After infection with Ad-
Scel-NG, both clenes gave increased numbers of GFP-
positive cells (about 0.5%) (Supplementary information
1b and ¢). In contrast, Adfgal, contirol adenovirus,
induced very few cells positive for GFP (<0.1%)
(Supplementary information 1b and c).

We then examined the influence of Vpr on the rate of
HR. First, we introduced a plasmid DNA encoding Vpr
or its control plasmid DNA, but it was not possible to

Double-strand DNA breaks and hamologous recombination by Vpr
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assess the effects of Vpr correctly because transfection of
plasmid DNA by itself influenced the rate of HR (data
not shown). It has been well reported that Vpr enters
cells and expresses its biological activity when added to
the cell culture (Jenkins er ., 1998; Henklein er al,,
2000; Huang et af., 2000; Taguchi er al., 2004), These
observations encouraged us to perform the experiments
by adding Vpr to cells exogenously with subsequent
measurement of GFP-positive cells. We prepared a
recombinant Vpr (rVpr) (Hoshino et 4., submitted), and
we first checked whether exogenously added rVpr
induces DSB-triggered cellular response. rVpr (50ng/
ml; 3.7oM) added to the medinm induced DSB-
dependent signals (Figure 6a), whereas glutathione S
transferase (GST), an irrelevant recombinant protein
that was expressed in bacteria and purified, did not
(right panels). Interestingly, the addition of the ATM
inhibitor KU55937 abolished rVpr-induced focus for-
mation of ATM-p and y-H2AX (Figure Ga).

When rVpr was added to HT/DR-GFP-{ (clone-1),
HR especially after infection with Ad-Scel-NG-infected
was definitely enhanced (about 1,.5%), whereas it was
not remarkably changed by the addition of GST (Figure
6b and ¢, left panel). The difference in GFP-positive
numbers after treatment with rVpr and GST was
statistically significant (P<0.01}). As more striking
evidence, the addition of KUS55933 significantly attenu-
ated the increased number of GFP-positive cells caused
by rVpr (Figure 6c¢, right panel) (P<0.01). Data indicate
that ATM is a critical molecule for the Vpr-induced
enhancement of HR.

Discussion

Vpr induces DSBs and enhances HR
In this study, we showed that Vpr activates the ATM-
dependent signal pathway involving Chk2 phosphoryla-
tion with focus formation of Rad5!, BRCAl and
y-H2AX. We previously reported that Vpr increases the
rate of gene amplification (Shimura ef al., 1999a), and a
subsequent analysis by fluorescence in sit hybridization
of amplified DNA suggested that a bridge-breakage
fusion cycle, possibly triggered by DSBs (Ishizaka et al.,
1995), was a relevant mode of Vpr-induced gene
amplification. Data shown in the present study well
supports our expectation that Vpr enhances gene
amplification by causing DSBs (Shimura et al., 1999a).
We observed that the frequency of HR increased in
response to Vpr. We examined the rate of HR by two
systems measuring extrachromosomal recombination
(Slebos and Taylor, 2001) and intrachromosomal
recombination (Pierce ef al., 1999). Both systems detect
cells that are positive for GFP generated by gene
conversion. Although it has been claimed that these
two modes of HR do not always equally detect cellular
recombinogenic conditions, our present data revealed
that both systems detected the effects of Vpr on HR. It is
interesting to note that the intrachromosomal recombi-
nation system wused in the current study detects HR at
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the specific site in the genome, where DSB is induced by indicating that DBSs at one locus contribute to trans-
expressing I-Scel, a rare-cutting enzyme (Anglana and  activation of HR at a different site,
Bacchetti, 1999). We used two cell lines, both of which In response to Vpr-induced DSBs, BRCAT and RPA
contained reporter constructs that were competent accurnulated as foci (Figure 2b}, and the association of
for a short tract gene conversion (Pierce ef al., 1999; Rad51 and p53 in the chromatin fraction was eliminated
Supplementary information 1), and we reproducibly  (Figure 3a and b). It has been reported that p33
detected enhancement of HR after treatment with Vpr. associates with several proteins including BLM,
Data suggest that Vpr has an indirect effect on HR, BRCAI, BRCA2, Rad52 and RPA (Yamaguchi-Iwai
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et al., 1998; Marmorstein et al., 1998; Zhang et al., 1998,
Linke et al., 2003; Sengupta et al., 2003) and inhibits the
Rad51-dependent HR (Cromie ef al., 2001; Linke et 4.,
2003), When DSBs were induced, the association of p53
and Rad5] was prevented by an unknown mechanism.
As the reduction of Rad51 and p33 interaction was also
observed after irradiation (Figure 3¢), it is likely that the
Vpr-activated DINA-damage signaling overlaps with the
cellular signals evoked by irradiation.

Biological relevance of Vpr-induced DSBs and HR for
HIV-1 infection

Vopr expression enhances the rate of HR, but several
reports suggest that NHEJF rather than HR contributes
to viral infection (Daniel et al., 1999; Li et al., 2001;
Jeanson et al., 2002; Lau er al, 2005). Additionally,
Rad52, a cellular component of HR, was shown to work
as a suppressive factor for HIV-1 transduction (Lan
er al., 2004). Together with data that the deletion of
genes involved in HR, such as XRCC2 or XRCC3, did
not alter the rate of viral integration (Chan er al,, 2004),
it seems that upregulation of HR by Vpr does not by
itself contribute to viral transduction.

In contrast, chemical compounds that generate DSBs
increase the rate of integration of viral DNA into the
host genome (Groschel and Bushman, 2005). This
phenomenon has been explained by delayed progression
at the G2/M phase due to DSBs. Additionally, caffeine
and caffeine-related methylxanthines are known to
impair HIV-1 infection (Nunnari ez al., 2005), and an
ATM inhibitor, KU55933, is known to decrease the
integration of viral DNA into host genome (Lau et al.,
2005). These observations suggest that a DSB-induced
cellular signal, not HR, is important for viral integra-
tion, and that Vpr-induced DSB contributes to efficient
viral integration in an ATM-dependent manner. An
important issue to clarify is how cellular signals
activated by ATM contribute to increased viral inte-
gration.

