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ABSTRACT

Although the molecular basis of sperm-oocyte interaction is
unclear, recent studies have implicated two chaperone proteins,
heat shock protein 1 (HSPD1; previously known as heat shock
protein 60) and tumor rejection antigen gp96 (TRA1; previously
known as endoplasmin), in the formation of a functional zona-
receptor complex on the surface of mammalian spermatozoa.
The current study was undertaken to investigate the expression
of these chaperones during the ontogeny of male germ cells
through spermatogenesis, epididymal sperm maturation, capac-
itation, and acrosomal exocytosis. In testicular sections, both
HSPD1 and TRA1 were closely associated with the mitochondria
of spermatogonia and primary spermatocytes. However, this la-
beling pattern disappeared from the male germ line during sper-
miogenesis to become undetectable in testicular spermatozoa.
Subsequently, these chaperones could be detected in epididymal
spermatozoa and in previously unreported ‘‘dense bodies’’ in the
epididymal lumen. The latter appeared in the precise region of
the epididymis (proximal corpus), where spermatozoa acquire
the capacity to recognize and bind to the zona pellucida, im-
plicating these structures in the functional remodeling of the
sperm surface during epididymal maturation. Both HSPD1 and
TRA1 were subsequently found to become coexpressed on the
surface of live mouse spermatozoa following capacitation in vi-
tro and were lost once these cells had undergone the acrosome
reaction, as would be expected of cell surface molecules in-
volved in sperm-egg interaction. These data reinforce the notion
that these chaperones are intimately involved in the mechanisms
by which mammalian spermatozoa both acquire and express
their ability to recognize the zona pellucida.

acrosome reaction, chaperone, epididymis, fertilization, gamete
biology, signal transduction, testis

INTRODUCTION

Following spermatogenesis, spermatozoa leave the testis
in a structurally complete but functionally deficient form,
incapable of progressive motility, oocyte recognition, and
acrosomal exocytosis. Functional competence is acquired
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during passage through the epididymal lumen. The bio-
chemical basis of sperm maturation in the epididymis has
been extensively studied, and it is now well established that
the composition and localization of sperm membrane pro-
teins changes significantly during this process (reviewed in
[1]). However, the precise mechanism by which spermato-
zoa acquire the potential for sperm-zona interaction during
epididymal transit has yet to be elucidated.

Gamete interaction in mammals comprises a complex
series of cellular interactions culminating in fertilization of
the oocyte by a single spermatozoon. This process begins
in the female reproductive tract, where spermatozoa under-
go a postejaculatory maturation process termed capacita-
tion, which results in these cells gaining the competence to
recognize and bind to the extracellular matrix surrounding
the oocyte, the zona pellucida [2, 3]. Although much is
known about the importance of ZP3 as the zona glycopro-
tein primarily responsible for sperm binding during the ini-
tial stages of fertilization, little is known about the corre-
sponding zona receptor on the sperm surface. A number of
candidate molecules has been proposed, including galac-
tosyltransferase, sp56, zonadhesin, and zona receptor kinase
(reviewed in [4, 5]). It has been speculated that the diverse
nature of these proposed zona receptor molecules can be
attributed to interspecies variation in the biochemical mech-
anisms that regulate sperm-zona interaction. It is also pos-
sible that this process involves the coordinated action of
several sperm proteins, each with a specific role at different
stages of the recognition process [6, 7]. Experimental lim-
itations are also imposed by sperm populations being het-
erogeneous; a typical sperm preparation contains cells at
various stages of maturity, only a minority of which have
attained a state of capacitation that is compatible with zona
binding [8].

Phosphorylation of sperm proteins on tyrosine residues
has been shown to be an important correlate of capacitation
in all mammalian species studied to date [9–13]. A recent
study from our laboratory demonstrated a causal relation-
ship between this phosphorylation event and the ability to
bind the zona pellucida [8]. Furthermore, we established
that tyrosine phosphoproteins localized on the sperm sur-
face overlying the acrosome have a critical role in sperm-
zona interaction. Proteomic analysis revealed that two of
the major proteins that are tyrosine phosphorylated and lo-
calized to the surface of murine spermatozoa during capac-
itation are the molecular chaperones, heat shock protein 1
(HSPD1; previously known as heat shock protein 60
[HSP60]) and tumor rejection antigen 1 (TRA1; previously
known as endoplasmin [ERP99], a member of the heat
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shock protein 90 family). We have hypothesized that these
proteins may form part of a multimeric zona pellucida re-
ceptor complex that is assembled on the surface of murine
spermatozoa during capacitation [8].

