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We report here that the Rad51 recombinase is cleaved in mammalian cells during the induction of apoptosis
by ionizing radiation (IR) exposure. The results demonstrate that IR induces Rad51 cleavage by a caspase-
dependent mechanism. Further support for involvement of caspases is provided by the finding that IR-induced
proteolysis of Rad51 is inhibited by Ac-DEVD-CHO. In vitro studies show that Rad51 is cleaved by caspase 3
at a DVLD/N site. Stable expression of a Rad51 mutant in which the aspartic acid residues were mutated to
alanines (AVLA/N) confirmed that the DVLD/N site is responsible for the cleavage of Rad51 in IR-induced
apoptosis. The functional significance of Rad51 proteolysis is supported by the finding that, unlike intact
Rad51, the N- and C-terminal cleavage products fail to exhibit recombinase activity. In cells, overexpression
of the Rad51(D-A) mutant had no effect on activation of caspase 3 but did abrogate in part the apoptotic
response to IR exposure. We conclude that proteolytic inactivation of Rad51 by a caspase-mediated mechanism
contributes to the cell death response induced by DNA damage.

The response of eukaryotic cells to ionizing radiation (IR)
and other DNA-damaging agents includes the induction of
apoptosis. The available evidence indicates that IR induces
DNA lesions by direct interaction with DNA or through the
formation of reactive oxygen intermediates (27). However, the
basis by which cells recognize DNA damage and transduce this
information into signals that regulate events such as induction
of apoptosis remains unclear.

Direct evidence for the activation of caspases in the induc-
tion of apoptosis comes from studies with peptide inhibitors (2,
52, 54), the cowpox virus protein CrmA (57), and the baculo-
virus protein p35 (9). Overexpression of CrmA inhibits the
induction of apoptosis in diverse settings, including activation
of the Fas receptor and treatment with tumor necrosis factor
alpha (TNF) (21, 41, 71). Similarly, the p35 protein functions
as an inhibitor of caspases and blocks apoptosis in insect and
mammalian cells (10, 14, 15, 55). The recent finding that IR-
induced apoptosis involves activation of a CrmA-insensitive
pathway has supported the existence of apoptotic signals that
are distinct from those activated by Fas and TNF (17). In this
context, caspase 3 is inhibited by p35 but not CrmA in vitro,
and IR-induced activation of caspase 3, like the induction of
apoptosis, involves a p35-sensitive, CrmA-insensitive path-
way (17). Whereas caspase 3 is activated by IR, as well as Fas
ligand and TNF, these findings are explained by involvement
of a CrmA-sensitive caspase in the Fas- and TNF-induced,
but not the IR-induced, cascade. IR-induced activation of
caspase 3 is associated with the proteolytic cleavage of poly-
(ADP-ribose) polymerase (PARP) (29, 36, 47), DNA-PK (11),
protein kinase C3 (20, 25), and protein kinase C6 (18). The
activation of caspase 3 and the subsequent substrate cleavage
in irradiated cells are regulated by members of the Bcl-2/
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Bcl-x, family (17, 20). Bel-2 and Bcel-x; block the release of
cytochrome ¢ from the mitochondria of cells exposed to IR
and other agents (30, 32, 33, 78). Whereas cytochrome ¢ is
not released from the mitochondria of cells induced to un-
dergo apoptosis with Fas ligand (13), this event upstream to
activation of caspase 3 (37) and the insensitivity of IR-
induced caspase-3 activity to CrmA (17) support distinct
apoptotic signals in Fas- and IR-treated cells.

The present work provides support for the involvement of
the Rad51 protein in IR-induced apoptosis. The RecA protein
in Escherichia coli mediates recombinational repair of DNA
double-strand breaks by initiating pairing and strand exchange
between homologous DNAs (62). The identification of struc-
tural homologs of RecA in yeast, Xenopus laevis, mouse, and
human cells has supported conservation of similar repair func-
tions (8, 43, 49, 60, 61). ScRad51, the RecA homolog in Sac-
charomyces cerevisiae, is a member of the Rad52 epistasis
group required for genetic recombination and the repair of
IR-induced DNA double-strand breaks (61). ScRad51 converts
DNA double-strand breaks to recombinatorial intermediates,
and these breaks accumulate in rad5/ mutants (61). In vitro,
ScRad51 catalyzes DNA strand exchange in a reaction that is
dependent on ATP and the single-strand binding factor repli-
cation protein A (67). Other studies indicate that ScRad52
functions as a cofactor for the Rad51 recombinase (46, 63, 66).
Human Rad51 (HsRad51) also binds DNA, promotes ATP-
dependent homologous pairing and strand transfer reactions in
vitro, and interacts with Rad52 (4, 5, 26). These findings have
suggested that Rad51 also plays a role in recombinatorial re-
pair in mammalian cells. In this context, decreased expression
of Rad51 in mouse cells confers sensitivity to IR-induced DNA
lesions (69). Other studies in mice have demonstrated that
targeted disruption of the rad51 gene results in an embryonic
lethal phenotype (38, 73). Mutant embryos arrest early in de-
velopment and exhibit increased apoptosis (38). Recent studies
in chicken cells have further demonstrated that Rad51 func-
tions in the repair of spontaneously occurring chromosome
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FIG. 1. Rad51 is cleaved during IR-induced apoptosis. U-937 cells were treated with 20 Gy IR and harvested at the indicated times. (A) DNA content was assessed
by flow cytometry after ethanol-fixed cells were stained with propidium iodide. (B and C) Cell lysates were subjected to immunoblot analysis with anti-caspase 3,
anti-caspase 7, anti-PARP, anti-Rad51, or anti-PCNA. (D) U-937 cells treated with 20 Gy of IR were harvested at 5 h. [**S]Rad51 was added to the cells just prior
to lysis at 4°C. Input [*S]Rad51 and lysate were analyzed by SDS-PAGE and autoradiography.