Possible mechanism of Vpr-induced DSBs and cell cycle
abnormality

The mechanism of Vpr-induced DSBs is presently
obscure. In the previous work, we showed that DSBs
are induced by incubating isolated nuclei with purified
recombinant Vpr protein (Tachiwana et af, 2006). A
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purified Vpr possessed DNA binding activity, but it did
not show any nuclease activity or activity of nicking
DNAs. Additionally, Vpr is present in the chromatin
fraction (Ishizaka, unpublished results, Lai et al,, 2005),
implying the possibility that Vpr induces DSBs by
modifying a chromatin structure to allow nucleases easy
access. Another possibility is that Vpr associates with
uncharacterized nuclease and recruits its activity to the
vicinity of chromosomes, Studies are ongoing to identify
cellular factor(s) that facilitate recrnitment of Vpr to
chromatin and induction of DSBs.

It is commonly accepted that Vpr-induced cell cycle
abnormality is observed at the G2/M phase but not at
the GI/S phase (Mahalingam er al., 1998), Actually, we
observed cellular accumulation at the G2/M phase in
MIT-23 cells when Vpr expression was inifiated
(Shimura et al, 1999b). Qur present observation on
the activation of ATM-dependent signal pathway by
Vpr envisages that Vpr-induced cell cycle abnormality
depends on ATM activation. A recent study, however,
has shown that the ATR—Chk] pathway, but not ATM-
Chk2, is necessary for Vpr-induced G2 arrest (Roshal
et al., 2003; Zimmerman et al., 2004). One possible
explanation is that DSB-induced G2 arrest, for example,
by X-ray irradiation largely depends on ATR-dependent
signaling (Brown and Baltimore, 2003). The molecular
linkage between ATM activation by Vpr and Vpr-
induced cell cycle abnormality, however, needs to be
carefully investigated.

Impact of Vpr-induced DSBs on the mechanism of tumor
development in HIV-1-positive patients

We showed that DSBs and an inereased rate of HR were
induced when rVpr was added to the culture medium
exogenously (Figure 6). Recently, we also found that
Vpr is present in serum of HIV-1-positive patients (Levy
et al,, 1994) at the concentration of about 0.7nM
(Hoshino et al., submitted). In the current study, we
used 3.7nM of rVpr to obtain the definite activity
inducing DSBs, but it would be possible that the high
concentration of Vpr is present in the foci of HIV-1
infection, suggesting that DSBs can be generated in the
cells within HIV-1-positive patients. The finding that
Vpris present in serum impacts the understanding of the
mechanism of tumor development in HIV-1 positive
patients. As reported by Biggar er al., the relative risk of
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Figure 6 Increased rate of intrachromosomal HR after treatment with rVpr. (a} Focus formation of y-H2AX in cells treated with or
without rVpr. HT1080 cells were incubated for 48k in the prescnce of 3.7n0M of rVpr (sec Materials and methods section), and
subjected to immunohistochemical analysis by antibodies against ATM-p and y-H2AX. Eifects of K155933 on rVpr-induced focus
formeation of these molecndes are shown. As controls, the effects of the same concentration of GST, as an irrelevant bacterta-derived
recombinant protein, are depicted (right panel). Their signals are shown as red spots in the nucleus (blue). (b) Effects of rVpr on HR.
HT/DR-GFP cells {clone-1} were infected with Adfgal or Ad-Scel-NG with or without the addition of 3.7 nM of rVpr (middle panel).
As a control, the same amount of GST was added to the culture {right panel). A region where no GFP-positive cells were present in
control sample was first determined (upper left panel). Then numbers of cells in the gated areas were counted in the specimens after
viral infection with or without treatment of recombinant proteins. {€) Vpr-induced increase of HR depends on ATM. Data obtained in
Figure 6b were summarized (left panel). The addition of rVpr repraducibly enhanced the number of GFP-positive cells (£ <0.01).
Effects of ATM inhibitor {ATMi} were analysed by the same procedures shown in Figure 6b (right panel). KU55933 (ATMi) was
added at a concentration of | mM at the same time that rVpr was added. As a control, the corresponding amount of dimethylsulfoxide
{final concentration: 0.1 % volume), which was used as a solvent for the compound, was included. ATMi significantly inhibited the rate
of HR (P<0.01).
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malignancy in AIDS patients was estimated to be 60-
t01000-fold higher than healthy controls (Mayer ef al.,
1995; Biggar er al., 1996; Straus, 2001). Although it has
been thought that an impaired cellular immunity under
AIDS conditions permits the development of tumori-
genesis (Knowles, 2003), recent observations indicate
that non-AIDS-defining malignancies, tumors found in
HIV-l-positive patients who have no deteriorated
cellllar immunity, are frequently observed in HIV-1-
positive patients (Herida er al., 2003; Burgi et al., 2005;
Lim and Levine, 2005). As antiretroviral therapy can
effectively protect patients from severe infecticus
diseases {Chadburn and Cesarman, 1997; Elenitoba-
Johnson and Jaffe, 1997), development of malignant
tumors will be a critical prognostic factor of HIV-1
positive patients in the future, More precise study is
required to clarify the molecnlar linkage of Vpr and
malignant transformation.

Materials and methods

Cell culture and establishment of HTIDR-GFP

HT1080, a human fibrosarcoma cell line (JCRB9113; the
Healthy Science Research Resources Bank), and its sublines
were maintained at 37°C and 5% CO; in Dulbecco’s modified
Eagles medium (D-MEM) that was supplemented with 10%
fetal bovine serum (FBS). The MIT-23 cell line was derived
from HT1080 cells, in which Vpr expression is controlled by a
tetracycline promoter, as described by Shimura er al. (1999b).
For Vprinduction, 3 pg/m! DOX (Sigma, St Louis, MO, USA)
was used. To obtain HT/DR-GFP, HTI1080 cells were
transfected with an inactive GFP expression cassette plasmid
{pDR-GFP} and selected by puromycin (1 pg/ml}, and clonal
cell lines were established.

HIV infection

We used pseudotyped viruses that were defective for an
envelope protein with vpr (R*) or without vpr (R-). HIV
vectors were produced by transient transfection of 2937 cells
(Tokunaga et al., 2001; Shimura et al., 2005). The pNL-Luc-
E-R* or pNL-Luc-E-R- plasmid was co-transfected with
pHIT/G using the transfection reagent Fugene-6 {Roche,
Tokyo, Japan). Virus supernatants were collected at 48 h post-
transfection. The harvested supernatants were centrifupged at
120 g for 5min and stored at —8G°C. Viral titers were measured by
p24 ELISA (ZeptoMetrix). The virus was diluted in D-MEM
supplemented with 10% FBS and used to infeet HT1080 cells
at a multiplicity of infection (MOI) of 0.8, which vielded
about 80% of cells that were positive for luciferase expression
(data not shown).