Examination of the expression patterns for HSPD1 and
TRA1 during epididymal maturation, capacitation, and the
acrosome reaction is a necessity if we are to understand the
function of these proteins during fertilization. HSPD1 has
previously been reported in the testes of rats, humans, and
monkeys [14–16]. However, no previous studies have been
performed on the expression of HSPD1 on testicular germ
cells in the mouse or, indeed, during posttesticular epidid-
ymal sperm maturation for any mammalian species. Simi-
larly, the distribution of TRA1 has not previously been re-
ported during the differentiation and maturation of male
gametes. The purpose of the current study was to address
these deficiencies in our knowledge and further elucidate
the roles of HSPD1 and TRA1 in the differentiation of
functional spermatozoa.

MATERIALS AND METHODS

Antibodies
Antichaperone primary antibodies were obtained from Santa Cruz Bio-

technology (Santa Cruz, CA). Two affinity-purified polyclonal antibodies
against each protein were used for Western blotting and immunolocaliza-
tion, designated HSPD1-1 (anti-HSP60 H-300; raised against an epitope
corresponding to amino acids 274–573 at the carboxy terminus of heat
shock protein 1), HSPD1-2 (anti-HSP60 N-20; raised against a peptide
mapping to the amino terminus of heat shock protein 1), TRA1-1 (anti-
GRP94 C-19; raised against a peptide mapping to the carboxy terminus
of tumor rejection antigen gp96), and TRA1-2 (anti-GRP94 H-212; raised
against a recombinant protein corresponding to amino acids 200–411 map-
ping near the carboxy terminus of tumor rejection antigen gp96). Anti-
CD45 antibody was used as a negative control for live immunodetection
assays (BD Transduction Laboratories, Lexington, KY). Sigma-Aldrich
(Castle Hill, Australia) supplied the anti-a-tubulin (B-5-1-2), fluorescein
isothionate (FITC)-conjugated, horseradish peroxidase (HRP)-conjugated
and 10-nm gold-conjugate goat anti-rabbit and rabbit anti-goat immuno-
globulins.

Other Reagents
Hepes, penicillin, and streptomycin were obtained from Gibco (Paisley,

U.K.). BSA was obtained from Research Organics (Cleveland, OH). Min-
icomplete protease inhibitor tablets were from Roche (Mannheim, Ger-
many). Nitrocellulose and Percoll were from Amersham (Buckingham-
shire, U.K.). Mowiol 4-88 was from Calbiochem (La Jolla, CA). Parafor-
maldehyde, glutaraldehyde, LR white, nickel grids, and uranyl acetate
were supplied by ProSciTech (Thuringowa, Australia). Protein G-coated
Dynabeads were from Dynal (Oslo, Norway). Other reagents were from
Sigma-Aldrich, unless otherwise stated.

Preparation of Epididymal Spermatozoa
and Testicular Cells

All animal use was approved by the University of Newcastle Animal
Ethics Committee and conducted in accordance with the International
Guiding Principles for Biomedical Research Involving Animals. Sperma-
tozoa were obtained from adult Swiss mice (age .8 wk; University of
Newcastle Animal Facility) and maintained in Hepes-buffered Biggers
Whitten Whittingham (BWW; [17]) media composed of 91.5 mM NaCl,
4.6 mM KCl, 1.7 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 25 mM
NaHCO3, 5.6 mM D-glucose, 0.27 mM sodium pyruvate, 44 mM sodium
lactate, 5 U/ml penicillin, 5 mg/ml streptomycin, 20 mM Hepes buffer, and
0.3% w/v BSA. Caput epididymidal sperm were prepared by depositing
the caput in BWW and piercing several times with a 25-gauge needle,
after which gentle pressure was applied to release spermatozoa into the
medium. These preparations contained some epithelial and blood cell con-
tamination, and were therefore further purified by centrifugation through
30% v/v Percoll in PBS (pH 7.4) at 500 3 g and 378C for 15 min. The
resultant pellet contained approximately 90% viable caput sperm as deter-
mined by propidium iodide staining. To prepare cauda epididymidal