breaks in proliferating cells (64). These findings and the failure
to generate viable rad51 '~ embryonic stem cells (73) have
indicated that Rad51 function is essential for cell viability.

In the present studies, we show that Rad51 is cleaved at a
DVLD/N site by a caspase-mediated mechanism in IR-in-
duced, but not in TNF-induced, apoptosis. Cleavage of Rad51
to N- and C-terminal fragments abrogates Rad51 recombinase
activity. Importantly, expression of a caspase-resistant Rad51
protects in part against IR-induced apoptosis. These findings
support a role for the Rad51 protein in cell death mechanisms
induced by DNA damage.

MATERIALS AND METHODS

Cell culture. U-937 cells, Ratl/myc cells, HeLa cells, MCF-7 cells, and 293
embryonal kidney cells were grown as described earlier (31, 79). U2-OS cells
(American Type Culture Collection) were grown in McCoy’s SA medium sup-
plemented with 10% fetal bovine serum. Irradiation was performed by using a
Gammacell 1000 (Atomic Energy of Canada) with a '3’Cs source emitting at a
fixed dose of 0.21 Gy min~ ' as determined by dosimetry. The DNA content was
assessed by staining ethanol-fixed cells with propidium iodide and monitoring
with a FACScan (Becton Dickinson). Numbers of cells with sub-G1 DNA con-
tent were determined with a MODFIT LT program (Verity Software House,
Topsham, Maine). Statistical analysis of the data was performed with Statview
(BrainPower, Inc., Calabasas, Calif.). Terminal deoxynucleotidyltransferase-me-
diated dUTP-biotin nick end labeling (TUNEL) assays were performed with
ApopTag fluorescein (Oncor).

Immunoblot analyses. Cell lysates were prepared as described earlier (81) in
lysis buffer containing 1% Nonidet P-40. Proteins were separated in 8 or 15%
polyacrylamide gels by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and transblotted to nitrocellulose. Immunoblot analysis was
performed with the following antibodies: anti-caspase 3 (anti-CPP32; Transduc-
tion Laboratories), anti-caspase 7 (Transduction Laboratories), anti-PARP
(UBI), anti-Rad51, anti-PCNA (Santa Cruz), anti-green fluorescent protein (an-
ti-GFP; Clontech) or anti-Flag (M2; Eastman Kodak).

Generation of recombinant Rad51 proteins and protease cleavage assays. A
Rad51 (D184A and D187A) mutant was generated in two steps by overlapping
primer extension and verified by DNA sequencing. Vectors expressing Flag-
Rad51, Flag-Rad51(D-A), Flag-Rad51(1-187), or Flag-Rad51(188-339) were
prepared by subcloning PCR-generated HsRad51 into a Flag-tagged pcDNA3
vector. The identity of the subcloned HsRad51 was confirmed by restriction
enzyme digestion and DNA sequencing. The wild-type or mutant Rad51 proteins
were expressed in 293 cells and purified by using anti-Flag immunoaffinity col-
umns. The purified proteins were incubated with 2.5 g of purified recombinant
caspase 3 or caspase 7 (70) per ml in 50 mM HEPES (pH 7.5), 10% glycerol, 2.5
mM dithiothreitol, and 0.24 mM EDTA at room temperature for 30 min. Cleav-
age reactions were also performed at 37°C for 90 min in the presence of 5 pg of
lysate from cells prepared 3 h after IR exposure. The IR-treated cell lysate was
depleted of caspase 3 by two rounds of immunoprecipitation with anti-caspase 3
antibody and was reconstituted by the addition of recombinant caspase 3. The
reaction products were analyzed by electrophoresis (SDS-15% PAGE) trans-
ferred to nitrocellulose membranes, and immunoblotted with anti-Rad51 anti-
body.

DNA binding assays. Full-length, N-terminal (amino acid 1 to 187), and
C-terminal (amino acid 188 to 339) Rad51 proteins were labeled with [*>S]me-
thionine during synthesis in coupled transcription and translation reactions (Pro-
mega, Madison, Wis.). The labeled proteins were incubated with single-stranded
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FIG. 2. IR induces Rad51 cleavage by a CrmA-insensitive, p35-sensitive
mechanism. U-937 cells stably expressing an empty vector, CrmA, or p35 were
treated with 30 ng of TNF per ml for 6 h or with 20 Gy of IR and then harvested
at 7 h. (A) DNA content was assessed by flow cytometry. (B) Cell lysates were
subjected to immunoblotting analysis with anti-caspase 3, anti-PARP, or anti-Rad51.