Protein analyses

The cells were washed with phosphate-buffered saline (PBS})
and resuspended in radio-immunoprecipitation assay buffer
composed of 50mM Tris-HCL, 1% NP-40, 0.25%. sodium
deoxycholate, 150mmM NaCl, 1mM EGTA, 1mM phenyl-
methysulfony! fluoride, 1 ugfml protease inhibitor mix, Imm
Nay VO3 and 1 mM NaF. The cell suspension was sonicated. To
fractionate chromatin fractions, cells were suspended in Buffer
N (13mM Tris-HCl (pH 7.5}, 60mM KCl, 15mM NaCl, 5mM
MgCl,, ImM CaCl,, 1mM DTT, 2mM Na,VO,, 250mM
sucrose, protease inhibitors) with 0.6% NP-40. Cells were
incubated on ice for 5min followed by centrifugation (2000g)
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to separate cytoplasmic proteins from nuclei. Isolated nuclei
were then washed twice with Buffer N followed by resuspen-
ston in Lysis buffer (10mM PIPES (pH 6.5), 10mM EDTA,
protease inhibitors} and centrifugation (6000g) to extract
soluble nuclear proteins. Finally, chromatin was resuspended
in Lysis buffer and shared by sonication on ice to extract
chromatin-bound proteins. The protein concentration was
determined using the BCA protein assay reagent kit (Pierce). A
100-pg aliquot of protein from each cell extract was separated
on 10% SDS-PAGE. Specific primary antibodies of p33
(Calbiochem), Chk2, ATM-S1981 (ATM-p), H2AX-5139
(y-H2AX) and histone H3 (Upstate), Chk2-T68 (Chk2-p)
and p53-815 {p53-p) (Cell Signaling) were used for analysis. A
monoclonal antibody to Vpr, 8D1 (IpG2a) was raised by
immunization of a full-length Vpr peptide (Peptide Institute).

Immunoprecipitation was performed using 500 pg of protein
mixed with 2ug of anti-p53 protein-specific IpG-beads.
Ternary complexes of protein A-antibody-antipen were
collected by centrifugation and washed three times. The
immunoprecipitates were subjected to SDS-PAGE followed
by Western blot analysis. To obtain a rabbit antibody to
RADSI, the human RadS1 protein was expressed as a
recombinant protein in the Escherichia coli strain JMI109
(DE3) (Kagawa er al., 2001), and was purified as described
previously (Kurumizaka et al, 1999). Detection of target
proteins was with an enhanced chemiluminescence detection
systern (Amersham Biosciences).

Inununostaining

The celis were washed with PBS and fixed with 2%
paraformaldehyde iz PBS and ice-cold methanol. The fixed
cells were permeabilized with 0.2% Triton X-100 in PBS for
5min. After treatment with PBS containing 10% goat serum
for 30min, the cells were incubated with primary antibodies
that included rabbit polyclonal antibodies apainst Rad5l
(1:400), mouse monoclonal antibodies apainst ATM-p
(1:100) and y-H2AX (1:100) (Upstate) and mouse monoclonal
antibodies against BRCA1 (1:300) and RPA (1:1000) (Lab
Vision). After 1h of incubation at 37°C, secondary antibodies
conjugated with Alexa 546 (1:1000; Molecular Probes, Eugene,
OR, USA) were added for 1h at 37°C. The slides were
raounted in an anti-fade solution (KPL) and analysed by
fluorescence mMiCTOSCOPY.

Homologous recombination assay

The rate of extrachromosomal HR was assessed as previously
described (Slebos and Taylor, 2001), HT1080 cells were co-
transfected with pBHRF and pcDNA3.1/Vpr or pcDNA3.1
(nvitrogen). pBHRF encodes both a truncated GFP and full-
Iength BFP. In the absence of HR, only BFP is expressed.
However, HR between the BFP and truncated GFP results in
the creation of a functional GFP. The green and blue
fluorescence levels were examined simultanecusly using a
Vantape flow cytometer (Becton-Dickinson) equipped with a
488-argon laser (GFP) ard a UV (350-360nm) laser (BFP).
vpr was derived from a NL4-3 clone (Adachi et al., 1986). Each
experiment was performed at least three times, and statistical
analysis was carried out by Student’s r-test.

The rate of intrachromosomal HR was assessed as reported
in human glioma cells (Pierce er al., 1999). Upon infection with
Ad-E-Sce-], a kind gift from Dr F Graham (McMaster
University, Canada) or Ad-Lac8 (a gift from Dr I Saito, Tokyo
University) as a control, GFP-positive cells as a result of HR
were analysed. K1U55933, a gift from Dr M O"Connor (KuDOS
Pharmaceuticals, England), was dissolved in dimethylsulfoxide
(DMSQ). GFP was analysed with laser scanning cytometer
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(LSC; Olympus, Tokyo, Japan) (Huang er al., 2006). Cells
cultured in cover slide were immersed in 0,2% Triton X-100 in
PBS for 10min. The slides were then incubated with anti-GFP
antibody (1:100; Molecular Probes) before adding Alexa Fuor
488 conjugated secondary antibody (1:400; Molecular Probes).
Green flucrescence emission was measured with LSC., The
integrated Buorescence was measured in 10000 cells for each
sample, Each experiment was repeated three times, and
statistical significance was examined,

Expression and purification of rVpr

rVpr was expressed in BL-21 codon plus (Stratagene) as a GST
fusion protein and purified using glutathione column chroma-
tography, as described (Hoshino et al., submitted). Vpr eluted
after precision treatment was applied to an affinity column
coupled with a monoclonal antibody to Vpr, 8D1. After
washing, Vpr was eluted with 100mM Hepes buffer (pH 2.5),
and immediately neutralized with 1M Hepes buffer (pH 8.0},
The concentration: of rVpr was measured by an enzyme-linked
immunosorbent assay version-l by using two antibodies
apgainst Vpr, a monoclonal antibody (8D1), and a polyclonal
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ABSTRACT

The process of homologous recombination is indis-
pensable for both meictic and mitotic cell division,
and is one of the major pathways for double-strand
break (DSB) repair. The human Rad54B protein,
which belongs to the SWIZ/SNF2 protein family,
plays a role in homologous recombination, and may
function with the Dmc1 recombinase, a melosis-
specific Rad51 homolog. In the present study,
we found that Rad54B enhanced the DNA strand-
exchange activity of Dmc1 by stabilizing the Dmc1-
single-stranded DNA (ssDNA) complex. Therefare,
Had54B may stimulate the Dmci-mediated DNA
strand exchange by stabilizing the nucleoprotein
filament, which is formed on the ssDNA tails produ-
ced at DSB sites during homolegous recombinatien.

