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MENA, VASP and EVL are members of the ENA/
VASP family of proteins and are involved in cytoplas-
mic actin remodeling. Previously, we found that EVL
directly interacts with RADS1, an essential protein in
the homologous recombinational repair of double-strand
breaks (DSBs) and stimulates the RADS5I-mediated
recombination reactions in vitro. The EVL-knockdown
MCEF7 cells exhibited a clear reduction in RADS51-foci
formation, suggesting that EVL may function in the
DSB repair pathway through RADS1-mediated hom-
ologous recombination. However, the DSB repair de-
fects were less significant in the EVL-knockdown cells,
implying that two EVL paralogues, MENA and VASP,
may complement the EVL function in human -cells.
Therefore, in the present study, we purified human
MENA, VASP and EVL as recombinant proteins,
and compared their biochemical activities in vitro.
We found that all three proteins commonly exhibited
the RADS1 binding, DNA binding and DNA-annealing
activities. Stimulation of the RADS5I1-mediated hom-
ologous pairing was also observed with all three
proteins. In addition, surface plasmon resonance
analyses revealed that MENA, VASP and EVL
mutually interacted. These results support the ideas
that the ENA/VASP-family proteins are functionally
redundant in homologous recombination, and that all
three may be involved in the DSB repair pathway in
humans.

Keywords: DNA repair/ENA/VASP family/homolo-
gous recombination/RADSI.

Abbreviations: AMPPNP, beta,gamma-imido-adeno-
sine-5'-triphosphate; ATP, adenosine 5'-triphosphate;
DTT, dithiothreitol; EDTA, ethylenediaminetetraa-
cetic acid; EVH, Ena/VASP homology; EVL, Ena/
VASP-like; MENA, mammalian Enabled; PAGE,
polyacrylamide gel electrophoresis; SD, standard
deviation; SDS, sodium dodecyl sulfate; VASP,
vasodilator-stimulted phosphoprotein.

RADSI is an essential enzyme for the homologous
recombinational repair (HRR) pathway in mitotic
cell division and meiotic homologous recombination
(I-5). In mice, the Rad51-gene knockout results in
early embryonic lethality due to a defect in HRR
(6, 7), and disrupting the Rad5I-gene in chicken
DT40 cells causes cell death, accompanying the accu-
mulation of spontancous chromosome breaks (8).
These facts indicate that RADS1 is essential for the
maintenance of chromosome integrity through the
HRR pathway in higher eukaryotes.

RADS51 was first identified as a eukaryotic homo-
logue of bacterial RecA (9—14). During the homolo-
gous recombination processes, RADS1 binds to the
ssDNA tail produced at the DNA double-strand
break (DSB) sites, and forms a helical nucleoprotein
filament. The RADS51-ssDNA filament then binds to
the intact double-stranded DNA (dsDNA) to form a
ternary complex, containing ssDNA, dsDNA and
RADSI. In this ternary complex, RADSI aligns hom-
ologous sequences between ssDNA and dsDNA, and
promotes recombination reactions, such as homolo-
gous pairing and strand exchange (/5—19).

To efficiently promote homologous pairing and
strand exchange, human RADS5I1 requires auxiliary
factors, such as RADSI paralogues (20), BRCA2
(21—-24), RADS52 (25), RAD54 (26, 27), RAD54B
(28), RADSIAPI (29, 30), PSF (31) and GEMIN2
(32). In addition, we previously identified human
EVL as a RADS1 binding protein (33, 34). Human
EVL is a member of the ENA/VASP family, which is
involved in actin-remodelling processes (35).

The ENA/VASP-family proteins bind actin and
regulate the assembly and geometry of F-actin net-
works (36), and have been suggested to play a key
role in neuronal migration and axonal outgrowth
and guidance. However, the functional analysis of
each ENA/VASP-family protein has been precluded,
because the three proteins, MENA, VASP and EVL,
exhibit similar functions (37) and overlapping expres-
sion patterns in the neocortex (38, 39). The loss of all
ENA/VASP-family proteins reportedly blocks axon
fiber tract formation in the cortex, resulting from the
failure of cortical neurons to produce neurites (40).
These facts suggest that the ENA/VASP-family pro-
teins may be required for neuritogenesis in the develop-
ing cortex.

