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FIGURE 6. Determination of
regions of binding between DJBP
and AR. A. 293T cells cuitured in
the presence of 100 nmtestosterone
were transfected with various dele- C
tion mutants of Flag-tagged DJBP
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shown, and the DJBP-binding activ-
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and the cDNA cloned in this study appears to correspond to the
2-kb mRNA. Although the ¢cDNA corresponding to the 7-kb
mRNA is not available at present, it might be of an alternative
splicing form of DJBP mRNAs.

From the results of various binding experiments in vitro and
in vivo, it was found that DIBP directly binds to both DJ-1 and
AR in a testosterone-dependent manner and that DJ-1
associates with AR via DJBP in a temary complex in cells.
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Because AR binds to the COOH-terminal region spanning
amino acids 476—570 of DJBP, in which three LXXLL-like
motifs are not present, it is thought that these motifs in DJBP
are not necessary for binding to the AR, like several AR-
binding proteins, including BRCA1 (36), Cyclin E (37), RAF
(38), TFIIH (39), CAK (39), RB (40), Ubc9 (41), c-Jun (42),
and Cyclin D1 (43). DIBP, on the other hand, binds to the
DNA-binding domain of the AR (AR-DBD). Because the

FIGURE 5.

Interaction of DJBP with AR. A. 293T cells cultured in the presence of 100 nu testosterone were transfected with pcDNA3-F-AR and pcDNA3-

HA-DJBP. Forty-eight hours after transfection, the proteins in cell extracts were precipitated with an anti-Flag antibody and blotted with anti-HA or -Flag
antibodies. B. GST-DJBP and GST were expressed in E. coli and purified as described in “Materials and Methods.” GST-DJBP or GST was mixed with
353-labeled AR synthesized in vitro in reticulocyte lysate and subjected to a pull-down assay. Labeled proteins bound to GST-DJBP or GST were visualized
by fluorography. Lane 4, the AR used for the reactions (/nput) was run in parallel. C. Yeast L40 cells were transformed with various combinations of
LexA-DJBP, GAD-ARAN, LexA, and GAD. The g-galactosidase activity of each colony was measured in the presence of various concentrations
of testosterone. D. 293T cells cultured in the various amounts of testosterone were transfected with pcONA3-AR and pcDNA3-F-DJBP. Forty-eight hours

after transfection, the proteins in cell extracts were precipitated with an anti-Flag antibody and blotted with anti-AR or -Flag antibodies.

.
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FIGURE 7. Effect of transcription activity of the AR by DJBP and DJ-1. A. 293T cells cultured in the presence of 100 nM testosterone were transfected
with various combinations of pcDNAS3-F-AR, pcDNA3-HA-DJBP, and pEF-DJ-1-HA (lanes 1-8). Lanes 9 and 10, plasmids used in lane 3 were transfected
into 293T cells in the absence or presence of 100 nM testosterone. Forty-eight hours after transfection, the proteins in the cell extract were precipitated with an
anti-Flag antibody and blotted with anti-Flag and anti-HA antibodies. In the lower two panels (/nput), the cell extract used for the reactions was run in parallel
and blotted with the anti-HA antibody. B. Cos1 cells cultured in the presence of 100 nm testosterone were transfected with 0.12 ug of pCMV-p-gal, 0.03 ng of
pcDNA3-F-AR, and 1.2 pg of pARE2-TATA-Luc together with various amounts of pcDNA3-HA-DJBP or pEGFP-N1 (HA-DJBP + AR or EGFP + AR,
respectively). Cos1 cells were also transfected with the same DNAs as those above except for omitting pcDNA3-F-AR (HA-DJBP or EGFP, respectively). Forty-
eight hours after transfection, cell lysates were prepared and their luciferase activities were measured. C. Cos1 cells cultured in the presence of 100 nm
testosterone were transfected with 0.12 pg of pCMV-p-gal, 0.03 ;g of pcDNA3-F-AR, 1.2 g of pARE2-TATA-Luc, and 1 ug of pcDNAS-HA-DJBP together with
various amounts of pEF-DJ-1-HA or pEGFP-N1. Forty-eight hours after transfection, cell lysates were prepared and their luciferase activities were measured.
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FIGURE 8. Binding of DJBP to the AR
in the HDAC complex in vivo and effect of
trichostatin A (TSA) on the repression
activity of DJBP toward the AR. A. 293T
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the calcium phosphate precipitation tech- B
nique, and the cell extract was prepared

48 h after transfection. Proteins in the

extract were first precipitated with an anti-

FLAG mouse monoclonal antibody or

non-specific. IgG, and the precipitates

were immunoblotted with an anti-AR 7.5
rabbit polyclonal antibody (N-20, Santa
Cruz Biotechnology, - Santa Cruz, CA).
Proteins in the extract from non-trans-
fected cells were similarly treated with
antibodies. The same blot as that
described above was reprobed with an
anti-HDAC1 antibody (H-51, Santa Cruz
Biotechnology) and an anti-mSin3A anti-
body (AK-11, Santa Cruz Biotechnology).
Lanes 4 and 5, the proteins used.for the
reactions {/nput) were run in parallel. B.
Cos1 cells cultured in the presence of 100
nM testosterone were transfected with
0.12 pg of pCMV-B-gai, 0.03 pg of
pcDNA3-F-AR, and 1.2 pg of pARE2-
TATA-Luc together with various amounts
of pcDNA3-HA-DJBP. Two-hundred
nanomolars of TSA was added to the
culture 40 h after transfection. After 48 h, 0
celt lysates were prepared, and the TSA
luciferase activities in the lysates were
measured.
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amino acid sequences of DBD among nuclear receptor family
proteins were well conserved, DJBP might also bind to other
nuclear receptors. Of the. proteins that bind to AR-DBD,
SNURF (44), Ubc9 (41), and ARIP3/PIASX« (4) have been
reported to associate with multiple nuclear receptors, including
the AR.

DJBP was found to repress the transcription activity of AR
to 30% of that without DIBP. The mechanism underlying this
repression of AR activity by DIBP was assessed by the
findings that DJBP recruited the corepressor complex,
including HDAC1 and mSin3A. These results suggest that
an active form of the AR changes into an inactive form by

pcDNA3-HA-DIBP (i)

0 0.25 0.5 1.0

translocation to an inactive structure within the chromatin.
Repression activity of DIBP toward the AR was sensitive to
TSA, a specific inhibitor of HDAC, indicating that HDAC is
involved in the transrepression pathway of the AR. The
introduction of DJ-1 relieved the repressed the AR tran-
scription activity by abrogation of DJBP-HDAC complex. It
was reported that TSA augments dihydrotestosterone induc-
tion of AR levels (45). Although the results in this report
suggested that the androgen-induced chromatin remodeling
and transcription occur in the AR-responsive genes, the
results in our study here is a first report to identify the AR-
HDAC complex bridged by DJBP.
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Functions of the AR are regulated by various complex
formations. PIASxo, a member of the PIAS family of
proteins, was characterized at first as a testis-specific AR
coregulator, ARIP3 (4, 5). We have shown that PIASxa
inhibits the transcription activity of the AR by binding to the
DNA-binding domain of the AR and that DJ-1 antagonizes
this inhibition by sequestering PIASX« from the AR in CV-1,
Cosl, and TM4 Sertoli cells, indicating that DJ-1 is a positive
regulator of the AR (3). DJBP was found to bind to the AR,
leading to formation of a ternary complex between DI-1,
DJBP, and the AR. Different to the mode of action of
PIASxoe on the AR, DJBP was found to inhibit AR
transcription activity by recruiting histone-deacetylase

FIGURE 9. Abrogation of recruitment
of HDAC complex to DJBP by DJ-1.
293T cells cultured in the presence of
100 nm testosterone were transfected
with 5 pg of pcDNA3-F-DJBP, various
amounts of pEF-DJ-1-HA and pEGFP-
N1 by the calcium phosphate precipita-
tion technique, and the cell extract was
prepared 48 h after transfection. Proteins
in the extract were first precipitated with
an anti-FLAG mouse monocional anti-
body, and the precipitates were immuno-
blotted with an anti-HA rabbit polyclonal
antibody, an anti-HDAC1 antibody, or the
anti-FLAG antibody as described in Fig. 8.
The 0.25-, 1-, and 1-pg pEF-DJ-1-HA
or pEGFP-N1 was transfected into cells
in laneg 2, 3, and 4, respectively. Lanes
9-16, the cell extracts used for the
reactions (/nput) were run in paraliel.

complexes, including HDAC! and mSin3, and DJ-1 was
found to restore the repressed activity of the ‘AR. These
findings suggest, as schematically shown in Fig. 10, that DJ-1
restores AR activity that has been repressed by different
mechanisms.’ :

DJBP and DJ-1 were found to be expressed specifically and
strongly, respectively, in the testis. Furthermore, it was found
that DJ-1 was also expressed in sperm and played roles in
fertilization reactions. These results’suggest that DJBP also
plays a role in spermatogenesis or fertilization along with DJ-1.
To clarify this possibility, we are investigating the expression
patterns, including location and timing, of DJBP in the testis
and sperm. : k

corepressor complex

histone deacetylation

FIGURE 10. Schematic drawings of

target genes

negative modulators of the AR by DJBP

mechanisms by which DJ-1 antagonizes
|> and PIASxa.
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Materials and Methods
Cells

Human 293T and monkey Cosl cells were cultured in
DMEM supplemented with 10% calf serum.