DNA (ssDNA) cellulose beads for 30 min at 4°C. The beads were extensively
washed, boiled in loading dye, resolved by SDS-PAGE, and analyzed by auto-
radiography.

Cell transfections. The wild-type HsRad51 and the (D-A) mutant of
HsRad51 [Rad51(D-A)] were subcloned into the pEGFP-C1 vector (Clontech).
The vectors were transiently transfected into Ratl/myc or U2-OS cells by the
calcium phosphate method. HeLa cells stably expressing Flag-tagged wild-type
Rad51 or the Rad51(D-A) mutant were prepared by selection in the presence of
neomycin.

H 1 bi
I & recc

2 tion assays. Wild-type, Rad51(D-A) mutant, N-termi-
nal (positions 1 to 187), or C-terminal (positions 188 to 339) Rad51 proteins were
transiently (GFP-tagged) or stably (Flag-tagged) expressed in FSH cells, and

homologous recombination rates were assayed as described previously (42).
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FIG. 3. Inhibition of IR-induced apoptosis and Rad51 cleavage by Ac-
DEVD-CHO. U-937 cells were preincubated with 100 pM Ac-YVAD-CHO or
Ac-DEVD-CHO for 30 min, treated with 20 Gy of IR, and then harvested at 7 h.
(A) DNA content was assessed by flow cytometry. (B) Cell lysates were subjected
to immunoblot analysis with anti-caspase 3, anti-PARP, or anti-Rad51.

RESULTS

Rad51 is cleaved during IR-induced apoptosis. To assess the
temporal effects of IR on the induction of apoptosis, irradiated
U-937 cells were monitored for the accumulation of sub-Gl1
DNA content (45). There was little effect at 1 h after IR ex-
posure; however, sub-G1 DNA was apparent by 3 h and ex-
hibited further increases at 5 to 7 h (Fig. 1A). This induction of
sub-G1 DNA was temporally associated with the activation of
caspase 3 and caspase 7. Lysates from irradiated cells exhibited
cleavage of the caspase 3 proenzyme to its active subunits (23,
47) at 3 h, and further activation was detectable at 5 to 7 h (Fig.
1B). Similar findings were obtained for the activation of cas-
pase 7 (Fig. 1B). In concert with these findings, caspase-de-
pendent cleavage of PARP (47) exhibited a similar pattern
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FIG. 4. Recombinant Rad51 is cleaved at a DVLD/N site by caspase 3 in vitro. (A) Flag-tagged Rad51 was overexpressed in 293 cells and purified by immunoaffinity
column. The purified Rad51 was incubated with recombinant caspase 3 (2.5 wg/ml) for 30 min at room temperature or lysate from U-937 cells treated with 20 Gy of
IR and harvested at 3 h. The reaction products were subjected to immunoblotting with anti-Rad51. The recombinant N-terminal Rad51(1-187) fragment was purified
from 293 cells and included as a control. The small amount of full-length Rad51 in this lane is a contaminant present after partial purification of the recombinant
Rad51(1-187) from 293 cell lysates. (B) Flag-tagged wild-type Rad51 and the DVLD/N-to-AVLA/N mutant, designated (D-A), were overexpressed in 293 cells and
purified by using an immunoaffinity column. Purified Rad51 and the Rad51(D-A) mutant were incubated with recombinant caspase 3 and lysates from IR-treated U-937
cells. The cell lysate was depleted of caspase 3 by two immunoprecipitations with anti-caspase 3 [lysate (—)]. Reconstitution of this lysate was achieved by the addition
of 2.5 pg of recombinant caspase 3 per ml [lysate (+)]. The reaction products were analyzed by immunoblotting with anti-Rad51. (C) Purified Rad51 was incubated
with lysates from control (lane 1) and TNF-treated (lane 3; 30 ng/ml for 6 h) U-937 cells. Purified Rad51(D-A) was incubated with lysate from TNF-treated cells (lane
2). The reaction products were analyzed by immunoblotting with anti-Rad51. The recombinant Rad51(1-187) fragment was included as a control (lane 4). (D) Purified
Rad51 and the Rad51(D-A) mutant were incubated with recombinant caspase 7. The reaction products were analyzed by immunoblotting with anti-Rad51.

(Fig. 1B). Significantly, immunoblot analysis of the lysates with
anti-Rad51 demonstrated cleavage of the intact 36-kDa Rad51
to a 21-kDa fragment (Fig. 1C). Similar patterns of Rad51
cleavage were observed in U-937 cells induced to undergo
apoptosis by exposure to 5 or 10 Gy of IR (data not shown).
The IR-induced cleavage of Rad51 exhibited kinetics similar to
those for caspase 3 and caspase 7 activation and appearance of
apoptotic cells with the sub-G1 DNA content. In contrast,
there was no detectable cleavage of proliferating cell nuclear
antigen (PCNA) in IR-induced apoptosis (Fig. 1C). As a con-
trol, *°S-labeled Rad51 prepared by in vitro transcription or
translation was added to cells prior to the lysis procedure. The
finding that exogenous [*>S]Rad51 is not cleaved during prep-

aration of the lysate supports specific cleavage of endogenous
Rad51 as part of the apoptotic response (Fig. 1D).