We previously reported that EVL directly interacts
with RADS51, and stimulates RADS51-mediated re-
combination reactions in vitro (33, 34). The
EVL-knockdown MCF7 cells exhibited a clear reduc-
tion in RADSI-foci formation (33). These results
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suggested that EVL may function in DSB repair path-
way defects through RADS1-mediated HRR, although
the relationship between HRR and neuritogenesis is
not well understood. However, the EVL reduction in
the knockdown cells did not significantly increase the
sensitivity to a DSB-inducing agent, mitomycin C,
probably due to presence of two other ENA/
VASP-family proteins, MENA and VASP, in
humans. The ENA/VASP-family proteins contain
three distinct domains, EVHI, Pro-rich and EVH2
(35). Our previous study revealed that the EVH2
domain, but not the EVHI and Pro-rich domains, is
responsible for the recombination-related activity of
EVL (34, 41). Two other ENA/VASP-family proteins,
MENA and VASP, also contain these three domains;
however, the significance of MENA and VASP in
homologous recombination has not been elucidated.

In the present study, we purified human MENA,
VASP and EVL as recombinant proteins, and tested
their biochemical activities related to homologous
recombination.

Experimental Procedures

Protein preparation

The human MENA, VASP and EVL genes were isolated from a
human ¢cDNA pool (Clontech, Mountain View, CA, USA) by poly-
merase chain reaction, and each was cloned separately into the
pET-15b vector (Novagen, Darmstadt, Germany). In this construct,
the hexa-histidine (Hise) tag sequence was fused at the N-terminal
end of the gene. The MENA, VASP or EVL protein was expressed in
the Escherichia coli BL21(DE3) strain, which also carried an expres-
sion vector for the minor tRNAs [Codon(+)RP, Stratagene, La
Jolla, CA, USA]. The cells producing MENA, VASP or EVL were
resuspended in 20 mM potassium phosphate buffer (pH 8.5 for EVL,
pH 8.0 for VASP, pH 7.5 for MENA), containing 700 mM NacCl,
SmM 2-mercaptoethanol, 10mM imidazole (SmM imidazole for
MENA) and 10% glycerol, and were disrupted by sonication. The
cell debris was removed by centrifugation for 20 min at 30,000 g and
the lysate was mixed gently by the batch method with nick-
el—nitrilotriacetic acid (Ni—NTA) agarose beads (4 ml, Qiagen,
Hilden, Germany) at 4°C for 1 h. The VASP or EVL-bound beads
were washed with 40 ml of 20 mM potassium phosphate buffer (pH
8.5 for EVL, pH 8.0 for VASP), containing 700 mM NaCl, SmM
2-mercaptoethanol, 30 mM imidazole and 10% glycerol. The beads
were then washed with 40 ml of 20 mM potassium phosphate buffer
(pH 8.5 for EVL, pH 8.0 for VASP), containing 700 mM NaCl,
SmM 2-mercaptoethanol, 60 mM imidazole and 10% glycerol, and
then were washed again with 20mM potassium phosphate buffer
(pH 8.5 for EVL, pH 8.0 for VASP), containing 700mM NaCl,
5mM 2-mercaptoethanol, 30 mM imidazole and 10% glycerol. The
MENA, VASP or EVL-bound beads were then packed into a
column, and were washed with 150 ml of 20 mM potassium phos-
phate buffer (pH 8.5 for EVL, pH 8.0 for VASP, pH 7.5 for
MENA), containing 100mM NaCl (300mM NaCl for MENA),
SmM 2-mercaptoethanol, 30mM imidazole (SmM imidazole for
MENA) and 10% glycerol. The Hise-tagged MENA, VASP or
EVL protein was eluted with a 15-column volume linear gradient
of 30—300mM imidazole (5—300mM imidazole for MENA), in
20mM potassium phosphate buffer (pH 8.5 for EVL, pH 8.0 for
VASP, pH 7.5 for MENA), containing 100mM NaCl (300 mM
NaCl for MENA), 5mM 2-mercaptoethanol and 10% glycerol.
The fractions containing the Hise-tagged MENA, VASP or EVL
protein were diluted with the same volume of 10mM potassium
phosphate buffer (pH 8.5 for EVL, pH 8.0 for VASP, pH 7.5 for
MENA), containing 100mM NaCl, 5SmM 2-mercaptoethanol and
10% glycerol, and were mixed gently by the batch method with hy-
droxyapatite resin (8 ml, Bio-Rad Laboratories, Hercules, CA,
USA) at 4°C for 1 h. The EVL-bound resin was then washed with
80 ml of 20mM potassium phosphate buffer (pH 8.5 for EVL),
100mM NaCl, 5SmM 2-mercaptoethanol and 10% glycerol. The
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MENA, VASP or EVL-bound resin was packed into an
Econo-column (Bio-Rad Laboratories). The resin was further
washed with 200 ml of 20 mM potassium phosphate buffer (pH 8.5
for EVL, pH 8.0 for VASP, pH 7.5 for MENA), containing 100 mM
NaCl, 5SmM 2-mercaptoethanol and 10% glycerol, and then the
Hisg-tagged MENA, VASP or EVL protein was eluted with a
30-column volume linear gradient of 100—1000 mM NaCl and 10
to 300mM potassium phosphate (pH 8.5 for EVL, pH 8.0 for
VASP, pH 7.5 for MENA). The Hiss tag was uncoupled from
the MENA, VASP or EVL protein portion by a digestion with
10U (6U for EVL) of thrombin protease (GE Healthcare
Biosciences, Uppsala, Sweden) per mg of the Hiss-tagged proteins,
and then the proteins were immediately dialysed against 20 mM po-
tassium phosphate buffer (pH 8.5 for EVL, pH 8.0 for VASP, pH 7.5
for MENA), containing 200mM NaCl, 5SmM 2-mercaptoethanol
and 10% glycerol, at 4°C. After uncoupling of the Hiss tag,
MENA, VASP or EVL was further purified by Superdex 200 gel
filtration column (HiLoad 26/60 prep grade, GE Healthcare
Biosciences) chromatography, followed by Mono S column chroma-
tography. The peak fractions were diluted with the same volume of
20 mM potassium phosphate buffer (pH 8.0 for EVL and VASP, pH
7.5 for MENA), containing 5mM 2-mercaptoethanol and 10% gly-
cerol, and were subjected to MonoS (GE Healthcare Biosciences)
column chromatography. The column was washed with 20-column
volumes of 20 mM potassium phosphate buffer (pH 8.0 for EVL and
VASP, pH 7.5 for MENA), containing 100mM NaCl, 5SmM 2-
-mercaptoethanol and 10% glycerol, and MENA, VASP or EVL
was eluted with a [2-column volume linear gradient of
100—600 mM NaCl. The purified MENA, VASP and EVL proteins
were dialysed against 20 mM HEPES—NaOH buffer (pH 7.5), con-
taining 100 mM NaCl, 5mM 2-mercaptoethanol and 30% glycerol,
and were stored at —80°C. The concentrations of the purified
MENA, VASP and EVL proteins were determined by the
Bradford method (42), using bovine serum albumin (BSA) as the
standard. The human RADS] protein was purified by the methods
described previously (43—45).