sperm, the cauda was deposited in BWW, a single tubule was cut, and
gentle pressure was applied to release sperm into the medium. This prep-
aration contained caudal sperm, free of any detectable cellular contami-
nation. For capacitation, cauda sperm were diluted to 6 3 106 sperm/ml
in BWW and incubated for 90 min at 378C under an atmosphere of 5%
CO2:95% air. Following incubation, sperm were collected by centrifuga-
tion (500 3 g for 3 min) and washed three times in PBS.

Total testicular cell preparations were obtained by macerating the testis
tissue in BWW. Cells were then washed three times in PBS before protein
extraction. These preparations contained both somatic and germ cells from
the testis.

SDS-PAGE and Western Blotting

Proteins were extracted in a modified SDS-PAGE sample buffer (2%
w/v SDS, 10% w/v sucrose in 0.1875 M Tris, pH 6.8) with protease in-
hibitor tablets, by incubation at 1008C for 5 min. Insoluble matter was
removed by centrifugation at 20 000 3 g for 10 min, and protein esti-
mations were performed using the DC Protein Assay Kit (Bio-Rad, Her-
cules, CA).

Proteins were boiled in SDS-PAGE sample buffer (2% v/v mercapto-
ethanol, 2% w/v SDS, and 10% w/v sucrose in 0.1875 M Tris, pH 6.8,
with bromophenol blue) and resolved by SDS-PAGE on polyacrylamide
gels [18] followed by transfer onto nitrocellulose membranes [19]. Mem-
branes were blocked with 3% w/v BSA in Tris-buffered saline (TBS; pH
7.4) for 1 h before being probed with 1:1000 dilutions of primary antibody
in TBS containing 1% w/v BSA and 0.1% v/v polyoxyethylenesorbitan
monolaurate (Tween-20; TBS-T) for 2 h at room temperature. Blots were
washed three times in TBS-T followed by incubation with 1:1000 HRP-
conjugated secondary antibody in 1% w/v BSA/TBS-T for 1 h. Following
three washes in TBS-T, proteins were detected using an enhanced chemi-
luminescence kit (Amersham, Buckinghamshire, U.K.). Western blots
were stripped in 100 mM mercaptoethanol, 2% w/v SDS, and 62.5 mM
Tris (pH 6.7) at 608C for 1 h, followed by several washes in TBS-T before
reprobing.

Tissue Immunofluorescence

Tissue was collected from mouse testes and epididymides, fixed in
formalin, embedded in paraffin, and cut into 5-mm sections. Following
dewaxing and rehydration, antigen retrieval was performed by subjecting
the slides to microwaves (500 W) for 20 min in citrate buffer (10 mM
trisodium citrate, 4.4 mM HCl, pH 6.0). All subsequent incubations were
performed at 378C in a humid chamber, and all antibody dilutions and
washes were conducted in PBS. Sections were blocked at 378C for 1 h in
10% v/v serum supplemented with 3% w/v BSA in PBS. Slides were
rinsed and incubated at 48C overnight in 1:50 primary antibody. Following
three washes, 1:100 dilutions of the corresponding FITC-conjugated sec-
ondary antibody were applied. Sections were washed three times and
counterstained with 2 mg/ml propidium iodide, a nuclear dye included to
aid visualization of the tissue structure. Slides were mounted in antifade
medium (10% w/v mowiol 4-88 with 30% v/v glycerol in 0.2 M Tris [pH
8.5] with 2.5% w/v 1,4-diazobicyclo-[2.2.2]-octane) and viewed using an
LSM510 laser scanning confocal microscope equipped with argon and
helium/neon lasers (Carl Zeiss PTY, Sydney, Australia). Excitation wave-
lengths 48/545 and emission spectra 500–530 and .560 nm for FITC
conjugates and propidium iodide, respectively.

