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The ubiquitin specific proteases cleave ubiquitin known to participate in various signaling processes
moieties from substrates.'” The hydrolysis reaction including signal transduction,’ genomic integrity,*
is tightly regulated by deubiquitinating enzymes.' transport,” and protein degradation.’

Recently, several deubiquitinating enzymes are Hsp90 is one of highly conserved molecular
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chaperones. Hsp90 functions as a chaperone,” a
signaling center,” and a transporter.” There exist a
number of clients and co-chaperones of Hsp90.
Co-chaperones of Hsp90 regulate chaperoning
function of Hsp90,' and clients use Hsp90 as a
chaperone. Hsp90 functions as a signal transducer
and loss of function causes reduction of important
signal regulators. Several inhibitors of Hsp90 inclu-
ding geldanamycin, radicicol, and hypericin were
known to down-regulate ATPase activity of Hsp-
90 or reduce the level of Hsp90.'""" It is known
that Hsp90 is ubiquitinated by hypericin but the
pathway is unknown. Although the ubiquitination
pathway is largely unknown, it is possible that ubi-
quitination of Hsp90 is one of important posttran-
slational modifications.

The co-chaperones of Hsp90 are divided into
two groups, the N-terminal co-chaperone and the
C-terminal co-chaperone. The C-terminal co-cha-
perones have 3 or more TPRs (tetratricorepeat),
and interacts the EEVD sequence of at the C-
terminus of Hsp90." However, N-terminal co-
chaperones are not well characterized. Recently, a
number of N-terminal co-chaperones of Hsp90
were found to have the CS domain, sub-family of
the Hsp20-like fold."* p23 activates ATPase acti-
vity of Hsp90 and helps proper loading of client
proteins.” Sgtl interacts with the N-terminus of
Hsp90, and plays a role in kinetochore formation'®'’
and plant disease resistance.' In addition, Chp-1
recently was found to interact with the N-terminus
of Hsp90," but its function has not been charac-
terized.

It is known that the expression of Hsp90 is im-
portant in the germ cell development of rodents.
Even though the exact function of Hsp90 in germ
cell formation remains to be investigated, a point
mutation of Hsp90 leads to microtubule disorgani-
zation and male sterility in Drosophila.*"** FKBP-
59, a co-chaperone of Hsp90, shows stage specific
expression in the testis and may function during

spermatogenesis.23 The functions of chaperones
during spermatogenesis are poorly understood.
However, several evidences including regulation
of expression level of chaperones, relationship
between male infertility and elevated temperature,
and the roles of HSFs show importance of chaper-

ones during spermatogenesis.**

MATERIALS AND METHODS

1. Scanning for conserved domains and sequ-
ence alignments

Scanning of conserved domains was performed
with the rpsblast (http://www.ncbi.nlm.nih.gov/

Structure/cdd/wrpsb.cgi). Other programs were also

used including Superfamily (http:/supfam.mrc-lmb.
cam.ac.uk/SUPERFAMILY/), SMART (http:/smart.
embl-heidelberg.de/), Pfam (http://www.sanger.
ac.uk/Software/Pfam/), InterPro (http:/www.ebi.
ac.uk/interpro/), and Prosite (http://us.expasy.org/

prosite/). Alignments were performed with the
MultiAlign (http://prodes.toulouse.inra.fr/multalin/).

2. Plasmids and site-directed mutagenesis

The original HIDE (Hsp90 Interacting Deubi-
quitinating Enzyme) clone was kindly donated by
Dr. T. Nagase at Kazusa DNA Research Institute
in Japan. We subcloned its coding region into
PGEX-4T-2 (Amersham Pharmacia) for prokary-
otic expression, and pcDNA3-myc (Invitrogen) for
eukaryotic expression. Human Hsp90p in pEGFP-
C1 clone was kindly donated by Dr. Jun Kim at
Korea University in Seoul, Korea. The HIDE
(C506S) mutant was constructed using a Quik-
Change™ Site-Directed Mutagenesis Kit (Strata-
gene) according to manufacture's instruction with
two primers which have sequences of 5-GCAA-
CACCTCCTTCATGAAC-3' and 5-GTTCATG-
AAGGAGGTGTTGC-3".