DNA substrates

Single-stranded $pX174 viral (+) strand DNA and double-stranded
$X174 replicative form I DNA were purchased from New England
Biolabs (Ipswich, MA, USA). The linear dsSDNA was prepared from
the $pX 174 replicative form I DNA by Pstl digestion. For the ssDNA
annealing assay, the following high-performance liquid chromatog-
raphy (HPLC)-purified oligonucleotides were purchased from Nihon
Gene Research Laboratory: SATI1-50, 5-ATT CCA ACG TCC
ACC GAC CAA CTC TGA GTA ACG TCT TGC TGC TGT
GTG TA-3, and 5-TAC ACA CAG CAG CAA GAC GTT ACT
CAG AGT TGG TCG GTG GAC GTT GGA AT-3. For the
ssDNA substrate used in the D-loop assay, the following
HPLC-purified oligonucleotide was purchased: 50-mer, 5-GGA
ATT CGG TAT TCC CAG GCG GTC TCC CAT CCA AGT
ACT AAC CGA GCC CT-3. The 5-ends of the oligonucleotides
were labelled with T4 polynucleotide kinase (New England Biolabs)
in the presence of [y->*P]ATP, at 37°C for 30 min. The pB5Sarray
DNA contained 11 repeats of a sea urchin 5 S rRNA gene (207-bp
fragment) within the pBlueScript 11 SK(+4) vector (46).