INTRODUCTION

Chromosomal DNA is exposed to various DNA-damaging
agents and sustains damage that induces genomic instability.
A double-strand break (DSB) is caused by ionizing radiation,
cross-linking reagents, oxidative stress and DNA replication
failure. If the DSB is left unrepaired, then cell death occurs
(1-4). Homologous recombination is one of the major DSB
tepair pathways. This repair pathway is essentially error-
free, since a homologous region of the undamaged sister
chromatid is used as the template for repair. In contrast
to the mitolic DSB repair pathway, meiotic cell division
involves homologous recombination between homologous

chromosomes, but not between sister chromatids. This prefer-
ential recombination between homologous chromosomes is
initiated by the formation of a programmed DSB and ensures
correct chromosomal segregation at meiosis 1 through the
formation of chiasmata, which physically connect homo-
logous chromosomes (5,6). Thus, homologous recombination
is imporiant to maintain the integrity of the chromosome in
both mitotic and meiotic cells.

In homologous recombination, a single-stranded DNA
(ssDNAJ} tail, produced at the DSB site, is incorporated into
a nucleoprotein complex called the presynaptic filament. This
presynaptic filament catalyzes homologous pairing and strand
exchange with an intact homologous region of the double-
stranded DNA (dsDNA} molecule. The bacterial RecA pro-
tein is known to form helical presynaptic filaments and to
play central roles in homologous recombination (7-12). In
evkaryotes, two homologs of RecA, the Rad5] and Dmcl
proteins, which are conserved from yeast to human, are
assumed to fulfill this role. Rad51 is expressed in both
meiotic and mitotic cells, whereas the expression of Dmcl
is restricted to meiotic cells (13~16). Although previons bio-
chemical studies demonstrated that Rad51 and Dmcl have
recombinational activities similar 1o those of RecA (17-22),
other studies have also revealed that many ancillary factors,
such as replication protein A (RPA), RadS52 and Rad54.
significantly affect the activities of Rad51 and Dmcl (23,24).

Rad54 is a member of the SWI2/SNF2 family of proteins,
which have DNA-dependent ATPase activities and are
involved in chromatin remodeling (25-31). Genetic studies
revealed that Rad54-deficient cells are sensitive to DNA-
damaging agents, such as ionizing radiation, methy! methane-
sulfonate (MMS) and mitomycin C (32). Rad54 utilizes the
free energy from ATP hydrolysis to generate superhelical
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torsion into dsDNA by tramslocating on the DNA (33,34).
Farthermore, yeast Rad54 promotes the assembly and disas-
sembly of the Rad51 mucleoprotein filament, and both yeast
and human Rad54 stimulate the Rad51-mediated homologous
pairing activity by directly binding to Rad51 (35-37).

Recent studies showed that the human Rad54B protein,
a homolog of Rad54, interacts with the buman Rad5land
Dmcl proteins, and stimulates the homologous pairing acti-
vity medisted by these proteins (22,38). Similar to Rad54,
human RadS54B is a DNA-dependent ATPase (39) and is
expressed in both mitotic and meiotic cells (40). However,
genetic studies revealed that human Rad54B-deficient cells
are not overly sensitive to ionizing radiation, MMS and cis-
platin (41). Furthermore, the human Rad54B-deficient cells
are also proficient in mitotic sister chromatid exchange
(41). On the other hand, a severe reduction in targeted inte-
gration frequency was detected in the Rad54B-deficient
cells (41). These characteristics are different from those of
Rad54, indicating that Rad54B may have a unique role in
homologous recombination.

To mnderstand the function of Rad54B in homeologous
recombination, in the present study, we purified the human
Rad54B protein, which was overexpressed in insect cells
and biochemically characterized it. The purified Rad54B pro-
tein bound to the ATPase domain of Dmecl. Furthermore,
Rad3548 stimulated the DNA strand exchange mediated by
Dmecl and stabilized the Dmcl-ssDNA complex. Therefore,
Rad54B may stimulate the Dmel-mediated strand exchange
by stabilizing the Dmcl-ssDNA nucleoprotein filament
during homologous recombination.

MATERIALS AND METHODS
Protein purification

The human Rad54B cDNA was subcloned from pFastBac
HTC (nvitrogen) into pFastBac 1 (Invitrogen), and a recom-
binant human Rad54B bacnlovirus was generated as descri-
bed previousty (39). High Five insect cells were infected
with human Rad54B at a multiplicity of infection of 1, and
were harvested after 72 h. The cells were resuspended in
buffer A (pH 7.5), containing 50 mM Tris-HCl, 0.6 M KCI,
2 mM 2-mercaptoethancl (2ME), 10% sucrose and 10 mM
EDTA, and were disrupted by sonmication. The cell debris
was removed by centrifugation for 40 min at 100000 g, and
the lysale was treated with ammonium sulfate (0.21 g/ml).
The protein precipitate was redissolved in 50 ml of buffer
B (pH 7.5), containing 20 mM HEPES-KOH, 0.2 M KC],
0.5 mM EDTA, 2 mM 2ME, 10% glycerol and 0.01%
NP-40. The protein solution was mixed with 8 ml of phospho-
cellnlose column matrix at 4°C for 1 h, and then the mixtmre
was packed into an Econo-column (Bio-Rad). After washing
with 20 CV of buffer B, the Rad548 protein was eluted by a
20 CV linear gradient from 0.2 to 1.0 M KCL The Rad54B
protein was dialyzed against buffer C (pH 7.4), containing
20 mM potassium phosphate, 0.15 M KCI, 2 mM 2ME,
10% glycerol and 0.01% NP-40, and then was mixed with
6 mi of Q-Sepharese (GE Healthcare) column matrix at 4°C
for 1 h. The proteins in the Q-Sepharose flow-through frac-
tion were mixed with 6 ml of SP-Sepharose (GE Healthcare)
column matrix at 4°C for 1 h, and then the mixture was

packed imto an Ecomo-colummn. The column was washed
with 20 CV of buffer C and was eluted with a 20 CV linear
gradient from 0.15 to 1.0 M KCl. The peak fractions were
dialyzed against buffer D (pH 7.4), containing 20 mM potas-
sium phosphate, 0.2 M KCl, 2 mM 2ME, 10% glycerol and
0.01% NP-40, and were loaded on to a 1 ml hydroxyapatite
column. The column was washed with 20 CV of buffer D
and was elnted with a 20 CV linear gradient from 20 to
300 mM potassium phosphate. The peak fractions of the
Rad54B proteins were collecied, dialyzed against buffer B
and stored at —80°C.