IR induces Rad51 cleavage by a CrmA-insensitive, p35-sen-
sitive pathway. The temporal association between caspase 3/cas-
pase 7 activation and Rad51 proteolysis in irradiated cells
suggested the involvement of a caspase-mediated mechanism
in Rad51 cleavage. U-937 cell clones that overexpress CrmA or
p35 (17) were assayed to determine whether Rad51 cleavage is
sensitive to inhibitors of caspases. For purposes of comparison,
the cells were treated with TNF or IR. Whereas TNF treat-
ment of U-937 cells stably transfected with the empty vector
produced accumulation of sub-G1 DNA, TNF-induced apo-
ptosis was inhibited in U-937/CrmA and U-937/p35 cells (Fig.
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FIG. 5. IR-induced cleavage of Rad51 is abrogated in caspase 3-deficient
MCEF-7 cells. Lysates were prepared from control (C) MCF-7 cells and, at the
indicated times after exposure to 20 Gy of IR, were subjected to immunoblot
analysis with anti-caspase 7, anti-PARP, or anti-Rad51.

2A). These findings confirm that CrmA is functional in the
U-937/CrmA cells. In contrast, while apoptosis induced by IR
was insensitive to the expression of CrmA, the finding that p35
blocks the appearance of sub-G1 DNA in irradiated cells sup-
ports the involvement of caspases. In concert with these re-
sults, CrmA blocked TNF-induced, but not IR-induced, acti-
vation of caspase 3 and proteolytic cleavage of PARP, while
p35 inhibited these events in both TNF- and IR-treated cells
(Fig. 2B). Although there was no detectable cleavage of Rad51
in the TNF-treated cells, IR-induced cleavage of Rad51, like
that for PARP, was insensitive to CrmA and inhibited by p35
expression (Fig. 2B). Of note, in certain preparations the anti-
Rad51 antibody reacts with a protein that migrates faster than
intact Rad51 and is not dependent on caspase activation.
Nonetheless, the results support cleavage of Rad51 by a cas-
pase-mediated mechanism which is activated during IR- and
not TNF-induced apoptosis.

To provide further support for the involvement of a caspase,
cells were treated with the tetrapeptide aldehydes acetyl-
DEVD-CHO (Ac-DEVD-CHO) and Ac-YVAD-CHO. The
peptide component of Ac-DEVD-CHO is that found in the
S-S, sites of caspase 3 substrates, and the aldehyde is a potent
inhibitor of this protease. By contrast, Ac-YVAD-CHO pref-
erentially inhibits caspase 1 and related subfamily members
(48). Preincubation of U-937 cells with Ac-DEVD-CHO, and
not Ac-YVAD-CHO, inhibited IR-induced accumulation of
sub-G1 DNA content (Fig. 3A). Ac-DEVD-CHO had little
effect on IR-induced activation of caspase 3 but blocked cleav-
age of PARP (Fig. 3B). Importantly, Ac-DEVD-CHO, but not
Ac-YVAD-CHO, functioned as an inhibitor of Rad51 cleavage
(Fig. 3B). These findings and those obtained with the p35
inhibitor suggest that Rad51 is a substrate for a caspase sen-
sitive to Ac-DEVD-CHO in IR-induced apoptosis.

Rad51 is cleaved by caspase 3 in vitro. As deduced from
synthetic peptide substrates, caspase 3 and caspase 7 exhibit an

MoL. CELL. BIOL.

S,-S, subsite preference with a DXXD consensus (70, 72). A
DVLD/N site is present in mouse and human Rad51 at amino
acids 184 to 188 (60). To determine whether Rad51 is cleaved
by caspase 3, Flag-tagged Rad51 was expressed in 293 cells and
purified by using immunoaffinity columns. The purified Flag-
tagged Rad51 was incubated with recombinant caspase 3, and
the products were subjected to immunoblotting with anti-Rad51
antibody. Caspase 3 cleaved Rad51 to a 21-kDa fragment (Fig.
4A). Similar results were obtained when the purified Flag-
Rad51 was incubated with lysates from IR-treated U-937 cells
that exhibit activation of caspase 3 (Fig. 4A). The 21-kDa
cleavage fragment of Rad51 exhibited an electrophoretic mo-
bility similar to that of a recombinant N-terminal fragment of
Rad51 that extends to the DVLD, g, site (Fig. 4A). Whereas
these findings provided support for caspase-3-mediated cleav-
age of Rad51 at the DVLD/N site, we generated a Rad51
protein with the S, to S, aspartic acids mutated to alanines
(AVLA/N). Compared to wild-type Rad51, the Rad51(D-A)
mutant was more resistant to cleavage by recombinant caspase
3 and lysates from IR-induced apoptotic U-937 cells (Fig. 4B).
To confirm the involvement of caspase 3, we depleted caspase
3 from the U-937 cell lysate with an anti-caspase 3 antibody.
The findings that the immunodepleted lysate fails to cleave
wild-type Rad51 and that reconstitution with recombinant cas-
pase 3 restores the activity provided additional support for a
caspase 3-mediated mechanism of Rad51 cleavage (Fig. 4B).
Moreover, resistance of the Rad51(D-A) mutant to cleavage by
caspase 3 and by lysates from TNF-treated cells (Fig. 4C)
confirms the involvement of the DVLD/N site. To determine
whether Rad51 is cleaved by other executioner caspases, we
incubated purified Rad51 with recombinant caspase 7. The
results demonstrate that caspase 7 cleaves Rad51 and not
Rad51(D-A) (Fig. 4D). These findings demonstrate that
caspase 7, like caspase 3, cleaves Rad51 at the DVLD/N site
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FIG. 6. Rad51 is cleaved at the DVLD/N site in vivo. Wild-type Rad51 and
the Rad51(D-A) mutant were stably expressed in HeLa cells. Control HeLa cells
expressed the empty vector. The HeLa cell transfectants were treated with 20 Gy
of IR and harvested at the indicated times. Cell lysates were subjected to im-
munoblotting with anti-Rad51 or anti-caspase 3.
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in vitro. Thus, to assess the role of caspase 3 and/or caspase 7
in the cleavage of Rad51 in vivo, studies were performed on
MCEF-7 cells that are caspase 3 deficient (28). IR treatment of
MCEF-7 cells was associated with activation of caspase 7 and the
cleavage of PARP (Fig. 5). In contrast, there was no detectable
cleavage of Rad51 (Fig. 5). These results provide support for
the cleavage of Rad51 by caspase 3, and not caspase 7, in
irradiated cells. The discrepancy between the cleavage of
Rad51 by caspase 7 in vitro, but not in irradiated cells, may be
related to subcellular localization of caspase 7 to the mitochon-
dria and endoplasmic reticulum (12).