Surface plasmon resonance analysis

The surface plasmon resonance (SPR) signals were measured with a
Biacore X100 instrument (GE Healthcare Biosciences). Flow cells
were maintained at 25°C during the measurement, and the instru-
ment was operated at the mid-flow rate (~30pl/min). RADS5I,
MENA, VASP or EVL was conjugated to the activated surface of
CMS sensor chips (GE Healthcare Biosciences), using the standard
amine coupling conditions recommended by the manufacturer. The
reference SPR signals of the flow cell containing a sensor chip with-
out the proteins were subtracted from those of the SPR signals of the
flow cell containing the protein-conjugated sensor chips. The run-
ning buffer for the RADS1 binding assay contained 20mM
HEPES—NaOH (pH 7.5), 200mM NaCl, 0.1 mM EDTA, 2mM
2-mercaptoethanol, 5% glycerol and 0.05% Tween-20. For the ana-
lysis of the mutual interaction between MENA, VASP and EVL, the
running buffer contained 20 mM HEPES-NaOH (pH 7.5), 100 mM
NaCl, 5mM 2-mercaptoethanol, 5% glycerol and 0.05% Triton
X-100. In the RADS1 binding assay, the sensor chip was regenerated
by 30s washes with 1 mM citrate buffer (pH 2.65), followed by
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0.5mM NaOH, and then by a 25 min wash with the running buffer.
In the analysis of the mutual interaction between MENA, VASP and
EVL, the sensor chip was regenerated by I min washes with 3 M
Guanidine—HCI, followed by 20mM citrate buffer (pH 2.65), and
then by a 25min wash with the running buffer. For each binding
assay, 0.5uM analyte solution (i.e. MENA, VASP, EVL or BSA
solution) was injected for 120s.

Assays for DNA binding

The $X174 circular ssDNA (20 uM) or the $pX174 linear dsDNA
(20 uM) was mixed with MENA, VASP or EVL in 10 pl of a stand-
ard reaction solution, containing 36 mM HEPES-NaOH (pH 7.5),
I mM DTT, 4mM 2-mercaptoethanol, 80 mM NaCl, 1 mM MgCl,,
24% glycerol and 0.1 mg/ml BSA. The reaction mixtures were incu-
bated at 37°C for 15min, and were then analysed by 0.8% agarose
gel electrophoresis in 1x TAE buffer (40 mM Tris—acetate and | mM
EDTA) at 3 V/em for 2 h. In the competitive DNA binding assay,
the $X174 circular ssDNA (20 uM) and the linear $X174 dsDNA
(20 uM) were mixed with MENA, VASP or EVL in 10 pl of a stand-
ard reaction solution, containing 34 mM HEPES—NaOH (pH 7.5),
70mM NaCl, 1mM DTT, 3.5mM 2-mercaptoethanol, 1 mM
MgCl,, 21% glycerol and 0.1 mg/ml BSA. The reaction mixtures
were incubated at 37°C for 15min, and were then analysed by
0.8% agarose gel electrophoresis in 1x TAE buffer at 3 V/cm for
2h. The bands were visualized by ethidium bromide staining.

ssDNA-annealing assay

The ssDNA-annealing assay was performed as described previously
(47). Briefly, the SATI1-50 ssDNA oligonucleotide 50-mer (1 uM)
was incubated with the indicated amounts of MENA, VASP or
EVL at 24°C for Smin, in 9pul of reaction buffer, containing
28mM  HEPES-NaOH (pH 7.5), 40mM NaCl, 2mM
2-mercaptoethanol, 12% glycerol, I mM DTT and 0.1 mg/ml BSA.
The reactions were initiated by the addition of 1uM antisense
2p_labelled 50-mer oligonucleotide, and were continued at 24°C
for 2.5min. After this incubation, the reactions were quenched
with an excess of the unlabelled 50-mer oligonucleotide. The DNA
substrates and products were deproteinized by a treatment with
0.2% SDS and 1.5 mg/ml proteinase K at 24°C for 15min. The
products were fractionated by 15% PAGE in 0.5x TBE. The gels
were dried, exposed to an imaging plate and visualized using an
FLA-7000 imaging analyzer (Fujifilm, Tokyo, Japan).