-232-



3. Cell culture and transfection

293T human embryonic kidney cells were cul-
tured in Dulbecco's Modified Eagle's Medium (Gi-
bco) supplemented with 10% fetal bovine serum
(Gibco) and 1% penicillin/streptomycin (Gibco).
Cells were grown in the 5% CO, incubator. Trans-
fection was performed by CaCl, precipitation me-
thod using BES (N,N-bis[2-hydroxyethyl]-2-ami-
noethanesulfonic acid) buffered saline.

4. Northern blot analysis

A multiple tissue blot containing RNA from 8
different human tissues was purchased from Clon-
tech. A multiple tissue blot containing RNA from
13 different mouse tissues was purchased from
Seegene. A partial fragment of human HIDE cDNA
(from 1 to 450) and the full-length S-actin and
G3PDH were labeled with deoxycytidine 5'-[a-"P]-
triphosphate by a random priming method when
blotting a human tissue blot. A partial fragment of
human HIDE cDNA (from 3082 to 4122) was
also used when blotting a mouse tissue blot. The
immobilized nucleic acids were hybridized at 68 C
for 1 hour in a bag containing 5>< SSC, 1><X Den-
hardt's solution, 100 pg/ml of denatured salmon
sperm DNA, 0.1% SDS and 50% formamide, the
membranes were then washed twice with 0.1X
SSC, 0.2% SDS for 30 minutes. Autoradiography
was carried out with Agfa CP-BU films for 24
hours at -80C. The blots were subsequently repro-
bed with a radiolabeled S-actin DNA probe for the
human blot or a G3PDH DNA probe for the mouse
blot.

5. In vitro deubiquitinating enzyme activity
assay

In vitro deubiquitinating activity assay, based
on the cleavage of ubiquitin-B-galactosidase fusion
proteins in vitro, has been described previously.”
The wild-type HIDE cDNA and cDNA containing

a missense mutant form, HIDE (C506S), were used.
Ub-Met-B-gal was expressed from a pACYC184-
based plasmid. Plasmids were co-transformed into
Escherichia coli BL21 cells. Plasmid-bearing E.
coli BL21 cells were induced with the final con-
centration of 0.2 mM IPTG (isopropyl-p-thioga-
lactopyranoside) after 1 hour of pre-incubation.
After 4 hours of induction with the IPTG, they
were lysed in lysis buffer (0.01 M phosphate [pH
7.4], 8 M urea, 1 % SDS, and 1% B-mercaptoeth-
anol). The assay with these whole cell lysates was
analyzed by immunoblotting with a rabbit anti-p3-
gal antiserum (ICN), a rabbit anti-GST antiserum
(Upstate Biotechnology), and the enhanced che-

miluminescence (Amersham Biosciences).
6. Immunohistochemistry

The adult mouse testes were surgically remo-
ved, and the samples were embedded in paraffin,
sectioned at a thickness of 5 pwm, and then fixed in
3.7% formaldehyde overnight at 4 C. For antibody
staining, the sections were deparaffinized and pla-
ced into a 3% solution of hydrogen perxide for 5
minutes. And they were washed twice with PBST
(133 mM NaCl, 10 mM sodium potassium phosp-
hate, pH 7.4 containing 0.1% Tween 20), placed in
a blocking solution with 0.5% BSA/PBST for 30
minutes. After incubation with the anti-HIDE anti-
body (1:100) for 1 hour followed by washing, bio-
tinylated secondary antibody was applied for 30
minutes and streptavidin-horseradish peroxidase
substrate, and counter staining was performed with
hematoxylin.