Rad51 is cleaved at the DVLD/N site in vive. To determine
whether Rad51 is cleaved at the DVLD/N site in cells induced
to undergo apoptosis, we stably expressed wild-type Rad51 and
the Rad51(D-A) mutant in HeLa cells. Immunoblot analysis of
the transfectants demonstrated increased reactivity with anti-
Rad51 antibody compared to cells transfected with the empty
vector (Fig. 6, upper panel). Irradiation of cells expressing the
empty vector resulted in the cleavage of Rad51 and the acti-
vation of caspase 3 (Fig. 6, upper panel). Similar findings were
obtained in cells overexpressing the wild-type Rad51 protein

Rad51 CLEAVAGE IN APOPTOTIC RESPONSE TO DNA DAMAGE 2991

C.

o
Y
L9 B
: + @©
Q- c 4}
™ Y o [e]
0w wWww =
TT T T ©
T C C© @ c
[ . . 5
E 3|
o
(2]
7]
o
c
o - =
32
- ]
- [
G
- E 1}
: i
(<]
w
oL
& [ - e~
. - ()]
IB:anti-Flag e 58 5 3
O g O v ™
va'é
> s T 3
8 5 =
o b
::g@
mﬂ
«c

FIG. 7. Cleavage of Rad51 at the DVLD/N site abrogates Rad51 function in
homologous recombination. (A) Full-length Rad51, the N-terminal Rad51(1-
187) fragment and the C-terminal Rad51(188-339) fragment were synthesized by
in vitro transcription and translation in the presence of [**SJmethionine. The
products were incubated with ssDNA-conjugated cellulose beads for 30 min. The
beads were extensively washed and boiled in loading dye. Input proteins (not
bound to ssDNA) and proteins eluted from the ssDNA-conjugated cellulose
beads were subjected to SDS-PAGE and autoradiography. (B) GFP-tagged
Rad51 (full length), Rad51(D-A), Rad51(1-187) and Rad51(188-339) were tran-
siently overexpressed in FSH cells for 72 h. The transfectants were subjected to
immunoblot analysis with anti-GFP (left panel). Homologous recombination was
assessed by determining the B-galactosidase activity of GFP-positive cells. Re-
sults are expressed as the fold increase (mean * the standard deviation [SD] of
three experiments, each performed in duplicate) in recombination compared to
that obtained in the FSH cells expressing the GFP-empty vectors (right panel).
(C) FSH cells were stably transfected to express Flag (vector), Flag-tagged
Rad51, Flag-tagged Rad51(D-A), Flag-tagged Rad51(1-187), or Flag-tagged
Rad51(188-339). Transfectants were subjected to immunoblot analysis with anti-
Flag (left panel). The fold increase in recombination was assessed by comparing
the B-galactosidase activity to that obtained in the FSH cells expressing the
Flag-empty vector. The results are expressed as the mean * the SD of three
determinations, each performed in duplicate (right panel).

(Fig. 6, upper panel). In contrast and in concert with the in
vitro findings, there was no detectable cleavage of the
Rad51(D-A) mutant (Fig. 6, upper panel). The activation of
caspase 3, however, was comparable in HeLa cells expressing
the empty vector, wild-type Rad51, or Rad51(D-A) (Fig. 6,
lower panel). These results demonstrate that Rad51 is cleaved
at the DVLD/N site in irradiated cells.