The human Rad31 protein was purified as described previ-
ously (42), with the inclusion of a spermidine precipitation
purification step. Briefly, after the removal of the Hisg-lag,
the Rad51 protein was dialyzed a1 4°C aggsinst buffer E
(pH 7.5), containing 100 mM Tris—acetate, 7 mM spermidine
HCl and 5% glycerol. The Rad51 precipitate was collected by
centrifugation and resuspended in buffer F (pH 7.0}, which
contained 100 mM potassiem phosphate, 0.15 M NaC],
1 mM EDTA, 2 mM 2ME and 10% glycerol, and was purified
on a 1 ml Mono Q column (GE Healthcare) as described
previously.

The human Dmcl, Dmc182-340 and RPA proteins were
purified as deseribed previously (43-45). The concentrations
of the purified proteins were delermined with a Bio-Rad
protein assay kit, using BSA as the standard.

DNA substrates

The X174 circular ssDNA (5386 bases) and replicative form
I DNA were purchased from New England Biolabs and Life
Technologies. For the assays of strand exchenge and protein
transfer between DNA molecules, the replicative form § DNA
was linearized with Apal. 1. To perform the gel mobility shift
assay for the protein transfer between ssDNA molecules, the
©X 174 circular ssDNA was cut to ~500 base fragments by an
incubation at 98°C. The 120mer oligonucleotide, called SAT-
120 (5"-ATTTC TTCAT TTCAT GCTAG ACAGA AGAAT
TCTCA GTAAC TTCTT TGTGC TGTGT GTATT CAACT
CACAG AGTGG AACGT CCCTT TGCAC AGAGC
AGATT TGAAA CACTC TTTTT GTAGT-3), was used in
the pull down assay for the protein transfer between ssDNA
molecules. All DNA concentrations are expressed as molar
nucleotide concentrations.

Protein-protein binding assay

Rad51, Dmcl, Dmc182-340 and BSA were covalently conju-
gated to Affi-Gel 15 beads (100 pl; Bio-Rad), according to
the manufacturer’s instructions. The unbound proteins were
removed by washing the beads for five times with binding
buffer G (pH 7.5}, which contained 20 mM HEPES-KOH,
0.15 M KCI, 0.5 mM EDTA, 2 mM 2ME, 10% glycerol
and 0.05% Triton X-100. To block the residual active ester
sites, ethanolamine (pH 8.0) was added to a final concentra-
tion of 100 mM, and the resin was incubated at 4°C for I h.
After washing the resin three times with 500 pl of buiffer G,
the Affi-Gel 15-protein matrices were adjusted to 50%
slurries with buffer G and were stored at 4°C.

For the binding assay, the Affi-Gel I5-protein slurry
{20 p) was mixed with 20 ytg of Rad54B at room temperature
for 2 h. The Affi-Gel 15-protein beads were then washed five
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times with 500 pl of buffer G. SDS-PAGE sample buffer
(2-fold) was mixed directly with the washed beads., After
heating the mixture at 98°C for 5 min, the proteins were
fractionated by 4-20% gradient SDS-PAGE. Bands were
visnalized by Coomassie brilliant blue staining.

Immunoprecipitation experiments

The human Dmcl and Rad54B ¢DNA were subcloned into
the same pFastBac Dual vector (Invitrogen), and a recombi-
nant baculovirns containing both the Dmel and Rad54B
genes was generated as described previously. Sf9 insect
cells were infected with this baculovirus, and were harvested
after 48 h. The cells were then resuspended in buffer G, and
were disrupted by sonication. The resulting cell lysate was
incabated with 10 ul of anti-Dmel or Rad54B antibody con-
jugated to rProtein A-Sepharose Fast Flow (GE Healthcare)
at 4°C for 1 h. The beads were washed five times with
500 pl of phosphate-buffered saline containing 1% NP-40,
and were eluted by the addition of SDS-PAGE sample buffer
(2-fold). The eluted fractions were separated by 4-20%
gradient SDS-PAGE, and were biotted or 1o a poly-
vinylidene fluoride membrane. The proteins transferred on
the membrane were analyzed by immunoblotting. The rabbit
anti-Dincl antibody was prepared in this study, and the pre-
paration of the rabbit anti-Rad54B antibody was described
previously (46).

DNA strand exchange assay

All of the experiments were performed in a final volume of
10 pl of buffer H, containing 35 mM Tris—HC! (pH 7.8),
1 mM DTT, 2 mM ATP, 2.5 mM MgCl,, 20 mM creatine
phosphate and 75 tg/ml creatine kinase. The reactions were
started by incubating 7.5 pM Dmel with 30 pM ¢X174
circular ssDNA at 37°C for 5 min. Then, 2 pM RPA and
200 mM XCl were added, and after a 5 min incubation at
3°C, 22 uM ¢X174 linear dsDNA and 0.025-1.6 pM
Rad54B were incorporated to initiate the reaction. After incuo-
bations at 37°C for the indicated times, the reactions were
terminated by the addition of 0.5% SDS and 700 pg/ml pro-
teinase K, followed by an incubation at 37°C for 20 min.
After 10-fold loading dye was added, the products were
resolved by 1% agarcse gel electrophoresis in TAE buffer
at 3.3 Viem for 2.5 h, and were vispalized by staining with
ethidium bromide.

Protein fransfer assay (1): using biotinylated-ssDNA
molecuies and streptavidin beads

Dmel (5 uM) was incubated for 5 min at 37°C with 20 uM
SAT-120 (120mer) labeled with bioiin at the 53" end, in 80 ul
of buffer I, containing 35 mM Tris-HCl (pH 7.8),
1 mM DTT, 2 mM ATP and 2.5 mM MgCl,. The reaction
mixture was then divided in two, and a 5 pl aliquot of
Rad54B (200 nM) or buffer B was added. After an incubation
at 37°C for 5 min, a 5 pl aliquot of X174 circular ssDNA
(2 mM) was added, and the reaction was incubated at
37°C for 2 h. The DNA-protein complexes were captured
with 50 pl of ImmunoPure Immobilized Streptavidin Gel
(PIERCE) equilibrated with buffer I with 0.1% Triton
X-100. After an incubation at 4°C for 1 h, the reaction
mixinre was divided into the beads and the supernatant by

Nucleic Acids Research, 2006, Vol. 34, No. 16 4431

centrifugation. After adding 2-fold SDS-PAGE sample buffer
and heating the mixture at 98°C for 5 min, the supernatant
was fractionated by 4-20% gradient SDS-PAGE. Bands
were visualized by Coomassie brilliant blue staining.