7. Antibodies and antisera

Polyclonal antisera were generated in rabbits
against the C-terminal region of HIDE which has
the sequence of ASRIWQELEAEEEPVPEGSGP
(Komed). Anti-Hsp90B, anti-GST, anti-B-galacto-
sidase and anti-actin antibodies were purchased
from Santa Cruz. Anti-myc antibody was obtained
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Figure 1. The human HIDE cDNA. (A) The nucleotide (upper line) and deduced amino acid (lower line) sequences
of human HIDE. Each characteristic domain is underlined and designated on the right side. NLS, nuclear localization
and rat HIDE domain topology. Characteristic domains and their ranges are shown. Note that CS1 and VR1 are reversed
in mouse and rat HIDE (cross). VR1 and VR2, variable region 1 and 2, respectively. (C) Comparison of the CS1 and
CS2 of HIDE with those of other CS domain proteins.

signal sequence; CS1 and CS2, CHORD-containing proteins and Sgt1 domain of HIDE; Conserved amino acid residues
of the catalytic triad for HIDE are in boxes; Mynd, Mynd type zinc finger domain. (B) Comparison of the human, mouse,
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from the 9E10 hybridoma cell line. For the secon- mixed with 1 pg of antibody for 3 hours. Next, the
dary antibody, HRP-tagged anti-mouse 1gG (Zy- mixture was incubated with the bead for 1 hour.
med), HRP-tagged anti-rabbit IgG (Santa Cruz), After 3 times of washing, immunoprecipitants were
and HRP-tagged anti-goat IgG (Santa Cruz) were denatured with loading buffer.

used. Cells were lysed with lysis buffer (PBS, 1%

Nonidet P40, Sigma). The lysate was precleared RESULTS
with 10 pl of protein G plus protein A agarose bead
(Oncogene). And then, the precleared lysate was While searching for full-length open reading
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Figure 2. Expression analysis of HIDE. (A) Northern blot analysis was performed with a human HIDE partial
fragment and a human tissue blot. A single HIDE transcript is visible (approximately 5 Kb). (B) Northern blot analysis
was performed with another human HIDE partial fragment and a mouse tissue blot. Note that the highest expression in
the testis. (C) Immunoblotting was performed with mouse tissue extracts and an anti-HIDE antibody, which was raised
against a partial peptide of HIDE. Expression was detected only in the testis. (D) The mouse testis was surgically
removed and stained with anti-HIDE antibody. The brown color in blue background of hematoxylin is HIDE proteins.
As shown in the left (200X) and right (400X) panels, HIDE proteins are highly expressed in the meiotic spermatocytes
(M). Expression level of HIDE is rare in spermatogonia (G), Leydig cells (L), and sperms (S).
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fram (ORF) clones of human deubiquitinating
enzyme to investigate their cellular functions, we
found that the full-length cDNA for HIDE, which
consists of 4,401 nucleotides. For this study, the
¢DNA clone® was obtained from Dr. T. Nagase at
Kazusa DNA Research Institute in Japan. HIDE
consists of 1,318 amino acids and the calculated
molecular weight is approximately 146 kDa and
isoelectric point (pl) is 5.89. We used rpsblast,
Superfamily, SMART, Pfam, Interpro and Proite,
as described in MATERIALS AND METHODS,
to search conserved domains. The scanned results
showed a nuclear localization signal, two CS dom-
ains, and the UCH (Ubiquitin carboxyl-terminal
hydrolase) domain, which is flanked by Mynd type
of zinc finger (Figures 1A and 1B). Between do-
mains, low complexity regions, which have a num-
ber of repeated soluble residues, exist. Repetitive
soluble residues frequently form a flexible loop,
which connects one domain to another. It was
known that the CS domain of p23, Sgt1, and Chp-1
interacts with the N-terminus of Hsp90.'>'*!? rps-
blast (http://www.ncbi.nlm.nih.gov/Structure/cdd/
wipsb.cgi) scanning result shows that sgtl and p23

domains have homology with CS1 and CS2 do-
mains of HIDE (Figure 1C). Therefore, it is expec-
ted that HIDE might interact with Hsp90. Next,
we compared amino acid sequences of human
HIDE with mouse and rat HIDE. Interestingly, we
found that CS1 and VRI are reversed in mouse
and rat HIDE proteins (Figure 1B).