Functional role of Rad51 cleavage. Rad51 binds ssDNA to
form nucleoprotein filaments that undergo pairing with duplex
DNA (6, 68). To assess the effects of cleavage on the binding
of Rad51 to ssDNA, we prepared N- and C-terminal fragments
that correspond to those generated by cleavage at the DVLD/
N site (Fig. 7A). As shown previously (6, 49), full-length Rad51
binds to ssDNA (Fig. 7A). Similar results were obtained with
the N-terminal Rad51(1-187) and C-terminal Rad51(188-339)
fragments (Fig. 7A). In contrast, there was no detectable bind-
ing of these proteins to cellulose beads devoid of ssDNA (data
not shown). Whereas it is unlikely that proteins from the re-
ticulocyte lysate contribute to the binding of the Rad51 frag-
ments, these findings suggest that the cleavage of Rad51 at the
DVLD/N site has little if any effect on the direct binding of
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FIG. 8. Transient overexpression of the Rad51(D-A) mutant confers resis-
tance to IR-induced apoptosis of Ratl/myc and U2-OS cells. GFP-tagged wild-
type Rad51 or the Rad51(D-A) mutant were transiently transfected into Rat1/
myc (A) and U2-OS (B) cells. As controls, cells were transfected with the
GFP-expressing empty vector. The cells were treated with 20 Gy of IR at 24 h
posttransfection and then incubated for an additional 72 h. The GFP-positive
cells were sorted and analyzed for DNA content by flow cytometry (upper
panels) or for GFP-tagged Rad51 by immunoblotting with anti-GFP (lower
panel). The flow cytometery results are expressed as the percentage (mean * the
standard deviation from two independent experiments, each performed in trip-
licate) of cells with sub-G1 DNA content. Cells were transfected with the empty
vector (solid bars), wild-type Rad51 (diagonal lined bar), or the Rad51(D-A)
mutant (horizontal lined bar).

Rad51 to ssDNA. To assess the effects of cleavage of Rad51
recombinase activity, we assayed the homologous recombina-
tion between lacZ chromosomal direct repeats in FSH cells
(42). Transient expression of both wild-type Rad51 and the
Rad51(D-A) mutant tagged with GFP (Fig. 7B, left panel) stim-
ulated greater recombination compared to that obtained with
transfection of the empty vector (Fig. 7B, right panel). In
contrast, there was little if any stimulation of homologous
recombination as a result of transiently expressing the GFP-
tagged Rad51(1-187) or Rad51(188-339) fragments (Fig. 7B).
To confirm the effects of cleavage on Rad51 recombinase ac-
tivity, FSH cells were stably transfected with Flag-tagged
Rad51, the Rad51(D-A) mutant, or the Rad51 fragments. Im-
munoblot analysis of the transfectants with anti-Flag antibody
confirmed the overexpression of the Rad51 proteins (Fig. 7C,
left panel). As shown in the transient-transfection studies, re-
combination was stimulated by wild-type Rad51 and the
Rad51(D-A) mutant but not by the N- or C-terminal fragments
(Fig. 7C, right panel). These findings indicate that cleavage of
Rad51 by caspase 3 results in the abrogation of Rad51 recom-
binase activity.

MoL. CELL. BIOL.

Involvement of Rad51 cleavage in apoptosis. Whereas cells
deficient in Rad51 exhibit an increased sensitivity to IR (69),
we asked whether the cleavage of Rad51 has a functional role
in the induction of apoptosis. Ratl/myc cells were transiently
transfected with GFP vectors expressing wild-type or mutant
Rad51. After 24 h, the transfected cells were exposed to IR and
incubated for an additional 72 h, and the GFP-positive cells
were analyzed for sub-G1 DNA content. Compared to cells
transfected with the empty vector, the overexpression of wild-
type Rad51 partially inhibited the induction of apoptosis (Fig.
8A). Importantly, overexpression of the Rad51(D-A) mutant
was more effective than wild-type Rad51 in protecting Ratl/
myc cells against IR-induced apoptosis (Fig. 8A). Similar re-
sults were obtained with U2-OS cells transiently transfected
with Rad51 or Rad51(D-A) and treated with IR (Fig. 8B).
These findings indicate that the protective effects of Rad51
(D-A) against IR-induced apoptosis are not cell type specific.

Other studies were performed with HeLa cell clones that
stably express the Flag-tagged wild-type or mutant Rad51 (Fig.
9A). Assessment of IR-induced apoptosis demonstrated that,
whereas wild-type Rad51 inhibited the response, mutant Rad51
(D-A) was more effective in blocking the appearance of cells
positive for sub-G1 DNA content (Fig. 9B). In contrast, over-
expression of Rad51 or Rad51(D-A) had no apparent effect on
the extent of apoptosis induced by exposure to TNF (Fig. 9C).
To confirm these findings, the HeLa cell transfectants were ex-
posed to IR and then assayed for TUNEL staining. The results
demonstrate that, as shown for the induction of sub-G1 DNA,
overexpression of Rad51 and, in particular, the Rad51(D-A)
mutant decreased the percentage of cells that exhibit TUNEL
positivity (Fig. 10A). Whereas HeLa cells overexpressing Rad51
failed to exhibit defects in the cleavage of procaspase 3 by IR
exposure (Fig. 6), caspase-3-mediated cleavage of PARP was
assessed to confirm the activation of caspase 3. The results dem-
onstrate that overexpression of wild-type Rad51 or the Rad51
(D-A) mutant has little if any effect on IR-induced PARP
cleavage (Fig. 10B). These findings demonstrate that overex-
pression of wild-type Rad51 and particularly the Rad51(D-A)
mutant confers resistance to DNA fragmentation, and not cas-
pase 3 activation, associated with the induction of apoptosis by
IR exposure.