The D-loop formation assay

For the D-loop formation assay, the superhelical dsDNA
(pBSSarray DNA) was prepared by a method to prevent the irre-
versible denaturation of the dsDNA substrate, by avoiding alkaline
treatment of the cells harbouring the plasmid DNA. The cells were
gently lysed using sarkosyl, as described previously (48). The indi-
cated amount of MENA, VASP or EVL was incubated in the pres-
ence of RADS!1 (0.1 uM) at 37°C for Smin, in a reaction buffer
containing 26 mM HEPES—NaOH (pH 7.5), 40mM NacCl,
0.02mM EDTA, 0.9mM 2-mercaptoethanol, 5% glycerol, 1 mM
MgCl,, ImM DTT, 2mM AMPPNP and 0.1 mg/ml BSA. After
this incubation, the **P-labelled 50-mer oligonucleotide (1 uM) was
added, and the samples were further incubated at 37°C for 5min.
The reactions were then initiated by the addition of the pB5Sarray
superhelical dsDNA (30 uM) along with 9mM MgCl, and were con-
tinued at 37°C for 30 min. The reactions were stopped by the add-
ition of 0.2% SDS and 1.5 mg/ml proteinase K and were further
incubated at 37°C for 15min. After adding 6-fold loading dye, the
deproteinized reaction products were separated by 1% agarose gel
electrophoresis in 1x TAE buffer at 3.6 V/cm for 2 h. The gels were
dried, exposed to an imaging plate and visualized using an
FLA-7000 imaging analyzer (Fujifilm).

Dynamic light scattering measurements

Dynamic light scattering analyses of MENA, VASP and EVL
(0.4mg/ml) were performed with Zetasizer pV light scattering
system (Malvern Instruments), in 20mM potassium phosphate
buffer (pH 7.5), containing 0.I1M NaCl, and 5mM
2-mercaptoethanol at 25°C.

Biochemical analyses of the ENA/VASP-family proteins

A
1 112 164 208 222 418
EVLHEMqu |E.ri§n|| EVH2 |
1 113118 216 225 380
VASP i
1 112 310373391 570
MENA || EV -rich
B § &
5 3¢ i
kDa = g =
1186 —|—MENA
o5 |=
- —EVL
45 |l — VASP
35|~
25 |~
18 [
1 2 3 4

Fig. 1 The human MENA, VASP and EVL proteins. (A) Schematic
representation of human MENA, VASP and EVL. Boxes denoted as
EVHI, P-rich and EVH2 represent regions corresponding to the
EVHI, Pro-rich and EVH2 domains, respectively. (B) Purification of
MENA, VASP and EVL. The purified proteins were analysed by
12% SDS—PAGE with Coomassie brilliant blue staining. Lane 1
indicates the molecular mass markers. Lanes 2—4 represent EVL,
VASP and MENA, respectively.

Results

RAD51 binding activities of human MENA, VASP
and EVL

We purified human MENA, VASP and EVL (Fig. 1A),
as bacterially expressed recombinant proteins. In this
procedure, we expressed MENA, VASP and EVL as
N-terminally hexahistidine (Hisg)-tagged proteins,
which were purified by Ni—NTA agarose column chro-
matography and hydroxyapatite column chromatog-
raphy. The Hisg tags were then removed by thrombin
protease treatment, and the proteins were further pur-
ified by gel filtration chromatography and Mono S
chromatography (Fig. 1B).

We then tested the RADSI binding activities of
MENA, VASP and EVL. To do so, we performed
SPR analyses, which were successfully used to detect
the EVL-RADSI interaction previously (33). In this
study, RADS51 was covalently conjugated to the
sensor chip, and the RADS51 binding activities of
MENA, VASP and EVL were detected as SPR signals.
As shown in Fig. 2A, the SPR signals were observed
when MENA, VASP or EVL was injected as an ana-
lyte. These results indicated that MENA and VASP,
like EVL, directly bind to RADSI. Interestingly, the
SPR signal intensity of MENA was quite high, as com-
pared with those of EVL and VASP (Fig. 2A). This
suggested that MENA may have higher affinity to
RADS5I than EVL and VASP. The higher SPR signal
from MENA may also be explained by its larger multi-
mer formation, because SPR signal intensities depend
on the apparent molecular mass of the analyte.
However, the gel filtration analysis revealed that all
three proteins formed homomultimers with similar
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Fig. 2 RADS5I1 binding activities of MENA, VASP and EVL. (A) SPR analyses of the MENA-RADS1, VASP-RADS51 and EVL-RADSI1
interactions. Sensorgrams for MENA, VASP and EVL binding to the immobilized RADS51 protein are presented. The protein concentrations
were 0.5 uM. (B) Gel filtration analyses of MENA, VASP and EVL. The protein concentrations were described in the ‘Experimental Procedures’

section.