We performed Northern blot analysis with a
partial DNA fragment probe of HIDE. We exa-
mined mRNA level of HIDE using human and
mouse tissue blots. The full length of transcripts
was approximately 5 Kb, as shown in Figure 2A.
mRNA level of HIDE showed the highest in heart
and muscle, somewhat lesser in pancreas, liver,
kidney and placenta, little in brain and lung in a
human blot. The expression profile of mouse tiss-

ues is almost same as human tissues. However,

pGEX-DUB-1 (C60S)

pPGEX-HIDE
I pGEX-HIDE (C506S)

pGEX-DUB-1

[ pGEX-4T-2

anti--gal — —t—
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v N | GST-DUB-1

anti-GST >

Figure 3. Deubiquitinating enzyme activity of HIDE.
The upper panel is an immunoblot using an anti-B-gal
antiserum. The co-expressed plasmids are pGEX 4T-2
(lane 1), pGEX-DUB-1 (lane 2), pGEX-DUB-1 (C60S)
(lane 3), pGEX-HIDE (lane 4), pGEX-HIDE (C506S)
(lane 5). The lower panel is an immunoblot using an
anti-GST monoclonal antibody. HIDE cleaved the ubi-
quitin moiety, but HIDE (C506S) mutant did not cleave,
which is a common property of cysteine proteases.

the expression level was the highest in the testis
(Figure 2B). We examined the protein expression
level of HIDE by immunoblotting analysis. Anti-
HIDE antibody was raised against a partial peptide
of HIDE, and a mouse tissue protein blot was con-
structed using adult mouse tissue extracts. Altho-
ugh the transcripts of HIDE were detected in vari-
ous tissues, HIDE proteins were detected only in
the testis (Figure 2C). The result of immunoblot-
ting analysis led us to investigate the expression
pattern of HIDE in the mouse testis. As shown in
Figure 2D, the expression pattern of HIDE in
seminiferous tubule revealed that it is highly rest-
ricted in the meiotic germ cells. In the semini-
ferous tubule, the HIDE proteins were rare in the
Leydig cells, the spermatogonia, the elongated
sperms, and the differentiated sperms. However,
HIDE proteins were highly expressed in the pri-
mary, secondary spermatocytes, and the Sertoli
cells. We suggest that HIDE might function in
meiosis or germ cell development during sperma-
togenesis.
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Figure 4. Interaction between HIDE and Hsp90. (A) HIDE interacts with Hsp90p in vivo. 293T cells were transfected
with pcDNA3-myc-HIDE and pGFP-C1-Hsp90p, and then immunoprecipitated with an anti-myc antibody or an anti-
GFP antibody. Precipitants were immunoblotted as described in MATERIALS AND METHODS. (B) In order to avoid
the artificial interaction between HIDE and Hsp90p, we performed co-immunoprecipitation with an anti-myc antibody
and an anti-Hsp90p antibody. pcDNA3-myc-HIDE was transfected and whole cell lysate was immunoprecipitated with
an anti-myc antibody. Precipitants were immunoblotted as described in MATERIALS AND METHODS.

There has been known that several different
types of deubiquitinating activity exist, and diffe-
rent deubiquitinating enzymes have different types
of deubiquitinating activity. We characterized cata-
lytic activities of HIDE by performing Ub-p-gal-
actosidase assay. DUB-1, a known murine deubi-
quitinating enzyme, and its catalytically inactive
mutant, DUB-1 (C60S),”’ were used as controls
for the Ub-B-galactosidase assay (Figure 3, lanes 2
and 3). As shown in Figure 3, HIDE cleaved mono-
ubiquitin moiety of Ub-B-galactosidase, but HIDE
(C506S) mutant did not cleave. Interestingly, HIDE
did not reduce global pool of polyubiquitin chains
in in vivo deubiquitinating assay (data not shown).
This indicates that the activities of HIDE are di-
fferent from typical UBP family deubiquitinating
enzymes. It is possible that substrates of HIDE are
limited or HIDE has characteristic catalytic activity.

As described above, HIDE has two CS domains.