DISCUSSION

Functional significance of caspase-mediated proteolysis to
apoptosis. Members of the caspase family of cysteine proteases
have been identified as key effectors responsible for the cleav-
age of proteins during the induction of apoptosis. Certain pro-
teins inactivated as a result of caspase cleavage, such as DNA-
PK and the retinoblastoma tumor suppressor, are not essential
for cell viability. PARP, a protein involved in DNA repair and
the suppression of an apoptotic endonuclease (39), is also
cleaved during apoptosis (29, 36); however, the significance of
this event is uncertain, since PARP-deficient cells exhibit an
intact apoptotic response to DNA-damaging agents (75). Sub-
strates that are activated as a consequence of caspase-induced
cleavage include protein kinase C8 (PKC3) (19, 20), PKC6
(18), p21-activated kinase 2 (PAK2) (58), cytosolic phospho-
lipase A2 (76), sterol regulatory binding proteins (51), the 45-
kDa subunit of DNA fragmentation factor (40), and PITSLRE
kinase o2-1 (7). Although expression of the cleaved fragments
of PKC3, PKCH, or PAK2 induces certain characteristics of
apoptosis (18, 25, 58), the available evidence is insufficient to
assess the role of these activated products in cell death. Con-
versely, certain substrates that exhibit functional roles for cas-
pase-mediated cleavage in the apoptotic response have been
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FIG. 9. Stable expression of the Rad51(D-A) mutant confers resistance to IR-induced apoptosis of HeLa cells. HeLa cells were stably transfected to express the
Flag-empty vector (solid bars), Flag-tagged Rad51 (diagonal lined bars), or Flag-tagged Rad51(D-A) (horizontal lined bars). (A) Clones (a and b) selected from each
of two independent transfections were subjected to immunoblot analysis with anti-Flag. The transfectants were treated with 20 Gy of IR and harvested at the indicated
times (B) or were treated with TNF for 12 h (C). The cells were analyzed for DNA content by flow cytometry. The results are expressed as the percentage (mean *=
standard deviation from three separate experiments) of cells with sub-G1 DNA content.

identified. A caspase-activated DNase that degrades DNA dur-
ing apoptosis has recently been identified (22). Other work has
shown that caspase-mediated cleavage of nuclear lamin and
the actin regulatory protein gelsolin contributes to changes
characteristic of apoptosis (34, 50, 56). Collectively, these find-
ings have thus resulted in the identification of diverse proteins
that are activated or inactivated by caspases and thereby con-
tribute to the apoptotic program.

Rad51 is cleaved by a member of the caspase family. The
present results support cleavage of Rad51 by a caspase-medi-
ated mechanism in IR-induced apoptosis. In this regard, Rad51
cleavage in irradiated cells is blocked by expression of the
baculovirus p35 protein. p35 inhibits caspases 1, 2, 3, and 4 in
vitro (9, 77) and blocks apoptosis induced by DNA-damaging

agents (16) and diverse other stimuli (74). In contrast to p35,
CrmA inhibits caspases 1 and 8 at nM concentrations in vitro
(82) and blocks TNF-induced, but not DNA damage-induced,
apoptosis (16, 17). In concert with these findings, CrmA had no
effect on cleavage of Rad51 in irradiated cells.

The present findings also demonstrate that Rad51 is cleaved
at a DVLD/N site by caspase 3 in vitro. Mutation of the as-
partic acid residues to alanines (AVLA/N) blocked caspase-3-
mediated cleavage of Rad51 in vitro. The finding that expres-
sion of the Rad51(D-A) mutant in cells also blocks IR-induced
cleavage provided support for the physiologic importance of
the DVLD/N site. After completion of these studies, other
work which demonstrates that Rad51 is cleaved during the
apoptosis of T lymphocytes was published (24). In contrast to
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our results, the Rad51 cleavage site was not mapped and
Rad51 was not cleaved by caspase 3 (24). Thus, Rad51 may be
subject to cleavage by different mechanisms. Whereas caspases
2, 3, and 7 cleave at DXXD sites (70, 72), any of these pro-
teases may be responsible for cleavage of Rad51 in cells. For
example, PARP cleavage has been attributed to caspase 3 in in
vitro studies (29, 36), yet cells deficient in caspase 3 effectively
cleave PARP during the induction of apoptosis (35). In con-
trast, the finding that Rad51 is not cleaved in caspase 3-defi-
cient MCF-7 cells after IR treatment provides support for a
caspase 3-dependent mechanism. Of interest is the present
finding that Rad51 is not cleaved during TNF-induced apoptosis,
yet lysates from TNF-treated cells mediate Rad51 cleavage.
Whereas caspase 3 is activated by both TNF and IR treatment,
cleavage of Rad51 may be dependent on a posttranslational
modification that occurs during DNA damage-induced signal-
ing and results in the subcellular accessibility of Rad51 to
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IR72h

FIG. 10. Expression of Rad51 confers resistance to IR-induced DNA degra-
dation and not caspase 3 activation. (A) HeLa cells stably expressing Flag-empty
vector, Flag-tagged Rad51, or Flag-tagged Rad51(D-A) were exposed to 20 Gy
of IR, fixed at 48 or 72 h, and subjected to TUNEL staining. (B) The HeLa cell
transfectants were exposed to 20 Gy of IR and harvested at the indicated times.
Cell lysates were subjected to immunoblotting with anti-PARP.

caspase 3-mediated proteolysis. In this context, recent studies
have demonstrated that Rad51 is phosphorylated in IR-treated
cells by the proapoptotic c-Abl tyrosine kinase and that c-Abl-
mediated phosphorylation of Rad51 abrogates the binding of
Rad51 to DNA (80).