Plasmidis
Nucleotide sequences of the oligonucleotide used for PCR
primers were as follows:

DIBP-ATG(Bam), 5-GGATCCATGGGTCATTTT-
ACAA-3,

DJBP-ATG(Eco), 5- GGGAATTCATGGGTCATTTT-
ACAA-Y,
DIBP-193(Eco),
AAAT-3;
DIBP-250(Eco),
TTTG-3;
DJBP-372(Eco),
TTGC-3;
DJBP-372(Bam),
TTGC-3;
AR-DN(Eco),
GACA-3;
DJBP-372(Bam), 5-GGGGATCCGGCACTCCACCC-
TTGC-3/,

DJBP-476(Bam), 5-GGGGATCCCAGAATGCACAC-
AAGA-3

DJBP-475(Xho), 5-GGGAGCTCGATCTTCATCCT-
GTGC-3';

AR-DBD(Eco), 5-GGGAATTCTACGGAGCTCTC-
ACTT-3;

AR-DBD(Xho), 5-GGCTCGAGTACAGTCATCTT-
CTGG-3'; and

AR-LBD(Eco), 5-GGGAATTCCAGAAGATGACT-
GTAT?.

5-GGGAATTCTATATAAATTGG-
5-GGGAATTCATCACCCAGGAG-
5-GGGAATTCGGCACTCCACCC-
5-GGGGATCCGGCACTCCACCC-

5. GGGAATTCGGACCTTATGGG-

Combinations of plasmids constructed, primers, templates,
and restriction enzyme sites and plasmids inserted are shown in
Table 1. pGEX-F-DJ-1: The EcoRI-Xhol fragment of pGlex-
DJ-1 (3) was inserted into the EcoRI-XAol sites of pGEX-6P-1-
F (46). pGAD-DIBP(1-371), pGAD-DJBP(193-371), and

pGAD-DIBP(250~371): the EcoRI-Smal fragments of pGAD-
DIBP(1-570), pGAD-DJBP(93-~570), and pGAD-
DIBP(250-570) were inserted into the EcoRI-Smal sites of
pBluescript SK(-), and- the ‘EcoRI-Xhol fragments of these
plasmids were then inserted into the EcoRI-Xhol sites of
pGAD-GHX, respectively. pGLex-DJBP: The EcoRI-Xhol
fragment of pGAD-DJBP(1-570) was - inserted into the
EcoRI-Xhol sites of pGLex (47). pcDNA3-F-DIBP(1-371):
The EcoRI-Xhol fragment of pGAD-DIBP(1-371) was
inserted into the EcoRI-Xhol sites of pcDNA3-F. pcDNA3-F-
AR-DC: The EcoRI-HindIll fragment of pcDNA3-F-AR was
subcloned .into the EcoRI-Smal sites of pBluescript SK(-), and
the EcoRI-Xhol fragments of this plasmid were then inserted
into the EcoRI-Xhol sites- of pcDNA3-F. pcDNA3-F-AR-DN:
The EcoRI-Xhol fragment of pGAD-AR-DN was inserted into
the EcoRI-Xhol sites of pcDNA3-F.

Antibody

A fusion protein of GST and DJBP was expressed in E. coli
MNS524 and purified as described previously (3). Rabbits were
immunized by the purified GST-DJBP. The anti-DJBP antibody
from the rabbit serum was prepared by the affinity chromatog-
raphy containing GST-DJBP, absorbed by GST, and used as the
polyclonal anti-DJBP antlbody

C/oning of DJBP cDNA From a Human Testis ¢cDNA
Library by a Yeast Two-Hybrid System

Yeast L40 cells were co-transformed with expression vectors
for DI-1 fused to the LexA DNA-binding domain, pGLex-DJ-1,
and human testis cDNAs from the MATCHMAKER cDNA
library (Clontech Laboratories, Inc., Palo Alto, CA), which
express human testis cDNAs fused to the GAL4-activating
domain. Approximately 1.5 X 10° colonies were screened for
expressions of HIS3 and LacZ. ¢

Northern Blotting

A human Northern RNA blot (12 major tissues, Origene)
was hybridized with 32p_labeled DJBP, DI-1, and R-actin
c¢DNAs as probes under a highly stringent condition, and then
hybridized bands were detected by autoradiography.

Table 1. Plasmid Construction

Plasmid Template 5'-Primer 3'-Primer Restriction Enzyme Site Plasmid Inserted
pcDNA3-HA-DJBP pME18S-DJBP DJBP-ATG(Bam) SP6 BamHI, Xhol pcDNA3-HA
pGEX-DJBP pMEI18S-DJBP DJBP-ATG(Bam) SP6 BamHI, Xhol pGEX-6P-1
pGAD-DJBP(1 - 570) pMEI18S-DJBP DJBP-ATG(Eco) SP6 EcoRI, Xhol pGAD-GHX
pGAD-DJBP(193-570) pMEI18S-DJBP DJBP-193(Eco) SP6 EcoRI, Xhol pGAD-GHX
pGAD-DJBP(250~570) pMEI18S-DJBP DJBP-250(Eco) SP6 EcoRl, Xhol pGAD-GHX
pGAD-DJBP(372-570) pME18S-DJBP DIBP-372(Eco) SP6 EcoRI, Xhol pGAD-GHX
pGEX-DJBP(372-570) pcDNA3-HA-DJBP DJBP-372(Bam) SP6 EcoRI, Xhol pGEX-6P-1
pGAD-AR-DN pCDNA3-F-AR AR-DN(Eco) SP6 EcoRI, Xhol pGAD-GHX
pcDNA3-F-DJBP(1-570) pcDNA3-HA-DJBP DIBP-ATG(Bam) SP6 BamHI, Xhol pcDNA3-F
pecDNA3-F-DJBP(372~570) pcDNA3-HA-DJBP DJBP-372(Bam) SP6 BamHI, Xhol pcDNA3-F
pcDNA3-F-DJBP(476-570) pcDNA3-HA-DJBP DJBP-476(Bam) SP6 BamHLI, Xhol pcDNA3-F
pcDNA3-F-AR-DBD pCDNA3-F-AR AR-DBD(Eco) AR-DBD(Xho) EcoRl, Xhol pcDNA3-F
pcDNA3-F-AR-LBD pCDNA3-F-AR AR-LBD(Eco) SP6 EcoRlI, Xhol pcDNA3-F

Note: Combinations of plasmids constructed, primers, templates, and restriction enzyme sites and plasmids inserted are shown.
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Interaction of DJBP With DJ-1 and AR in Vivo

293T cells were transfected with pcDNA3-F-DJ-1 and
pcDNA3-HA-DJBP in the presence or absence of 100 nm
testosterone by the calcium phosphate method (48). Forty-eight
hours after transfection, the cell extract was prepared and
subjected to an immunoprecipitation reaction using an anti-
FLAG antibody conjugated with agarose beads (M2, Sigma
Chemical Co., St. Louis, MO). The precipitates were separated
on 12.5% SDS-PAGE and blotted with an anti-HA antibody
(12CAS, Roche). To examine formation of a ternary complex
between DJ-1, DJBP, and AR, 5 pg of pcDNA3-F-AR, 2.5 ug
of pcDNA3-HA-DJBP, and 1 ug of pEF-DJ-1-HA were
transfected into 293T cells in the presence of 10 mm
testosterone, and then the same immunoprecipitation assay as
that described above was carried out.