Electron Microscopy

Mouse epididymides were fixed in 4% w/v paraformaldehyde/0.5% v/
v glutaraldehyde in 0.1 M phosphate buffer (pH 7.3) followed by dehy-
dration, infiltration, and embedding in LR White resin. Sections (70 nm)
were cut on an Ultracut S ultramicrotome (Reichert-Jung, Austria) with a
diamond knife (Diatome Ltd, Bienne, Switzerland) and placed on nickel
grids. All antibody dilutions and washes for immunogold labeling were
performed in Dulbecco PBS (DPBS; pH 7.4). Grids were treated with 0.05
M glycine dissolved in DPBS for 40 min followed by washing and block-
ing in 3% w/v BSA in DPBS for 1 h at 378C. Primary antibody diluted
to 1:25 was applied and incubated overnight at 48C. Grids were washed
and incubated with 1:20 dilutions of secondary antibody conjugated to 10-
nm gold particles for 2 h at 378C. After washing, sections were postfixed
in 2% v/v glutaraldehyde, dried, and stained with 1% w/v uranyl acetate
in 40% v/v methanol. Micrographs were taken on a JEOL-100CX trans-
mission electron microscope (JEOL, Tokyo, Japan) operating at 80 kV.
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FIG. 1. Immunofluorescence of HSPD1-1 in the mouse testis. Testis sec-
tions were stained with anti-HSPD1-1 followed by FITC-conjugated sec-
ondary antibody (green) and counterstained with propidium iodide (red).
HSPD1-1 labeling appeared in spermatogonia (sg) and spermatocytes (sc),
but not in spermatozoa (sp). A) Bar 5 40 mm. B) Bar 5 10 mm. C) Bar
5 15 mm.

Immunolocalization of Chaperones on Fixed
Spermatozoa

Following incubation, spermatozoa were fixed in 1% w/v paraformal-
dehyde, washed three times with PBS, plated onto glass slides coated with
0.1% v/v poly-L-lysine, and air-dried. All subsequent incubations were
performed at 378C in a humid chamber, and all dilutions and washes were
performed in PBS. Spermatozoa were permeabilized with 0.2% v/v Triton
X-100 for 15 min, rinsed, and blocked in 10% v/v serum in 3% w/v BSA
at 378C for 1 h. Slides were rinsed and incubated at 48C overnight in a 1:
50 dilution of primary antibody. After three washes, cells were incubated
with 1:100 FITC-conjugated secondary antibody at 378C for 2 h, washed
again, and mounted in antifade medium. Images were captured using a
confocal microscope as described.

Immunodetection of Chaperones on Live Spermatozoa
Attempts to localize proteins on live mouse spermatozoa by immu-

nofluorescence were hampered by the fragility of spermatozoa from this
species. For this reason, a protocol was developed to assay live sperma-

tozoa in a single step. Magnetic beads coated with protein G (Dynabeads)
were washed three times in 0.1% w/v BSA in PBS followed by conju-
gation with primary antibody for 2 h at room temperature. Beads were
washed three times with BWW and added to spermatozoa following 1 h
of preincubation. The sperm/bead suspension was maintained at 378C for
a further 45 min with regular mixing. Wet mounts of the suspension were
prepared and counterstained with 2 mg/ml propidium iodide for cell via-
bility assessment. The percentage of viable sperm with bound antichape-
rone-coated beads was assessed by phase contrast and fluorescence mi-
croscopy with a Zeiss Axioplan 2 microscope (Carl Zeiss PTY). Negative
controls consisted of beads that were either uncoated or coated with an
antibody that does not bind to live sperm, anti-CD45.