Protein transfer assay (2): resolving protein-DNA
complexes on agarose gels

For the assay, 10 uM Dmel was incubated with 20 pM
6X174 circular ssDNA at 37°C for 5 min, in 80 pl of buffer
H. The reaction mixture was then divided in two, and a 5 1l
aliquot of Rad54B (200 nM) or buffer B was added. After an
incubation at 37°C for 5 min, these mixtures were incubated
with various concentrations of X174 ssDNA fragments
(0-200 uM) at 37°C for 2 h. After 10-fold loading dye was
added, the products were resolved by 1% aparose gel
electrophoresis in TAE buffer at 3.3 V/em for 2.5 h and
were visualized by staining with ethidium bromide.

Eleciron microscopic analysis

Dmel (10 pM) was incubated with 15 uM SAT-120
(120mer) at 37°C for 5 min, in 10 pl of buffer J, containing
25 mM Tris-HC] (pH 7.5), 1 mM DTT, 2 mM ATP and
5 mM MgCl,. Then, 200 mM KCl was added, and after a
5 min incubation at 37°C, 0.4 pM Rad54B was incorporated,
The protein~-DNA complexes were fixed with 0.2% glutar-
aldehyde at 37°C for 10 min. After a 100-fold dilation with
buffer I, the reaction mixture was negatively stained with
2% uranyl acetate. The complexes were observed with a
JEOL JEM 2000EFX electron microscope.

RESULTS

Purification of RadS4B and its interactions with Rads1
and Dmecl

First, we examined whether Rad54B physicatly interacts with
Rad51 and Dmel, because recent studies revealed that
Rad54B interacts with these proteins (22,38), in contrast 1o
our previous results (39). To do so, we newly subcloned
Rad54B imio pRastBacl, which lacks a Hise-tag site, and
employed an improved Rad54B purification method,
Rad54B was expressed in baculovirus-infected High Five
insect cells. The cell lysate was treated with ammoniom
sulfate (Figure 1A, lane 2). The precipitale was redissolved
and further purified by phosphocellulose column chromato-
graphy (Figure 1A, lane 3), Q-Sepharose column chromato-
graphy (Figure 1A, lane 4), SP-Sepharose column
chromatography (Figore 1A, lanc 5) and hydroxyapatite col-
umn chromatography (Figure 1A, lane 6). Abont 1 mg of
purified Rad54B was obtained from 3 liters of High Five
insect cell suspension culture,

To examine the interaction, Rad51 and Dmel, separately
conjugated on Affigel 15 beads {(RadSI-beads and Dmcl-
beads, respectively), were incubated with purified Rad54B,
and the protein bound to either the Rad51 beads or the
Dmcl beads was detected by SDS-PAGE. As showa in
Figure 1B, RadS4B interacted with both Dmcl and RadSi
(lanes 3 and 4). These results are consistent with the previous
data (22,38,46). Furthermore, Rad54B interacted with a
Pmcl mutant (Dmeclgy asg) lacking 81 amino acid residues
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Figure 1. Rad54B purification and compiex formation. (A) SDS-PAGE of
the colurn fractions containing Rad54B. The proteins precipitated by
ammonium sulfate (lane 2), the phosphocellulose peak fraction (lane 3}, the
Q-Sepharose flow-through {lane 4), the $P-Sepharose peak fraction (lane 5)
and the hydroxyapatite peak fraction {lane 6} were fractionated on a 4-20%
SDS-PAGE gel and stained with Copmassie brilliant blue. Lane 1 indicates
the molecular moss markers. {B) Protein-protein interaction assay of Rad548
with Rad51, Dmel and Dmelgs-aso. RadS4B was mixed with either Rad51,
Dmecl or Dmclgz-asn that was covalently conjugated to an Affi-Gel 15 matrix.
After an fncubaton at room temperature, the Affi-Gel 15 matrices were
washed with binding buffer, directly mixed with 2-fold SDS-PAGE sample
buffer and fractionated on a 4-20% gradiert SDS-PAGE gel Lane 1 is one-
tenth {2 ug) of the input proteins, lane 2 is the negative control using the
Affi-Gel 15 matrix conjugated witk BSA, lane 3 is the Affi-Gel 15 matrix
conjugated with Rad51, lane 4 is the AfS-Gel 15 mattix conjugated with
Pmel and lane 5 is the Affi-Gel 15 matrix conjugated with Dmclygy a4 The
bands were visualized by Coomassie brilliant blue staining. Notably, the
Rad51, Dmel and Dmeclsy sy proteins form multimers and thas, these
proteins can indirectly associate with the Affi-Gel matrix via interactions with
proteins crosslinked to the matrix, RadS], Dmc] and Dmelgy gqq detected in
lanes 3-5 represent fractions that were mot covalenily conjugated to the
Affi-Gel beads. In contrast, BSA was not detected (lane 2), since BSA doss
a0t form multimers, and all proteins were covalently conjugated to the beads.
{C) Immunoprecipitation @P) experiments of Rad54B and Dmci. 59 insect
cells were infected with a baculovims containing both the Dmcl and Rad54B
genes. The cells were Lysed and subjected to Immunoprecipitation with anfi-
Rod54B antibody (lane 3) or anti-Dmc] antibedy (lane 6). Tke precipitates
were analyzed by immunobletting. As negative control experiments, the cell
lysate was incubated with nommal IgG (lapes 2 and S5). Lanes 1 and 4 are
one-tenth of the input cell lysate.

from the N-terminus (Figure 1B, lane 5). The region encom-
passing amino acids 82-340 of Dmc] corresponds to the core
ATPase domain (45), which is stmctrally conserved among
the RecA-family proteins, such as eukaryotic Rad51 and
Dmel (43,47,48), archaeal RadA (49.50) and bacterial
RecA (51). Therefore, the data suggest that the core ATPase
domains of Rad51 and Dmcl are a common target for
Rad54B binding. Notably, when we performed this assay
using Hise-tagged Rad54B purified according to the present
purification method, which differs from that described

previously (39), the same results were observed (data not
shown). Hemnce, our previous result was not related to the
Hisg-tag fused to the N-terminus of Rad54B. Instead, the dif-
ference was probably due to the difference in the purification
methods.