.

Interaction of DJBP with DJ-1 and AR in Vitro

F-DJ-1 and DJBP were expressed in E. coli as GST-fusion
proteins and purified- after releasing GST by digestion of GST-
fusion proteins with PreScission protease (Amersham
BioScience) as described previously (49). Purified F-DJ-1
and DJBP were mixed and subjected to an immunoprecipita-
tion reaction using an anti-Flag antibody followed by an anti-
DJBP antibody as described above. The anti-DJBP antibody
used in this reaction was proteins of the IgG faction prepared
from rabbits immunized with purified DIBP as an immunogen.
To examine the binding of DIBP with the AR, purified GST-
DIBP or GST was incubated with *>S-AR synthesized in vitro
using a reticulocyte lysate of a TnT-transcription-translation
coupled system (Promega, Madison, WI) and subjected to a
pull-down assay using an glutathione-Sepharose as described
previously (49).

Immunofluorescence

Cosl cells were transfected with 1 ug of pcDNA3-HA-
DJBP or pcDNA3-F-AR by the calcium phosphate method
(48). Forty-eight hours after transfection, the cells were fixed
with 4% paraformaldehyde, stained with anti-DJ-1 (3), anti-AR
(N-20, Santa Cruz Biotechnology), and HA antibodies, and
visualized under a confocal laser microscope.

p-Galactosidase Liquid Assay

140 cells were transformed with expression vectors for DJ-1
fused to the LexA DNA-binding domain, pGLex-DJ-1, and for
various deletion mutants of DJBP fused to the GAL4-activation
domain, pGAD-GHX-DJBPs. Transformed cells were cultured
in YPAD medium in the presence of testosterone for 4 h, and
B-galactosidase assay using cell extracts was carried out.

Luciferase Assay

Cosl cells in 6-cm dishes were transfected with 1.3 pg of
pARE2-TATA-Luc, a reporter plasmid, and 0.13 pg of pCMV-
B-gal, an expression vector for B-galactosidase, by the calcium
phosphate method (48). Forty-eight hours after transfection, the
luciferase activity in cells was measured after nonmalization of
the transfection efficiency with B-galactosidase activities as
described previously (49).
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Immunocytochemical Localization of DJ—I in
Human Male Reproductive Tissue

KAORU YOSHIDA,*® YOKO SATO,'* MIKI YOSHIIKE,"? SHIARI NOZAWA,"*> HIROYOSHI ARIGA,?

AND TERUAKI IWAMOTO?*

1Core Research for Evolutional Science and Technology, Japan Science and Technology Corporation,

Kawaguchi, Saitama, Japan

2Department of Urology, St. Marianna University School of Medicine, Sugao, Miyamae-ku, Kawasaki, Jopan
3Graduate School of Pharmaceutical Sciences, Hokkaido University, Kita-ku; Sapporo, Japan

ABSTRACT DJ-1 was identified as an acti-
vated ras-dependent oncogene product, and was also
found to be an infertility-related protein (contraception-
associated protein 1; CAP 1) that was reduced in rat
spermatozoa treated with ornidazole, one of the endo-
crine disrupting substances that causes reversible in-
fertility in rats. CAP 1 is present in spermatozoa but
is not detectable in the epididymal fluid of fertile rats
and.appears to be shed from sperm during treatment

“with ornidazole. To determine the functions of DJ-1 in
the human reproductive system as a target protein of
endocrine active substances, .we identified the locali-
zation of DJ-1 in human testis, epididymis, ejaculated
spermatozoa, and seminal plasma. DJ-1 was present
in cells existing in the seminiferous tubules and Leydig
cells. . Some  strong expressions were observed in
Leydig cells and Sertoli cells, suggesting a relation
with spermatogenesis via androgen receptor (AR). In
ejaculated spermatozoa, DJ-1 existed on the surface of
the posterior part of head and the anterior part of the
midpiece. DJ-1 was also present on sperm flagella
when the antibody penetrated the plasma membrane,
suggesting that there are two putative roles in ferti-
lization, one is binding to the egg, and the other is
flagella movement. in contrast to previous findings,
we detected DJ-1 in seminal plasma of fertile men.
These results demonstrate that DJ-1 in human seminal
plasma is not only from spermatozoa but also from
the testis and epididymis. It is suggested that DJ-1
may play an important and as yet uncharacterized
role in spermatogenesis and fertilization in humans.
Mol. Reprod. Dev. 66: 391-397, 2003.
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INTRODUCTION

DJ-1 was identified as a novel candidate for the
oncogene product that transformed mouse NIH3T3 cells
in cooperation with activated ras (Nagakubo et al.,
1997). The human DJ-1 gene is mapped at chromosome
1p36.2-p36.3, where a hot spot of chromosome abnorm-
alities has been reported in several tumors (Taira et al.,

© 2003 WILEY-LISS, INC.

2001). Northern blots indicated expression of DJ-1 in
many human tissues, with the highest level exhibited in
the testis, DJ-1 is translocated from the cytoplasm to
nuclei during the cell cycle after mitogen stimulation,
suggesting that DJ-1 has a growth-related function
(Nagakubo et al., 1997). However, the mechanism by
which cells are transformed has not been clarified.

The RS protein in rat hepatoma cells as the regulatory
subunit of an RNA binding protein (RBP) was identified
and found to be identical to DJ-1 (Hod et al., 1999). Re-
cently the other group reported that the autoantibodies
of RS/DJ-1 present in sera from patients with breast
cancer (Le Naour et al., 2001). Furthermore, contra-
ception-associated protein 1 (CAP 1) or SP22, arat homo-
logue of human DdJ-1, was identified as a key protein
related to the infertility of male rats exposed to sperm
toxicants such as ornidazole and epichlorohydrin in
which DJ-1 in the sperm and epididymis decreased in
parallel with the following infertility (Klinefelter et al.,
1997, Wagenfeld et al., 1998a,b; Welch et al., 1998). It

. was shown that DJ-1/CAP 1/SP22 is the first protein

clearly related to male.infertility (Klinefelter et al.,
1997; Wagenfeld et al., 1998b; Welch et al,, 1998).
Sperm from ornidazole-treated rats showed no signifi-
cant differences in - the percentage of motile sperm-
atozoa compared with those from vehicle-treated males
(Oberlander et al., 1994), but there was a decrease in
velocities depending on the substance provided (Yeung
et al., 1995). Motile sperm from ornidazole-fed males
failed to fertilize ova in vitro (Bone et al.,.2000), sug-
gesting that factors other than motility may be involved
in the resulting infertility. The SP22 protein was found
in extracts of cauda epididymal sperm and their
amounts were correlated with the ability of sperm to
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fertilize eggs in vivo (Klinefelter et al., 1997; Okada
et al., 2002). In a subsequent study, Klinefelter et al.
(2002) generated the specific anti-SP22 antibodies and
showed these antibodies were capable of inhibiting the
fertility of cauda epididymal rat sperm using both
in utero insemination and in vitro insemination. More-
over, these antibodies inhibited in vitro fertilization
of both zona-intact and zona-free hamster. oocytes,
suggesting that SP22 played a role in both the zona
penetration and membrane fusion steps of fertilization
(Klinefelter et al., 2002). Two-dimensional (2D) gel
electrophoresis of the proteins in cauda and corpus
epididymidal fluid from infertile rats demonstrated the
appearance of CAP 1, a protein originating and shed
from sperm as a result of drug treatment (Wagenfeld
et al., 1998b). In addition to its expression in sperma-
tocytes and spermatids, DJ-1 is also expressed in the
sperm head and is translocated to the cytoplasmic side of
sperm after the toxicant treated rats, suggesting that
DJ-1 plays a role in fertilization (Welch et al., 1998;
Wagenfeld et al., 2000; Whyard et al., 2000).
Takahashi et al. (2001) recently identified PTASxa as
a DJ-1 binding protein in culture cell lines. The pro-
tein inhibitor of activated STATxa (signal transducers
and activators of transcription) (PIASxa) inhibited the
androgen receptor (AR) minimal promoter activity in
monkey CV1 cells, and DJ-1 antagonized the repression
activity of PIASxa to AR by absorbing PIASxa from the
AR-PIASxa complex (Takahashi et al., 2001). These
results suggest that DJ-1 is a positive regulator of
the AR. However, the localization of DJ-1 is not clear in
human testis. Moreover, there is no evidence about the
localization of DJ-1/CAP 1/SP22 in rat testis Sertoli cells
and Leydig cells in which the AR may localize. The exact
roles of DJ-1 in spermatogenesis and fertilization have
not been determined particularly in humans. To obtain
more information on the cellular localization of DJ-1 in
human reproductive tissue and spermatozoa, we per-
formed immunodetection on human male reproductive
tissue, ejaculated spermatozoa, and extracts from these
samples.