apparent molecular masses, of ~490 kDa (MENA),
580 kDa (VASP) and 600 kDa (EVL), which corres-
pond to a 7—8-mer, a 14—15-mer and a 13—14-mer,
respectively (Fig. 2B). Therefore, MENA may possess
higher RADS1 binding affinity than EVL and VASP.
Dynamic light scattering analyses revealed that the
Stokes radii of the MENA, VASP and EVL multimers
were 8.83, 8.45 and 8.71 nm, respectively, suggesting
that their hydrodynamic diameters are similar. It
should be noted that ~20% of MENA formed larger
aggregates with a Stokes radius of ~185 nm, as re-
vealed by the dynamic light scattering analysis.

DNA binding activities of MENA, VASP and EVL

We next tested the ssDNA- and dsDNA binding activ-
ities of MENA, VASP and EVL. Previously, we found
that EVL binds to ssDNA and dsDNA (33). As shown
in Fig. 3A and B, VASP bound to ssDNA and dsDNA
with almost the same affinity as EVL (lanes 1-9).
MENA also bound to ssDNA and dsDNA, although
its apparent DNA binding activity was weaker than
those of EVL and VASP (Fig. 3A and B, lanes
10—13). The competitive DNA binding assay revealed
that both VASP and MENA, like EVL, preferred to
bind ssDNA over dsDNA (Fig. 3C—E). These results
indicated that the ENA/VASP-family proteins possess
the DNA binding activity in common, and preferen-
tially bind to ssDNA.

DNA annealing activities of MENA, VASP and EVL

As previously reported, EVL promotes annealing
between complementary ssDNA strands (33, 41).
Therefore, we performed the ssDNA annealing assay
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(Fig. 4A). In this assay, a >?P-labelled ssDNA 50-mer
and a complementary ssDNA 50-mer were used as
substrates, and the dsSDNA product was detected by
native polyacrylamide gel electrophoresis (Fig. 4A).
Consistent with the previous report, EVL exhibited
robust annealing activity (Fig. 4B—lanes 2—4 and C).
Intriguingly, VASP promoted the annealing reac-
tion with almost the same efficiency as EVL
(Fig. 4B—lanes 5—7 and C). On the other hand,
MENA also promoted the annealing reaction, but
with lower efficiency than those of EVL and VASP.
These differences in the annealing activity may reflect
their ssDNA binding activities (Fig. 3).

Homologous-pairing stimulation activities of

MENA, VASP and EVL

Since EVL is known to stimulate homologous pairing
by RADSI1 (33, 34), we then tested whether VASP and
MENA also possess this activity. To do so, we em-
ployed the D-loop formation assay. In this assay, an
ssDNA 50-mer and superhelical dSDNA were used as
substrates, and D-loops, in which the ssDNA forms
new Watson—Crick base pairs with a complementary
strand of dsDNA, are formed as a product of hom-
ologous pairing by RADS51 (Fig. 5A). As reported
previously, EVL stimulated the RADSI-mediated
homologous pairing (Fig. 5SB—lanes 5—8 and C).
Similarly, VASP and MENA also enhanced the
RADS51-mediated  homologous  pairing  (Fig.
SB—lanes 9—14 and C). Therefore, VASP and
MENA also possess the ability to stimulate RADSI-
mediated homologous pairing.
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(lanes 4, 8 and 12) and 0.8 uM (lanes 5, 9 and 13). (C—E) Competitive DNA binding assay. $X174 ssDNA (20 uM) and $X174 linear dsSDNA
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Fig. 4 ssDNA annealing activity of MENA, VASP and EVL. (A) Schematic representation of the ssDNA annealing assay. Asterisks indicate the
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three independent experiments are shown with the SD values. Closed circles indicate experiments with EVL. Open circles and open triangles
indicate experiments with VASP and MENA, respectively.
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Fig. 5 RAD51-mediated homologous pairing stimulation by MENA, VASP and EVL. (A) A schematic representation of the homologous-pairing
(D-loop formation) assay. Asterisks indicate the **P-labelled end of the 50-mer ssDNA. (B) The D-loop formation assay. Lane 1 indicates a
negative control experiment without protein. Lanes 2—4 indicate control experiments without RADS]1 in the presence of EVL (1 uM), VASP
(1 uM) and MENA (1 uM). Lanes 5—14 indicate experiments with RADSI (0.1 uM) in the presence of increasing amounts of EVL (lanes 6—8),
VASP (lanes 9—11) and MENA (lanes 12—14). The EVL, VASP and MENA concentrations were 0.1 uM (lanes 6, 9 and 12), 0.5 uM (lanes 7, 10
and 13) and 1 uM (lanes 8, 11 and 14). (C) Graphic representation of the experiments shown in panel B. Closed circles indicate experiments with
EVL. Open circles and open triangles indicate experiments with VASP and MENA, respectively.
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Fig. 6 SPR analyses of the mutual interactions among MENA, VASP and EVL. Sensorgrams for MENA, VASP and EVL binding to the
immobilized EVL protein (A), VASP protein (B) and MENA protein (C) are presented. The protein concentrations were 0.5 uM.