To gain further evidence that Rad54B actally interacts
with Dmel, Rad54B and Dmel were co-expressed in Si9
insect cells, and immunoprecipitation was performed.
When the cell lysate was mixed with anti-Rad54B antibody-
conjugated beads, Dmcl co-precipitated (Figure 1C, lane 3).
Similarly, Rad54B was co-precipitated by anti-Dmecl
antibody-conjugated beads (Figure 1C, lane 6). Therefore,
these results demonstrate that Rad54B and Pmel can interact
in living cells.

Stimulation of the Dmcl-mediated DNA strand
exchange by Rad54B

We next examined whether Rad54B affects the DNA strand
exchange activity of Dmel. In this assay, $X174 circular
ssDNA and homologons linear dsDINA were used as sub-
strates (Figure 2A), and the reactions were conducted in the
presence of RPA. Dmel was first incubated with ssDINA,
and then dsDNA was added into the reaction mixture (stan-
dard procedure, Figure 2B, lane 2). A nicked circular duplex
is generated when complete strand tramsfer takes place
(Figure 2A). Rad54B itself did not promote strand exchange
(Figure 2B, lane 7). When RadS4B was added to the reac-
tion mixture along with the linear dsDNA substrate in the
standard procedure, the Dmcl-mediated strand exchange
was significantly enhanced (Figure 2B-E). In the experiments
presented here, we observed that only sub-stoichiometric
amounts of Rad54B (0.025 pM) were required to stimulate
the DPmci-mediated strand exchange (7.5 pM Dmel). There-
fore, Rad54B may act as a trigger in the conversion of the
Dmcl-DNA complex from an inactive 1o an active form.

Rad54B stabilizes the Dmel-ssDNA complex

Mazin et al. (52) demonstrated that Rad51 filaments on
ssDNA are stabilized by Rad54, and proposed that this is
essential for the stimulation of the RadS5i-mediated strand
exchange. We therefore investigated whether Rad54B stabi-
lizes the Dmcl-ssDNA complex, by monitoring the transfer
of Dmel molecules preassembled on ssDNA to a competitor
DNA, using two different experimental procedures.

First, we performed a pull down assay using biotinylated
DNA and streptavidin beads. In this assay, Dimc1 was assem-
bled on a biotinylated 120mer ssDNA (SAT-120), and was
incubated in the presence or absence of Rad54B, followed
by the addition of $X174 circular ssDNA as a competitor.
After SAT-120 was immobilized on the streptavidin beads,
the reaction mixture was divided into the beads and the snper-
natant (Figure 3A). The supernatant was fractionated on a
4-20% gradient SDS-PAGE gel (Figure 3B). When we per-
formed this assay withont competitor DNA, there was essen-
tially no Dmcl detected in the supernatant (data not shown),
indicating that Dmel was bound to SAT-120. In the presence
of competitor DNA, Dmel was detectable in the supernatant,
indicating that Dmcl transferred from the preassembled
Dmcl-ssDNA complex to the competitor DNA. The amount
of Dmcl transferred in the presence of Rad54B was ~3-fold
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Figure 2. Stimulstion of the Dmcl-mediated DNA strand exchange activity by Rad54B. (A) Schematic representation of the DNA strand exchange assay. The
nucleoprotein filament is formed by incubating Dmcl with circular ssDNA. The filament is paired with homelogous linear dsDINA to vield a joint molecule.
A nicked circular duplex (ne} and linear ssDNA are then generated by completing strand exchange over the length of the DNA. molecules. (B) Dmel-mediated
DNA strand exchange activity with Rad54B. A censtant amount of Dmcl (7.5 pM) was incubated for 2 h with ¢X174 circular ssDNA (30 uM), 6174 linear
dsDNA (22 pv), RPA (2 pMD), XC (200 mM) and increasing concentrations of Rad54B (0, 0.025, 0.1, 0.4 and 1.6 1M in lanes 2-6, respectively), in the ornder
described for the procedure at 37°C. In lane 1, ssIXNA and dsDINA were incubated in buffer with RPA and KCL, but without other recombinznt proteins, and in
lane 7, 3sDNA and dsDNA were incubated in buffer with RPA, KCELand Rad54B (1.6 1M), but no Dmcl. The reaction mixtures were deproteinized, fractionated
ona 1% agarose gel and stained with ethidium bromide, (C) Graphic representation of the experiments shown in (B). The amounts of nicked eircular duplex are
presexted. (D) Time course experiments for DNA strand exchange. Dimcl (7.5 uM) was incubated with ¢X174 circular ssDNA (30 pM), 6X174 linear dsDNA
{22 uM), RPA (2 uM) and KCl (200 mM), in the presence (open sguares) or absence (closed squares) of Rad54B (0.4 pM), in the order described for the
procedure at 37°C, for the indicated times. (E) Graphic representation of the experiments shown in (). The amounts of nicked circular duplex are gmphicaliy
presented.

less than that in the absence of Rad54B (Figure 3C), implying  of the competitor DNA, indicating that Rad54B inhibited
that Rad54B prevented the Dmcl-ssDNA complex from  the transfer of Dmcl from the preassembled complex to the
dissociating. competitor DNA (Figure 4, lanes 7-11). Therefore, Rad54B
Second, a gel mobility shift assay was carried ont to stabilizes the Dmcl-ssDNA complex.

confinn that Rad54B8 actually stabilizes the Dmcl-ssDNA
complex. Dmel was assembled on ¢X174 circular ssDNA, . . .
and was incubated in the presence or absence of Rad54B, gadS;B g;n;lzt':.sc‘;“?l the !(;rmmus of the