MATERIALS AND METHODS
Sample Preparations

Semen samples were collected from human male
volunteers by masturbation in a sterile container after
at least 48 hr of abstinence. Each semen sample was
liquefied for 15—30 min at 37°C before sample prepara-
tions. For sperm preparations, semen samples were
obtained from healthy young volunteers with unknown
fertility (n=4, 20-24 years of age). The semen was
layered on 5 ml of 85% Percoll (Sigma, St. Louis, MO)
and a continuous Percoll density gradient made with
mixing the semen and the Percoll solution. All the
Percoll solutions were buffered with HEPES-buffered
saline (10 mM HEPES, pH 8.0, 130 mM NaCl, 4 mM KCI,
1 mM CaCl,, 0.5 mM MgCl,, and 14 mM fructose).
Following centrifugation (1,300g) for 30 min at 20°C, the
spermatozoa accumulating at the bottom of the tube was
collected. For seminal plasma preparations, semen

samples were collected from male partners of fertile
couples (n=230, 2542 years of age) and liquefacted
semen was centrifuged to eliminate the solid materials.
The supernatants as seminal plasma were placed in
aliquots and frozen at —80°C until analysis.

Tissue specimens of the testis were obtained from
eight men, 25—75 years of age (Table 1). We selected the
specimens that showed higher means of Johnsen score
counts (JS) (Johnsen, 1970) than 5.0. In these speci-
mens, we found the seminiferous tubule where JS value
was higher than 8.0. The epididymis was from a 28-year-
old patient, undergoing orchiectomy for a testicular
tumor. Tissues were fixed with 10% formaline in PBS for
12 hr at 25°C and embedded in paraffin. The 5—7 um
thick sections were cut with a microtome and mounted
on MAS coated glass slides (Mitsubishi Biochemical
Laboratory, Tokyo). These sections were provided for
immunohistochemistry after deparafﬁnlzatlon and
dehydration.

The anti DJ-1 monoclonal antibody was purchased
from manufacturer (3ES8, Medical ‘and Biological
Laboratories, Ina., Japan). This antibody was prepared
against GST-human DJ-1 fusion protein corresponding
to full length amino- acids (1-187 a.a.) and detects
human DJ-1 on Western blot with total cell lysate from
human cell line. No cross reactivity was observed to
mouse cell line. Before the following experiments, we
confirmed that the antibody has no reactivity to mouse
and rat testis (data not shown).

The Ethical Committee/Institutional Review Board of
St. Marianna University approved the study. Informed
consent was obtained from volunteers before the use of
their tissue or semen for research.

Electrophore51s and Western Blotting

Isoelectric focusing was carried out in an immobilized
pH gradient (IPG) gel strip on the IPGphor iscelectric
focusing apparatus (Amersham Biosciences, Tokyo) to
reach a total of 25 kVh for a pH 4-7 IPG strip (7 cm).
Samples were solubilized with lysis buffer containing
8 M urea, 2% 3-[(3-cholamidopropyl)-dimethylammo-
niol-1-propanesulfonate) (CHAPS), 18 mM dithiothrei-
tol (DTT) for 15 min at room temperature. Protein

TABLE 1. Testis Specimens for
. Immunohistochemistry

Specimens Operation Mean JS
Testicular tumor (n=>5) Orchiectomy
1 6.00
2 7.44
3 7.75
4 7.62
5 ) 2.63%
Prostate cancer (n=1) Orchiectomy 5.10
Oligozoospermia (n=1) Biopsy
L 7.20
R 6.28
Valicocele (n=1) Biopsy
6.08
R (valicocele) 5.49

“In this case, there are a few seminiferous that show high JS.
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concentration was measured by the bicinchroninic acid
assay (Smith et al., 1985) using BSA as a standard. Each
10 ug sample per one strip was applied to rehydration
buffer containing 8 M urea, 2% CHAPS, 18 mM DTT,
and 0.5% IPG buffer (pH 4-7) during reswelling of the
IPG strip. The first equilibration solution for SDS gel
electrophoresis contained 30% (w/v) glycerol, 6 M urea,
1% (w/v) DTT, and 2% SDS (w/v) in 50 mM Tris-HC1
pH 8.8. The second portion of equilibration solution
contains 2.5% (w/v) iodoacetamide instead of DTT.
Both equilibration steps usually lasted 15 min at room
temperature.

Molecular weight separations were carried out on 10—
20% (w/v) polyacrylamide gradient SDS gels. These gels
were silver stained or electroblotted onto polyvinylidene
difluoride (PVDF) membranes and the membranes were
blocked for 1 hr at 37°C with a solution of 5% (w/v) nonfat
dried milk in Tris-buffered saline (20 mM pH 7.8) sup-
plemented ‘with Tween 20 (0.05%; TBS-T). The mem-
branes were incubated with the anti-DJ-1 monoclonal
antibody (3E8, MBL) at 1 pg/ml in TBS-T containing
5% (w/v) nonfat dried milk for 30 min at 37°C. The
control incubations were performed by the antibody
preabsorbed with excess recombinant human DJ-1
protein expressed in and purified from E. coil. After
three washes in TBS-T for 5 min, the membranes were
incubated with goat anti-mouse IgG conjugated with
alkaline phosphatase (BioRad, Hercules, CA) at a
dilution of 1:3,000 in TBS-T for 30 min at 37°C. Fol-
lowing several washes in TBS-T, the detection was per-
formed with 5-bromo-4-chloro-3-indolylphosphate/nitro
blue tetrazolium (BCIP/NBT) (Sigma).

Immunohistochemistry and
Immunecytochemistry

The tissue sections were blocked for endogenous per-
oxidase activity with 3% hydrogen peroxide in methanol
for 15 min. Nonspecific antibody binding was blocked in
PBS containing 10% normal goat serum for 1 hr at room
temperature. The sections were incubated with the anti-
DJ-1 monoclonal antibody (3E8, MBL) at 5 pg/mlin PBS
containing 10% normal goat serum for 1 hr at 37°C. The
control incubations were performed by the antibody
preabsorbed - with excess recombinant human DdJ-1
protein. Each section was treated with peroxidase-
conjugated anti-mouse IgG (Histofine Simple Stain
MAX PO; Nichirei, Tokyo) for 30 min at room tem-
perature and developed with 3-amino-n-ethylcarbazole
(Nichirei) for visualization. Sections were counterstain-
ed with Mayer hematoxylin for 10 sec and mounted in
aqueous permanent mounting solution (Nichirei).

An aliquot of Percoll washed spermatozoa suspended
in PBS was spotted on glass slides, air-dried, and fixed
with 4% paraformaldehyde (PFA) for 5 min at room
temperature or with methanol at —20°C for 10 min.
These preparations were blocked in PBS containing 1%
BSA for 30 min at 37°C and incubated with the anti-DJ-1
monoclonal antibody (3E8, MBL) at 6 pg/ml or normal
mouse IgG as a negative control at 6 pg/ml in PBS
containing 1% BSA for 1 hr at 37°C. Following washing,
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these preparations were treated with fluorescein iso-
thiocyanate (FITC)-conjugated anti-mouse antibody
(Vector Laboratories, Burlingame, CA) at 5 pg/ml for
30 min at 37°C. These preparations were mounted in
the solution containing 90% (v/v) glycerol and 1,4-
diazabicyclo [2,2,2] octane (DABCO) and visualized
using epifluorescent microscope.