Role for Rad51 in cell survival. RecA in E. coli and ScRad51
in S. cerevisiae are essential for recombinational DNA repair.
In yeast cells, rad51 mutants are sensitive to IR and defective
in DNA damage-induced mitotic recombination (61). Also,
ScRad51 expression is induced in response to IR and other
DNA-damaging agents (1, 3, 61). Whereas yeast cells deficient
in Rad51 are viable, disruption of the rad51 gene in mice
results in an early arrest of embryonic development (38, 73).
These findings indicate that Rad51 performs an essential func-
tion in mammalian and not in yeast cells, yet both rad51 /" cell
types are defective in cell proliferation, exhibit increased radi-
osensitivity, and display chromosome loss (38, 44, 73). Anti-
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sense inhibition of Rad51 expression in mouse cells has con-
firmed an essential role for this protein in cell proliferation and
in the repair of IR-induced DNA lesions (69). Other studies in
Rad51 "/~ chicken cells expressing a human Rad51 transgene
confirm a role for Rad51 in the repair of chromosome breaks
that accumulate during proliferation (64). Mammalian Rad51
binds to ssDNA and thereby promotes homologous pairing
and strand exchange in vitro (4). The present studies demon-
strate that cleavage of Rad51 at the DVLD/N site generates N-
and C-terminal fragments that retain binding to ssDNA. How-
ever, in a cell-based model of homologous recombination, the
results demonstrate that cleavage at the DVLD/N site abro-
gates the Rad51 recombinase activity. Taken together, these
findings support a model in which caspase-mediated cleavage
of Rad51 in irradiated cells inhibits Rad51 activity and thereby
recombinational repair. Proteolytic cleavage of Rad51 in the
induction of apoptosis could also affect an essential function of
Rad51 that involves interactions with other proteins such as
p53 (65) or BRCAL (59).

Caspase-mediated cleavage of Rad51 is a function of the
apoptotic response. The present results further demonstrate
that transient overexpression of wild-type Rad51 and particu-
larly the Rad51(D-A) mutant inhibits IR-induced apoptosis.
These findings could be explained by the requirement of a
critical level of Rad51 that is essential for recombinational
repair of IR-induced DNA double-strand breaks and/or cell
survival. In this context, our findings demonstrate that cells
overexpressing Rad51 exhibit increased levels of recombina-
tional activity. While it is perhaps unexpected that the level of
homologous recombination is stimulated by overexpression of
only Rad51, other studies have shown that mammalian cells
overexpressing Rad52 exhibit increased homologous recombi-
nation and double-stranded DNA break repair (53). Taken
together with our results and more recent studies demonstrat-
ing that Rad52 stimulates the function of Rad51 (5, 46, 63, 66),
these findings suggest that overexpression of either compo-
nent, i.e., Rad51 or Rad52, stimulates the level of homologous
recombination and thereby the repair of IR-induced lesions.
Alternatively, the present results do not exclude the possibility
that overexpression of Rad51 interferes with DNA metabolism
and results in DNA lesions that are repaired by recombination.
In addition, given findings that Rad51 functions as a polymer in
recombinational repair, our results do not exclude the poten-
tial for Rad51 cleavage products to be functionally active in the
context of a mixed polymer with intact Rad51 that persists
after IR treatment.

Activation of caspase 3 was similar in cells expressing wild-
type or mutant Rad51 compared to those expressing the empty
vector. These findings indicate that the caspase pathway is
activated in response to IR-induced DNA damage in cells
transfected to express wild-type or mutant Rad51. The dem-
onstration that these cells also respond appropriately to IR
with activation of c-Abl and the SAPK pathway (data not
shown) supports an intact response to the DNA lesions
induced by IR exposure. Moreover, the results suggest that
cleavage of Rad51 and thereby inactivation of this protein may
be involved in the cell death response. Compared to control
cells, the transfectants expressing the wild-type protein exhibit
increased levels of Rad51. If inactivation of Rad51 by prote-
olysis contributes to apoptotic cell death, then increased levels
should be protective. Studies with the caspase-resistant Rad51
mutant support this hypothesis. Cells that express Rad51(D-A)
were significantly more resistant to IR-induced apoptosis than
cells that overexpress wild-type Rad51. Notably, overexpres-
sion of Rad51 or Rad51(D-A) could protect cells against ap-
optosis by the titration of caspases and/or other effectors of the
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cell death response. Thus, one could argue that Rad51 has
little if any effect on apoptosis under physiological conditions.
Nonetheless, the essential role for Rad51 in cell survival sug-
gests that proteolytic inactivation of Rad51 could contribute in
part to the induction of apoptosis.
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