followed by the addition of ¢X174 ssDNA {ragments mex-—ss el flamen

(~500 bases) as & competitor. In this assay, by monitoring ~ We next nsed electron microscopy to examine whether the
the migration distance of the $X174 circular ssDNA, we  nature of the Dmcl-ssDNA complex would change by the
investigated whether the transfer of Dmcl occurred.  addition of Rad54B. In both the absence and presence of
In the absence of Rad54B, increasing the concentration of  Rad54B, the Dmcl-ssDNA helical filament was observed
the competitor DNA resulted in the faster mobility of  (Figure 5A and B). However, in the presence of Rad54B,
the Dmcl-ssDNA complex on the agarose gel (Figure 4, we observed Dmcl-ssDNA filaments with a2 mass of
lanes 2—6). This result indicates that the Dmel had trans- ~20 nm associated with the termini (Fipare 5C, closed
ferred from the preassembled Dmel-ssDNA complex to the  arrow). We did not detect such protein~-DNA complexes
competitor DNA. In contrast, in the presence of Rad54B,  without Rad54B, implying that RadS4B associated with
the migration distances of the Dmcl-ssDNA-Rad54B  the terminus of the Dmcl-ssDNA filament. Interestingly,
complexes did not change upon titration with excess amounts  Rad54 preferentiaily associates with the terminns of the
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Figure 3. Pull down assay for the protein transfer between ssDINA molecules.
(A) A schematic diagram of the pull down assay. Dmcl and bictinylated
DNA form a complex in the absence or presence of Rad54B. Then, circular
ssDINA is added as a competitor, and protein transfer cccurs. Biotinylated
DNA is immobilized on streptavidin beads, and the reaction mixture is
divided into the beads and supernatant. (B) Dmcl (5 pM) was incubated with
SAT-120 (20 pd) labeled with biotin at the 5’ end in the absence (lane 2) or
presence (lane 3) of Rad54B (200 uM), followed by an incubation with
&X174 circular ssDNA (2 mM). After immobilization on streptavidin beads
for 1 h at 4°C, the reaction mixture was divided ioto the beads and the
supernatant by centrifugation. Then, one-ienth of the supernatant was
fractionated on a 4-20% gradient SDS-PAGE gel. Lane 1 is one-tenth of
the input protein. (C) Graphic representation of the cxperiments shows in (B).
The amounts of Dmcl within the supernatant are presented.

Rad51-dsDNA helical filament (53). This terminal associa-
tion of Rad54B may stabilize the Pme¢l-ssDNA filament.

DISCUSSION

The yeast and human Rad54 proteins stimulate strand
exchange by Rad51 (54,55), but, thus far, the activation of
Dmecl-mediated strand exchange by the Rad54 homologs
has not beer reported. The present findings suggest that the
human Rad54B protein stimulates the Dmcel-mediated strand
exchange, probably through the stabilization of the presynap-
tic filament formed by ssDNA and Dmcl. Recent studies
have shown that RadS4B enbhances D-loop formation by
Dmel and Rad51 (22,38). Taken together, RadS4B assists
Dmcl in the initial strand invasion step (homologons pair-
ing), as well as in the extension of the heteroduplex region
(strand exchange). To stabilize the Dmcl-ssDNA complex,

competitor "]
DNA  ~ ~ "

RadsdB - - - - - -« + + 4+ + +
Dmeci + + o+ + + o+

ssDNA -

1 2 3 4 5 6 7 8 910 M
Figure 4. Gel mobility shift assay for the protein transfer betweer ssDNA
molecules. A constant amount of Dmel (10 M)} was incubated with ¢X174
circutar ssSDNA. {20 4M) ir the absence (lanas 2-6) or preseace (fanes 7-11)
of Rad54B (200 nM), followed by an incubation with increasing amounts of
X174 ssDNA fragments (0, 25, 50, 100 and 200 pM in lanes 2--6 and lanes
7-11, respectively) at 37°C for 2 h. In lane 1, X174 circular ssDINA was
incubated in buffer without any recombinant proteins.
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i

Figure 3. Electron microscepic images of Rad54B and Dmcl with ssDNA.
Images of the DmcI-ssDNA belical filament in the absence (A) or presence
{B) of Rad54B, and the Rad54B-Dmcl-ssDNA complex (C) were photo-
graphed after negative staining with uranyl acetate. The closed bar denotes
100 nm.

catalytic amounts of Rad54B were sufficient. Consistent
with this result, we observed that Rad54B associated with
the termini of the Dmel-ssDNA filament, by an electron
microscopic analysis. These observations suggest that
Rad54B may stabilize the Dmcl-ssDNA complex by
interacting with the terminal region of the Dmci-ssDNA
complex.

How could Rad54B stabilize the Dmcl-ssDNA
complexes? One possibility is that RadS4B could prevent
the Dmci-ssDNA nucleoprotein filament from disassembling
by binding to one end of the filament. This may lead to the
unidirectional assembly of the Dmcl-ssDNA nucleoprotein
filament at the DSB site. The second possibility is that by
physically imteracting with Dmel, Rad54B could alter the
conformation of the Dmecl-ssDNA nucleoprotein filament
from an inactive form to an active form. Multiple studies
have indicated that the fandamental mechanism of Dmecl-
mediated recombination is the same as that of the RecA
homeologs, suggesting that Dmcl forms helical filaments when
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Figure 6. Model of Rad548 converting the Dmel-DNA complex from the
octameric ring form to the helical filament form. RadS4B interacts with
terminus of the stacked octameric rings of the Dmcl-DNA complex, ceusing
a conversion iolo the belical-filament form. This conversion results in the
siabilization of the Dmcl-ssDNA complex, and the stimulation of the DNA.
strand exchange promoted by Dmel,

performing the strand exchange reaction (22.45,48,56-58).
However, Dmcl forms octameric rings alone and on DNA
(59), and the conrversion from rings to filaments is probably
essential for the proper function of Dmcl. A recent study
indicated that ATP binding may act as a trigger in the conver-
sion of the Dmec octameric ring form to the helical ilament
form (43). We found that Rad54B bound to the isolated
ATPase domain of Dmcl, and this interaction may assist
in changing in the conformation of the Dmel monomer to
favor the formation of the helical filament, thus stabilizing
the complex. Based on these possibilities, we propose the fol-
lowing model (Figure 6), which explains the mechanism of
DNA strand exchange promoted by Rad54B and Dmcl.
First, Rad54B associates with the terminus of the stacked
tings, and binds to the ATPase domain of Dmc1. This process
may catalytically prevent the Dmcl-ssDNA filament from
disassembling or promote the conversion of the Dmcl-
DNA complex from stacked oclameric rings to helical
filaments. The Dmcl-ssDNA nucleoprotein filament, which
is probably the active form for the strand exchange reaction,
then invades the homologons duplex DNA, forming a hetero-
duplex DNA intermediate.

Recent studies have shown that Rad54 has a potent trans-
locase activity and stimulates the branch migration activity
of Rad51 (55,60). These activities suggest that Rad54 is

Nucleic Acids Research, 2006, Vol. 34, No. 16 4435

involved in the post-synaptic phase of recombination.
Although the previous and present Rad54B results have
suggested its involvement in the presynaptic phase of
recombination, it is easy to imagine that Rad54B functions
in the post-synaptic phase of recombination, such as Rad54.
Further analyses of the effects of Rad54B on Dmel com-
plexed with varions DNA structures representing recombina-
tion intermediates may provide clues toward understanding
the precise mechanism of the Rad354B-stimulated homo-
logous recombination.
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