RESULTS

Western Blot Analysis of DdJ-1 in Testis,
Seminal Plasma, and Spermatozoa

Western blot analysis of proteins from human testis,
seminal plasma, and spermatozoa showed one clear
band for anti-DJ-1 monoclonal antibody positive at M,
24 x 1073 (Fig. 1B). In spermatozoa, most DJ-1 was
extracted with demembranation solution (0.1% Triton
X-100, 0.2 M sucrose, 0.025 M potassium glutamate,
0.035 M Tris-HCl pH 8.0, and 1 mM DTT) at the
first extraction. Then the signal was decreased in the
second extraction with lysis buffer containing 8 M urea,
2% CHAPS. From 2D Western blots of human testis,
seminal plasma, and spermatozoa, major four spots of
DJ-1 positive (isoelectric points [pls] =5.7, 5.8, 6.1, 6.4,
or 6.7) were observed in each specimen (Fig. 2). The pls
and molecular weights of these spots were identical
except pI 6.7 spot in seminal plasma (Fig. 2E). The p1 6.7
spot in seminal plasma was not separated in this gel
because it was located close to the end of the strip,
however, in the pH3-10 IPG strip, it moved to approxi-
mately pl 6.7 (data not shown). The volumes of these DJ-
1 positive spots depended on its origin and specimen
used. Inclusion of excess of recombinant human DdJ-1
protein during the immunoreaction abolished the de-
tection of DJ-1 (data not shown).

12 34 1234

Fig. 1. Western blot analysis of DJ-1 with SDS-PAGE gel electro-
phoresis. Protein samples prepared from testis (lane 1), seminal
plasma (lane 2), and ejaculated spermatozoa (lanes 3, 4). The same
membrane was stained with CBBR (A). Anti DJ-1 positive band is at
M, 24 x 10~% in each lane (B, allow). Spermatozoa extracted first with
0.1% Triton 100-X (lane 3) and secondly with 8 M urea, 2% 3-[(3-
cholamidopropyl)-dimethylammoniol-1-propanesulfonate) (CHAPS)
(lane 4). The positions of the molecular weight markers are indicated in

the left,
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Fig. 2. Western blot analysis of DJ-1 with 2D gel electrophoresis.
The silver stained profile of proteins were in the left column and
immunoblot with anti DJ-1 monoclonal antibody were in the right
column. Protein samples prepared from testis (A, D), seminal plasma
(B, E), and ejaculated spermatozoa (C, F). Allow heads indicate DJ-1
positive spots (1 for pl 5.7, 2 for pI 5.8, 3 for pI 6.1, 4 for pI 6.4, or 4’ for pI
6.7). The positions of the molecular weight markers and the pI markers
are indicated in the left and on above, respectively.

Immunocytochemical Localization of DJ-1
in Testis, Epididymis, and Spermatozoa

Immunostaining of 10% formaline fixed human testis
sections with anti-DJ-1 antibody showed intense posi-
tive signals in Sertoli cells, myoid cells, spermatogonia,
and Leydig cells (Fig. 3A,C,E). In the seminiferous
tubules, the positive stainings were observed in Sertoli
cells and also in germ cells including spermatogonia,
primary and secondary spermatocytes, and round and
elongated spermatids (Fig. 3C,D). In Leydig cells, we
observed the most intense signals of DJ-1 (Fig. 3A,E).
DJ-1 was localized in both the cytoplasm and nucleus in
Leydig cells (Fig. 3E). We confirmed this staining
pattern by the use of anti DJ-1 polyclonal antibody that
was prepared by Nagakubo et al. (1997) and was used in
rat testis by Wagenfeld et al. (2000) (data not shown).
Control incubations with anti DJ-1 monoclonal antibody
preabsobed by excess recombinant human DJ-1 protein

showed no immunological staining (Fig. 3B,G). Some
late elongating spermatids also showed staining, how-
ever, some of them were not stained (Fig. 3C). The
intense staining was also observed in epididymis
(Fig. 3F). DJ-1 was localized in epithelial cells of the
epididymis and spermatozoa in the lumen (Fig. 3F).

Immunolocalization of DJ-1
in Ejaculated Spermatozoa

Figure 4 shows indirect immunofluorescence localiza-
tion of DJ-1 in human ejaculated spermatozoa. DJ-1 is
abundant in the methanol fixed human sperm tail and
the posterior part of the head and the anterior part of the
midpiece (Fig. 4C). In the 4% PFA fixed sperm, DdJ-1
appeared on the surface of the posterior part of the head
and the anterior part of midpiece and there is weak
staining in the tail (Fig. 4A). A ring-like structure in the
head suspected to be the equatorial segment was also
stained in both the 4% PFA fixed and methanol fixed
sperm. However, in the control incubations, some fluore-
scence was observed in the equatorial zone of methanol
fixed sperm head (Fig. 4D). ’

DISCUSSION

In the present study, a detailed localization pattern of
DJ-1 in human male reproductive system at the protein
levels is described. Western blot analyzes in our study
showed that the DJ-1 existed in extracts from testis,
spermatozoa, and seminal plasma at M, 24 x 1073, This
molecular weight was different from the M, 28 x 1073 of
rat CAP 1/SP22 as previously reported and also from the
M, 20 x 1073 of human DJ-1 as predicted, however, the
difference depended on the method of sample prepara-
tion and on running gel. In the isoforms of DJ-1 that we
found, the most alkalitic one was DJ-1/pl 6.4 in sperma-
tozoa and testis, or DJ-1/pl 6.7 in seminal plasma. It is
suggested that DJ-1/pl 6.4 is an unmodified form of DJ-1
because the predicted pI of human DJ-1 is 6.4. As an
indicator of oxidative stress status, DJ-1 was identified
in human endothelial cell lines with two isoforms; DJ-1/

pl6.2decreased and DJ-1/pl 5.8 increased in response to

sublethal levels of paraquat (Mitsumoto et al., 2001).
The DdJ-1/pl 6.1 isoform we found in testis, spermatozoa,
and seminal plasma may correspond to the DJ-1/pl 6.2
and DJ-1/pl 5.8 in the human endothelial cell lines,
respectively. Four different isoforms of DJ-1 were found
in each extract but each spot volume depended on the
sample, and also the total volumes of DJ-1 were different
among each specimen. The modification mechanism of
DJ-1 is not yet known; these isoforms may reflect the
status of the human male reproductive system. More-
over, when spermatozoa were exposed to oxidative stress
after ejaculation (Sikka et al., 1995), DJ-1 on the surface
of spermatozoa may act as ascavenger of reactive oxygen
species. '

DJ-1 was first identified as a novel oncogene product
that transforms mouse NIH3T3 cells in collaboration
with activated ras (Nagakubo et al., 1997) and was later
found to be a homologous protein, CAP 1/8P22, related
to male rat infertility caused by exposure of rats to
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" Fig. 3. -, Fig. 4,
Fig. 3. Localization of DJ-1in testis and epididymis by immunohistochemical staining. Negative control
incubations were performed with anti DJ-1 antibody preabsorbed by excess recombinant human Dd-1
protein (B, Q). Intense signals were in Sertoli cells (C, SC) and spermatogonia (D, SG) in the seminiferous
tubule, and also in Leydig cells (E, LC), DJ-1 localized both in nucleus and in cytoplasm. Myoid cells were
also stained (E, MC). Elongated spermatids, round spermatids (C, SP) and primary spermatocytes (D, PS)
were slightly stained, In the epidydimis, intense signals were in epithelium cells (F, EP) and spermatozoa
in the efferent ductules (F, SP). Scale bars =20 pm.

Fig. 4. Immunofluorescence localization of DJ-1 in ¢jaculated spermatozoa. Fluorescein isothiocyanate
(FITC) fluorescence represent in 4% paraformaldehyde (PFA) fixed sperm (A, B) and methanol fixed sperm
(C, D). Negative control in that anti DJ-1 antibody is replaced with nonspecific mouse IgG (B, D). Capital
letters, fluorescent microscopic images obtained using FITC-labeled secondary anti-mouse IgG; small
letters, phase contrast microscopic images. DJ-1 localized in the posterior part of head and the anterior part
of midpiece (4, C, allow heads), and in the tail (C, allows). The around equatorial segment of the head was
immunoreactive with nonspecific mouse immunoglobulin (D, allow head). Scale bar =10 jum.

the male reproductive toxicants such as ornidazole Takahashi et al. (2001) recently showed that DJ-1 acts
or epichlorohydrin (Klinefelter et al., 1997; Wagenfeld as a positive regulator of AR by preventing PIASx« from
et al., 1998b). DJ-1is thus suggested tohave at least two  binding to AR in human cell lines. In rat germ cells, the
functions: a function in somatic cells and a function in mRNA of CAP 1/8P22 is expressed in stages from
germ cells. With regard to the function in somatic cells, pachytene spermatocytes and finally is expressed in
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the anterior—ventral region of the sperm head, which
was suggested thought to be essential for fertilization
(Wagenfeld et al., 2000). Recently, Klinefelter et al.
(2002) generated highly specific polyclonal and mono-
clonal antibodies to SP22 and showed that SP22 localiz-
ed from round spermatids to elongated spermatidsin rat
testis. Contrary to these findings about rat testis, our
result is the first to show that DJ-1 exists not only in
spermatids, but also in spermatogoma spermatocytes,
Sertoli cells, and Leydig cells in human testis. Because
AR exists in Sertoli cells and Leydig cells (Van Roijen
et al.,, 1995), the DJ-1 in these cells, shown here, sug-
gests the possible role as a regulator of spermatogenesis
via AR. DJ-1 was also localized in epithelial cells of the
epididymis (Fig. 3F) and the prostate (data not shown).
These results support that DJ-1 co-localizes with AR and
regulates the gene expression depending AR.