The CS domain is an evolutionarily conserved do-
main from prokaryotes to mammals, but the con-
sensus is low. The CS domain belongs to the
Hsp20-like domain, which shows a characteristic
beta-sandwich fold.'* It is known that several
Hsp20-like fold proteins including p23, Sgtl, and
Chp-1 interact with the N-terminus of Hsp90.">'®"

Sgtl and Chp-1 interact with Hsp90 independent

with conformational change of Hsp90, but p23 in-
teracts with Hsp90 when ATP is present. The in-
teraction between HIDE and Hsp90 was confir-
med by co-immunoprecipitation as shown in Fi-
gures 4A and 4B. Both ectopically expressed and
endogenous Hsp90 interacted with HIDE. One of
two bands in the right panel of Figure 4A may be
posttrantionally modified Hsp90. However, bind-
ing regions between two proteins and ATP depen-
dent interaction remain to be investigated.

DISCUSSION

Previous reports showed that chaperones func-
tion in the ubiquitination process. Among several
chaperones, Hsp90 and its co-chaperones protect
client proteins from degradation and mediate sign-
als. CHIP (C-terminus of Heat shock protein 70-
Interacting Protein) interacts with the C-terminus
of Hsp90 and ubiquitinates misfolded clients. Hsp-
90 is also mono-ubiquitinated during hypericin
treatment in the dark."" The signaling for hypericin
is not known, but it is possible that ubiquitination
of Hsp90 exists. Hypericin reduces the level of
Hsp90 via lysosomal degradation and the clients
of Hsp90 are also reduced. It is known that tumor
cells use Hsp90 more efficiently than normal cells.
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Therefore, both activation of ubiquitination or in-
hibition of deubiquitination are valuable drug tar-
gets. It is possible that HIDE deubiquitinates ubi-
quitinated clients of Hsp90 or Hsp90 itself. Ho-
wever, we were not able to find the ubiquitination
of Hsp90 at the normal physiological condition.

HIDE has several known evolutionary conser-
ved domains. The CS domain is known to interact
with the N-terminus of Hsp90 and CHORD do-
main.'>'*" HIDE has a zinc finger motif in the
middle of UCH domain (Figure 1B). The zinc fin-
ger motif in HIDE is the Mynd type of zinc finger,
which is known as a protein-protein interaction
domain. Deubiquitinating activity of HIDE is so-
mewhat different from that of UBP family deu-
biquitinating enzyme, but similar to that of OTU
family deubiquitinating enzymes. All known UBPs
can reduce the global pool of polyubiquitin chains.
However, OTUs have no global effect.®® UBPs
hydrolize lysine 48-linked polyubiquitin chains, but
OTUs hydrolyze lysine 63-linked polyubiquitin
chain.®* The catalytic characteristics of HIDE
remain to be investigated.

It is well known that spermatogenesis is con-
trolled by several chaperones.”” > The functions
of chaperones during spermatogenesis are largely
unknown, but several evidences were suggested.
First, the expression level and localization of cha-
perones in the testis during spermatogenesis are
precisely controlled.** Second, it is critical for sper-
matogenesis that elevated temperature and mal-
function of chaperone in the testis.”* To maintain
normal spermatogenesis, temperature within the
testis is kept below 35 C. Third, several heat shock
factors are expressed in the testis and deletion of
these transcription factors cause male infertility.**

In conclusion, HIDE proteins were detected only
in the testis by immunoblotting analysis (Figure
2C). Importantly, HIDE proteins were expressed
largely in meiotic germ cells. It is well known that
mutations of deubiquitinating enzymes cause mal-

function in spermatogenesis. USP9Y (also known
as DFFRY) is a deubiquitinating enzyme, which is
located in the AZFa region of Y chromosome.
Deletion of the AZFa region causes male infer-
tility, and point mutation of USP9Y is found in
several azoospermia patients.”® Point mutations in
the intron of USPYY cause truncated USP9Y pro-
tein, and several azoospermic men express trun-
cated USP9Y in their testis.”® Therefore, investi-
gation of precise biochemical and physiological
functions of HIDE during spermatogenesis will
help to unravel its developmental roles.
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