Mutual interactions among MENA, VASP or EVL. As shown in Fig. 6, mutual interactions
and EVL among all three proteins, MENA, VASP and EVL,
We tested the mutual interactions among MENA, were detected with the three sensor chips conjugated

VASP and EVL by SPR spectroscopy. To do so, we with MENA, VASP or EVL. In all cases, EVL gener-
prepared sensor chips conjugated with MENA, VASP ated the highest SPR signals followed by VASP and
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MENA (Fig. 6). These results suggested that EVL pos-
sesses the highest binding affinity to MENA, VASP
and EVL itself.

Discussion

The ENA/VASP-family proteins are involved in
actin-remodelling processes in the cytoplasm (35).
We previously reported that an ENA/VASP-family
protein, EVL, is a RADS1 binding protein (33, 34),
suggesting that the ENA/VASP-family proteins may
also have a nuclear function, because RADS51 is an
essential protein in the HRR pathway for DSB
repair. Actually, purified EVL stimulates RADS5I-
mediated recombination reactions in vitro, and the
EVL knockdown reduces the RADSI1 accumulation
at the DSB sites in MCF7 cells (33). These results sup-
port the idea that EVL functions in the nucleus as
a novel RADSI co-factor.

The DSB repair defect was clearly observed when
the amount of a bona fide HRR protein, such as
RADSIB, was reduced in human cells (33, 49).
RADS5I1B, one of the RADS1 paralogues in humans,
also directly interacts with EVL, as well as RADSI1
(33). Therefore, the reduction in the amount of EVL
may cause a significant HRR defect in human cells,
because it may affect both the RADS51 and RADS51B
functions. Although the DSB repair defect in the
EVL-knockdown MCF7 cells was certainly observed,
it was less significant as compared to that of the
RADS51B-knockdown cells (33). These results imply
that two EVL paralogues, MENA and VASP, may
complement the EVL function in human cells. Since
the EVL-knockdown did not show a clear deficiency
in DSB repair in vivo (33), a MENA or VASP knock-
down experiment may not be appropriate to analyse
the functional redundancy of the ENA/VASP-family
proteins.

Therefore, in the present study, we purified all three
ENA/VASP-family proteins, MENA, VASP and EVL,
and compared their biochemical activities for homolo-
gous recombination in vitro. We found that MENA,
VASP and EVL share common biochemical activities,
such as RADS51 binding, DNA binding, DNA anneal-
ing and stimulation of the RADS51-mediated homolo-
gous pairing. In addition, we found that MENA,
VASP and EVL interacted with each other, suggesting
that the ENA/VASP-family proteins may function as
complexes. These findings provide important new evi-
dence that the ENA/VASP-family proteins may redun-
dantly function in the homologous recombination
process, in addition to actin remodelling, in cells.

Our biochemical analyses suggested that, among
the ENA/VASP-family proteins, EVL possesses the
highest stimulation activity for RADS51-mediated hom-
ologous pairing. Given that the ENA/VASP-family
proteins function in the HRR pathway, EVL may be
a central player for the stimulation of the RADSI-
mediated homologous pairing. Further studies, includ-
ing genetic and cell biological analyses, will clarify the
HRR functions of the ENA/VASP-family proteins.

Biochemical analyses of the ENA/VASP-family proteins
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