Immunodetection of DJ-1 in ejaculated spermatozoa
revealed a staining of the posterior part of the head and
the anterior part of the midpiece. DJ-1 was also detected
in sperm flagella when the antibody penetrated the
plasma membrane. These differences suggest that DJ-1
is located in different membrane environments of the
sperm and the exposures of its epitopes are changeable
depending on the different fixation regimens. These two
distinct localization patterns of DJ-1 in human sperma-
tozoa showed two putative roles in fertilization; one is
binding and penetrating to the egg, and the other is
flagella movement. Recent studies about the role of DJ-
1/CAP 1/SP22 existing on the surface of the sperm head
showed that DJ-1/CAP 1/SP22 is involved in both the
zona penetration and membrane fusion steps of fertili-
zation in rats (Klinefelter et al., 2002) and in mice
(Okada et al., 2002). On the other hand, in human and
rat spermatozoa, RS/DdJ-1 is co-localized with B-tubulin
of the flagellar axoneme (Whyard et al., 2000), They also
reported RS/DJ-1 is abundant in the human sperm tail
which was fixed with methanol, with little in the head.
This result is similar to our result about sperm fixed
with methanol, and supports that RS/DJ-1 may play
some role in flagellar motility.

In contrast to previous findings (Wagenfeld et al.,
2000), we detected DJ-1 in seminal plasma of fertile
men. Human semen, even if from fertile men, contains
every type of abnormal spermatozoa in morphology in
contrast to semen from other species (Kruger et al.,
1986). The present results showed that DJ-1 is abundant
in testis and also in epididymis. These findings imply
that the DJ-1 in seminal plasma is not only from
spermatozoa but also from the testes and epididymis.
The initial observations suggesting the involvement
of DJ-1 with fertility came from the appearance of
the protein in epididymal fluid of ornidazole-fed male
rats and a decline of the protein from sperm extracts
using silver stained 2D gels (Wagenfeld et al., 1998b).
However, in humans, DJ-1 was already present in
seminal plasma of fertile men as reported in this article.
Moreover, our preliminary findings from recent studies
suggests that the DJ-1 levels in seminal plasma are
decreased in men presenting with infertility compared

with fertile men (unpublished data). To deal with the
DJ-1 as an indicator for human fertility, additional
investigations about its physiological role in spermato-
genesis and fertilization are required.
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DJ-1 is a multifunctional protein that plays essential
roles in tissues with higher order biological functions
such as the testis and brain. DJ-1 is related to male
fertility, and its level in sperm decreases in response to
exposure to sperm toxicants. DJ-1 has also been identi-
fied as a hydroperoxide-responsive protein. Recently, a
mutation of DJ-1 was found to be responsible for famil-
ial Parkinson’s disease. Here, we present the crystal
structure of DJ-1 refined to 1.95-A resolution. DJ-1 forms
a dimer in the crystal, and the monomer takes a fla-
vodoxin-like Rossmann-fold. DJ-1 is structurally most
similar to the monomer subunit of protease I, the intra-
cellular cysteine protease from Pyrococcus horikoshii,
and belongs to the Class I glutamine amidotransferase-
like superfamily. However, DJ-1 contains an additional
a-helix at the C-terminal region, which blocks the puta-
tive catalytic site of DJ-1 and appears to regulate the
enzymatic activity., DJ-1 may induce conformational
changes to acquire catalytic activity in response to oxi-
dative stress.

DJ-1 was initially identified as a novel oncogene product that
transforms mouse NIH3T3 cells in cooperation with activated
Ras. DJ-1 is an ~20-kDa protein comprising 189 amino acid
residues ubiquitously expressed in various human tissues and
with a particularly high level of expression in the testes (1).

SP22! or CAP1, a rat homologue of human DJ-1, was subse-
quently identified as a key protein related to infertility in male
rats exposed to sperm toxicants such as ornidazole and epichlo-
rohydrin where DJ-1/CAP1/SP22 levels in the sperm and epi-
didymis decreased with increased rat infertility (2—4). With the
exception of DJ-1, no other protein decreased in response to
exposure to sperm toxicants, supporting the close relationship
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between DJ-1 function and male fertility. Recently, Klinefelter
et al. (5) revealed that DJ-1/CAP1/SP22 was located on the
equatorial segment of the matured sperm head and anti-SP22
1g significantly inhibited the in vitro fertilization of hamster
oocytes. Thus, DJ-1 may play a role in both zona penetration
and membrane fusion steps of fertilization (5, 8).

PIASxa was isolated as a DJ-1-binding protein, which is
specifically expressed in the testes and down-regulates the
transcriptional activity of the androgen receptor. DJ-1 directly
binds to the androgen receptor binding site of PIASxa and
absorbs PIASxa from the androgen receptor-PIASxa complex.
Thus, DJ-1 is considered to be a positive regulator of androgen
receptor-dependent transcriptional activity (7).

Interestingly, a highly conserved amino acid residue Leu-166
in DJ-1 was recently reported to be replaced by Pro in patients
with familial Parkinson’s disease, PARK?7, and thus, this mu-
tation was considered to be responsible for Parkinsonism (8).
DJ-1 was also identified as a hydroperoxide-responsive protein,
which is converted into -a pl variant in response to oxidative
stress as with HyQ4 or paraquat, resulting in the production of
reactive oxygen species. Thus, DJ-1 functions as a sensor for
oxidative stress (9, 10). Since oxidative stress is closely related
to neurodegenerative diseases, there is a great demand for the
clarification of the relationship between the DJ-1 mutation and
pathogenesis of Parkinson’s disease (11).

Although DJ-1 is a small protein of ~20 kDa, it is related to
cell transformation, male fertility, oxidative stress response,
and Parkinson’s disease. However, the miolecular mechanism
by which DdJ-1 exerts these multiple functions remains elusive.
Here, we report the first x-ray crystal structure of DJ-1 to get
an insight into its functional properties.

MATERIALS AND METHODS

Data Collection—Protein expression, purification, and crystalliza-
tion will be described elsewhere. All of the diffraction data were
collected at 100 K on a RAXIS IV imaging plate detector (Rigaku)
using CuKea radiation from a rotating anode x-ray generator. The
data collection was performed at a total oscillation range of 142° with
a step of 2° for each exposure time of 60 min. The camera distance was
130 mm. The crystal was found to diffract to a resolution of up to 1.95
A and belong to space group P3, with unit-cell parameters of ¢ = b =
75.04 and ¢ = 74.88 A. The crystal contains two molecules in an
asymmetric unit and has a solvent content of 59%. Iridium and
mercury derivatives were prepared by soaking the crystals in a res-
ervoir solution containing heavy atom reagents at 293 K. Selenome-
thionine derivative was expressed in Escherichia coli B834(DE3)
using an amino acid medium (12) containing selenomethionine in-
stead of methionine. The diffraction data of those derivatives were
collected in the same conditions as the native one with the exception
that the oseillation range was 180°. All of the data were processed
using DENZO and SCALEPACK programs (13). The results of the
diffraction data are summarized in Table 1.

This paper is available on line at http://www.jbc.org
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TasLe 1
Xeray crystallography data statistics
Data set
Native Se-met K IrClg CH3HgCl
Data collection stutistics
Resolution (A) 100-1.90 100-2.5 100-2.5 100-2.5
Concentration (mm) 10 0.1
Wavelength (&) 1.5418 1.5418 1.5418 1.5418
No. of reflections 145,149 85,565 87,5696 87,348
No. of unique reflections 34,488 15,043 15,328 15,348
Completeness (%) 98.2 100 100 100
merge 0.073 0.054 0.074 0.143
Phasing statistics
Resolution (A) 50-2.8 50-4.0 50-2.8
No. of sites 10 6 8
a0’ 0.152 0.215 0.212
cullis
Working set 0.61 0.69 0.60
Phase set 0.60 0.84 0.59
FOM® 0.642 . :
Refinement statistics
Resolution (A) 37.52-1.95
No. of reflections 32,766
Completeness (%) 95.3
R-factor 0.171
Free R-factor 0.194
No. of protein atoms 2,720
No. of water molecules 323
R.m.s.d.®
Bond length (&) 0.005
Angles (°) 1.338
® RBrerge = 2|1 — (DIE(D), where (1) is the average intensity of reflection j for its symmetry equivalents.
&R, = S|F, ,j ~ |F/Z|F,|, where F\,, and F, are the derivative and native structure-factor amplitudes, respectively.
°Reunis = Elr}*'ph * F| — F/3|F,, = F, where F, is the calculated heavy atom structure-factor amplitude.

< FOM, mean figure of merit. )
¢R.m.s.d., root mean square deviation.

Structure Determination of DJ-1—The initial phasing was per-
formed by multiple isomorphous replacement method using the crys-
tals of the three derivatives. All of the programs used were attached
to the CNS program suite (14). After scaling was applied to the data
sets of the derivatives, the heavy atom parameters were refined and
the multiple isomorphous replacement phases were calculated using
the data between resolution of 50 and 2.8 A. After density modifica-
tion (15) was applied to the multiple isomorphous replacement map,
an initial model consisting of one DJ-1 molecule was placed on the
modified electron density map. The other monomer was then gener-
ated through non-crystallographic symmetry operations. Initial re-
finement was performed by the torsion angle molecular dynamic
simulated annealing method and bulk-solvent correction against the
maximum-likelihood amplitude target. For each cycle, the model was
rebuilt manually using the molecular modeling program Turbo-Frodo
(16). Throughout the initial refinement, non-crystallographic symme-
try constraints were imposed on all of the residues. After the resolu-
tion was extended to 2.5 A, the constraints were lifted and refinement
was performed by energy minimization, individual isotropic B factor
refinement, and bulk-solvent correction against the maximum-likeli-
hood amplitude target.

RESULTS

Characterization of DJ-1—DJ-1 was cloned into a pGEX6P
vector and expressed in E. coli BL21(DE3) as a fusion protein
with glutathione S-transferase. The protein was excised by
trypsin and purified by gel exclusion chromatographies. Molec-
ular weight analysis by matrix-assisted laser desorption ioni-
zation time-of-flight/mass spectrometry and N-terminal amino
acid sequence analysis revealed that the purified protein was
intact DJ-1(1-189). The molecular weight in solution was esti-
mated to be 44 kDa by gel exclusion chromatography, suggest-
ing that DJ-1 exists as a dimer in aqueous solution.

Overall Structure of DJ-1-—The crystal structure of DJ-1 was
solved by multiple isomorphous replacement. The electron den-
sity map after density modification was of sufficient quality to

allow tracing of most residues in the structure. The model was
subsequently refined to 1.95 A with R = 17.1% and Biee =
19.4%, respectively. All of the data collection and phasing and
refinement statistics are summarized in Table I.

The final model contains two DJ-1 molecules in an asymmet-
ric unit that form a face-to-face dimer with a 2-fold axis (Fig. 1)
and 323 water molecules. The C-terminal Asp-189 is missing
because of structural disorder. The dimer formation in the
crystal is consistent with the result of gel exclusion chromatog-
raphy, supporting the notion that the dimer form in the crystal
is not due to crystal packing but is physiologically relevant. The
overall structure of the DJ-1 dimer is globular with dimensions
of 56.1 X 49.5 X 59.6 A, ’ e

Structure of the DJ-1 Monomer—The DJ-1 monomer takes a
flavodoxin-like Rossmann-fold, which contains a parallel
B-sheet arranged in the order of B2-B1-84-85-B7 as a core (17).
The B-sheet is flanked by «-helices so that DJ-1 has a three-
layered structure (Fig. 2a). In addition, there are several sec-
ondary structural elements associated with the core, 83, a3, 06,
a7, 86, and 9. In particular, 86 forms an anti-parallel B-sheet
with B7. The DJ-1 monomer contains seven g-strands and nine
a-helices in total (Fig. 2, ¢ and b). Structure-based sequence
alignment was made using human, mouse, Xenopus, nematoda,
and Drosophila DJ-1 and CAP1/SP22, a rat homologue of DJ-1.
Most of the conserved residues are involved in the structural
core.

Dimer Interface of DeJ-1—The dimer interface and the oppo-
site surface of DJ-1 are shown in an electrostatic surface po-
tential presentation (Fig. 3, ¢ and b). The total area of the
buried surface is ~2,600 A2, The dimer interface comprises 83,
al, a8, and a9 (Fig. 1). It should be noted that the intermolec-
ular B-sheet is formed among the Val-51, Ile-52, and Cys-53
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Fic. 1. The overall structure of the DJ-1 dimer. A stereo pair of a ribbon diagram of the DJ-1 dimer. The ribbons ave colored blue for
monomer A and green for monomer B. The four structure elements responsible for the dimer interface are labeled in red. p3 is formed by
dimerization. This figure and Figs. 2¢ and 4 were prepared using MolScript (27) and Raster3D (28).

Fic. 2. The structure of the DJ-1 monomer. ¢, a ribbon diagram
of the DJ-1 monomer. The secondary structure elements are shown in
blue for a-helices and in green for B-strands and are labeled in the
figure. Positions of the N and C termini are indicated with arrows. b,
topology diagrams of DJ-1 (color-coded as in a). The a-helices are
represented by rectangles, and g-strands are represented by arrows.

located on each B3 strand. The distance between the sulfur
atoms of Cys-53 is 3.1 A, slightly far apart to form a disulfide
bridge. The interaction between a-helices is mainly hydropho-
bic but there are several hydrogen bonds and ionic interactions.
A number of hydrophobic interactions including the following
residues, Met-17, Val-20, Ile-21, Val-23, Val-50, Ile-52, His-
126, Phe-162, Pro-184, Leu-185, and Val-186, were observed
where half of them (Met-17, Ile-21, His-126, Pro-127, Pro-158,
and Phe-162) were completely conserved in human, mouse, rat,
Xenopus, Drosophila, and nematoda DJ-1. In particular,
Met-17 and Phe-162 are the core of the hydrophobic interac-
tions and are essential for dimer formation. The conserved (red)
and type-conserved (yellow) residues are mapped on the sur-
face of DJ-1. Notably, the dimer interface consists of the con-
served and the type-conserved residues (Fig. 3¢, encircled with
a solid line) in contrast to the opposite surface (Fig. 3d), sug-
gesting that the dimer formation of DJ-1 is correlated with its
biological functions.

Structural Similarity of DeJ-1 to Other Proteins—Comparison
of the DJ-1 structure with the Protein Data Bank (18) data
base using the DALI search engine (19) revealed that DJ-1 is
structurally most similar to the monomer unit of protease I; an
intracellular cysteine protease from Pyrococcus horikoshii with
a Z score of 26.3 and a root mean square deviation of 1.6 A for
166 residues (Fig. 4, ¢ and b) (20). The DALI search also
revealed that DJ-1 has similar topology to three proteins: the
domain of catalase HPII from E. coli (17, 21); the subunit of
anthranilate synthase TrpG from Sulfolobus solfataricus (22,
23); and the domain of GMP synthetase from E. coli (Table IT)
(24). All of the three proteins have flavodoxin-like Rossmann-
folds and belong to the Class I glutamine amidotransferase-like
superfamily (GAT superfamily) involving thiJ domains (17).
With the exception of the domain of catalase HPII where the
catalytic cysteine residue is replaced by glycine, all of the

(a)

(d)

catalytic site

dimer interface

Fic. 3. Surface representations of the dimer interface and the
opposite surface of DJ-1. The electrostatic surface potential of DJ-1
for the dimer interface () and the opposite surface (b) is shown. Red
and blue represent negative and positive potentials, respectively. The
surface model for the dimer interface (¢) and the opposite surface of
DJ-1 (d) in which the binding surface is encircled with a solid line are
shown. The conserved and type conserved residues are shown in red
and yellow, respectively. Compared with the opposite surface, the res-
idues on the dimer interface are either conserved or type-conserved.
Notably, the residues forming the putative catalytic site (encircled with
a dotted line) are located close to the dimer interface and are highly
conserved. Fig. 8 was prepared using GRASP (29).

proteins belonging to the GAT superfamily have hydrolase
activity and contain Cys-His or Cys-His-Asp/Glu as a catalytic
group (17, 20—-24). The catalytic cysteine residue is structurally
well conserved in the GAT superfamily and is located on the
short kinked loop connecting an «-helix and a g-strand char-
acterized as the “nucleophile elbow” in «/B-hydrolases (25). As
a result, the catalytic cysteine residue falls in an unfavorably
allowed region in the Ramachandran plot (25). Actually, in
DJ-1, the connecting loop between 85 and o5 was found to form
the nucleophile elbow similar to protease I (Fig. 4, ¢ and d).
Cys-106 is located on the loop and has an unfavorable main
chain conformation. His-126 is the putative catalytic residue
located in close proximity to Cys-108. The residues around the
putative catalytic site in DJ-1 are also well conserved in DJ-1
homologues (Fig. 3¢, residues encircled with a dotted line).
However, there are no acidic residues around His-126 in DJ-1
monomer, whereas in protease I, the neighboring molecule
provides Glu-74 to form the catalytic triad (Fig. 4d). Thus, we
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searched for the possibility to form the catalytic triad in the
DdJ-1 dimer but did not find any acidic residues. Structural
comparison between DJ-1 and protease I revealed that DJ-1
contains an additional a9 at the C terminus, which distin-
guishes DJ-1 from the rest of the GAT superfamily proteins. a9
and the C-terminal region appear to block the catalytic site of
the DJ-1 counterpart and are endowed with regulatory roles
(Fig. 4c). His-126 is involved in the dimer formation through
hydrogén bond interaction with Pro-184 and the hydrophocbic
interaction with Val-186 of the counterpart, which imposes an
unfavorable orientation on the His-126 imidazole ring to form
the catalytic dyad and inhibits substrate binding (Fig. 4c).
Furthermore, «9 may prevent the possible formation of the

(d)

Fic. 4. Comparison of the monomer structures and the puta-
tive eatalytic sites between DJ-1 and protease I. Ribbon diagrams
of the monomer subunits of DJ-1 (a¢) and protease I (b). Secondary
structure is color-coded as in Fig. 2a. ¢, the region around the putative
active site of DJ-1 including 85, «5, and the nucleophile elbow in
monomer A (in blue) and ¢8 and «9 in monomer B (in green). The
residues Cys-106, His-126, and Val-128 in monomer A and Leu-166,
Val-181, Lys-182, Pro-184 (a backbone oxygen), Val-186, and Leu-187 in
monomer B are shown as ball-and-stick models. The His-126 imidazole
ring forms hydrogen bonds with the main-chain carbonyl group of
Pro-184 (monomer B) and the main-chain amide group of Val-128
(monomer A) are shown by the dotted lines. Thus, the His-126 imidazole
ring does not take a preferable orientation for protease activity. Leu-
166, mutated to proline in PARK7 patients, is shown in red. d, the
region around the active site of protease I including the nucleophile
elbow in which the catalytic residue Cys-100 is located. Protease I forms
a hexamer, and the catalytic triad is formed in the dimer interface
(monomer A is in blue, and monomer B is in green).
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catalytic triad with an acidic residue on the counterpart as in
protease I (Fig. 4d). We propose that in the crystal form, DJ-1
does not have any catalytic activity due to blockage by a9 and
the C-terminal region but may have a catalytic function after
conformational change induced by specific signals or protease
digestion. Although we tested the protease activity of DJ-1
using synthetic substrates, we observed only negligible prote-
ase activity in its intact form (data not shown). DJ-1 is localized
on the equatorial segment of the sperm head where the sperm
fuses with oocytes as the sperm matures. In addition, anti-
SP22 Ig significantly inhibited in vitro fertilization of hamster
oocytes (5). Taken together, these results led us to speculate
that DJ-1 plays an essential role in zona penetration and in
promoting the fusion steps of fertilization where the protease
activity of DJ-1 may be tightly regulated.

Structural Implication for Parkinson’s Disease—A DJ-1 mu-
tation at Leu-166 to Pro was recently found to be associated
with PARKY7, a monogenic form of human Parkinsonism. Leu-
166 is located at the middle of a8, and the mutation appears to
break the a-helix. Leu-166 forms a hydrophobic interaction
with Val-181, Lys-182, and Leu-187 on 9 and the C-términal
tail (Fig. 4¢) so that the proline mutation would disrupt the
hydrophobic interaction between «8 and «9, destabilizing the
dimer interface of DJ-1. Notably, DdJ-1 expression is induced by
oxidative stress as with Hy,0, or paraquat and is regarded as
an oxidative stress-responsive protein (9, 10). Because reactive
oxygen species produced in normal dopamine metabolism have
been implicated in neuronal death, oxidative stress in the brain
is closely related to the pathogenesis of Parkinson’s disease
(11). In this context, it is reasonable to assume that DJ-1
functions as an antioxidant protein and any defects may be the
cause of Parkinson’s disease.

DISCUSSION

DdJ-1 is a multifunctional protein and plays essential roles in
tissues with higher order biological functions such as the testes
and brain. Anti-DJ-1 Ig inhibited the fusion of sperm with an
oocyte. Moreover, DJ-1 levels in sperm decreased upon expo-
sure to sperm toxicants and is thought to be responsible for
male fertilization. Considering the structural similarity be-
tween DJ-1 and the GAT superfamily proteins, we speculate
that DJ-1 has protease activity that is inactive in the dimer
structure but becomes active by conformation change or prote-
ase digestion at the C-terminal region.

‘DdJ-1 was also identified as an oxidative stress responsive
protein and was found to be associated with Parkinsonism, a
neurodegenerative disease, supporting the notion that DJ-1 is
responsible for the quality control of proteins under oxidative
stress. Upon oxidative stress, pI of DJ-1 was reported to change
from 6.2 to 5.8, suggesting that DJ-1 might adsorb the reactive
oxygen species and is modified to acquire a slightly lower pl.
Oxidative conversion of sulfhydryl group(s) at a cysteine resi-
due(s) to a cysteine sulfinic acid (Cys-SO,H) is the most plau-
sible candidate responsible for the pl shifts of hydroperoxide-
responsive proteins (9). Mutation of Cys-53 to Ala actually

TaBLE II
Structural homologues to DJ-1*
Protein Co® Z-score R.m.s.d’ Identity” PDB code
A %
Protease I 166 26.3 1.6 22 1g2i-A
Catalase HPII 136 16.5 2.0 11 1cf9-A
Anthranilate synthase (TrpG-subunit) 122 7.9 3.2 12 1qdl-B
GMP synthetase 122 7.2 3.1 10 lgpm-A

¢ The structures were compared to that of DJ-1 using the DALI program.

& Number of C atoms superimposed between the two structures.
¢ R.m.s.d., root mean square deviation of superimposed C atoms.

¢ The sequence identity is given between the number of Ca toms superimposed.
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abolished the formation of the pl variant, confirming that
Cys-53 is responsible for oxidative stimuli.? Since Cys-53 is
located on B3 of the dimer interface, the conversion of Cys to
Cys-S0,H in 83 may destabilize the dimer interface and the
DdJ-1-specific C-terminal region may be displaced, thus remov-
ing the inhibition of protease activity. Proline mutation may
abolish the conformation change required for protease activity.

The crystal structure of a heat shock protein, E. coli Hsp31,
was recently reported (26). Interestingly, its structure is quite
similar to that of DJ-1, although an additional domain donates
the acidic residues, resulting in the formation of the catalytic
triad. However, the catalytic site is completely covered by the
ingserted domain, which develops a fused hydrophobic surface
on the Hsp31 dimer. Thus, Hsp31 appears to sense and digest
misfolded proteins, whereas DJ-1 appears to sense oxidative
stress and gains the protease activity to digest oxidative dam-
aged proteins.

Although further studies are required to elucidate the rela-
tionship of DJ-1 with male fertility, oxidative stress, and Par-
kinson’s disease, the crystal structure of DJ-1 has shed light on
the structure-function relationship of DJ-1.
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