Acrosome Reaction
Caudal epididymidal spermatozoa were capacitated as described above

followed by 15 min of incubation in 1.25 mM calcium ionophore A23187.
Vehicle (dimethyl sulfoxide) controls were included. Samples were then
diluted 1:10 in prewarmed hyperosmotic swelling medium (25 mM sodi-
um citrate, 75 mM fructose) and incubated at 378C for 1 h. Spermatozoa
were fixed in ice-cold 100% v/v methanol and air-dried onto poly-L-lysine
coated slides. Following staining using the immunofluorescence protocol
described above, cells were colabeled with tetramethylrhodamine isothio-
cyanate (TRITC)-conjugated Arachis hypogaea lectin (0.5 mg/ml in PBS)
at room temperature for 20 min, washed, and mounted in antifade medium
as above. Cells were scored on the basis of their viability, acrosomal status,
and chaperone staining pattern.

Statistics
Experiments were replicated with material collected from at least three

different animals, and the graphical data presented represent means 6
SEM. Percentage data were subjected to arcsine transformation before per-
forming an analysis of variance. Statistically significant differences be-
tween group means were tested using the Fisher protected least significant
difference test. Samples with a P value , 0.05 were considered significant.

RESULTS

HSPD1 and TRA1 Are Localized on Precursor Germ Cells
but Not on Spermatozoa in the Testes

Laser scanning confocal microscopy and indirect im-
munofluorescence were used to reveal chaperone localiza-
tion, and all sections were counterstained with a nuclear
dye, propidium iodide, to facilitate visualization of the tu-
bule structure and assist in identifying labeled cell types.
Anti-HSPD1-1 labeling in the testis was restricted to sper-
matogonia and spermatocytes, with no staining apparent on
mature spermatozoa (Fig. 1). The staining was particularly
dense in the spermatogonia and was confined to subcellular
structures distributed throughout the cytoplasm, which is
consistent with germ cell mitochondria. In primary sper-
matocytes, the punctate staining pattern was significantly
reduced and, by the spermatid stage, no labeling was evi-
dent. Furthermore, no signals could be detected emanating
from the spermatozoa present in the lumina of the semi-
niferous tubules. It is intriguing that the anti-HSPD1-2 an-
tibody failed to generate any positive signals in testicular
tissues by immunocytochemistry, despite its positive activ-
ity by Western blot analysis (see Fig. 3B). Presumably, the
epitopes recognized by this antibody were not exposed in
the testicular germ cell population, despite the rigorous an-
tigen retrieval protocols applied in this analysis.

The localization of tumor rejection antigen gp96 in the
testis was examined using the two polyclonal antibodies,
anti-TRA1-1 and anti-TRA1-2. Both antibodies labeled dis-
crete subcellular structures, putatively belonging to the en-
doplasmic reticulum, in spermatogonia, spermatocytes,
spermatids, and residual bodies in mouse testis sections
(Fig. 2). Again, no staining was apparent on spermatozoa
present in the lumina of the seminiferous tubules (Fig. 2).
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FIG. 2. Immunofluorescence of TRA1 in
the mouse testis. Testis sections were
stained with anti-TRA1 followed by FITC-
conjugated secondary antibody (green)
and counterstained with propidium iodide
(red). A) Anti-TRA1-1 (bar 5 40 mm). B)
Anti-TRA1-1 (bar 5 15 mm). C) Anti-
TRA1-2 (bar 5 40 mm). D) Anti-TRA1-2
(bar 5 15 mm). Both antibodies labeled
spermatogonia, spermatocytes (sc), and re-
sidual bodies (rb) but not spermatozoa (sp)
in the lumen (lu) of the epididymis.

FIG. 3. Western blot analysis of HSPD1 and TRA1 in the mouse testis
and epididymis. Cell extracts (5 mg) were resolved by SDS-PAGE and
immunoblotted with anti-HSPD1-1, anti-HSPD1-2, anti-TRA1-1, and anti-
TRA1-2. Each blot was reprobed with anti-a-tubulin to confirm equal
protein loading in each lane. A) Purified sperm from mouse caput (CP),
corpus (CO), and cauda (CA) epididymides. B) Mouse testis total cell ex-
tract (T) and purified cauda epididymidal sperm (CS).

HSPD1 and TRA1 Are Expressed in the Epididymis

Attempts to generate purified sperm populations from
the testes for Western blot analysis were unsuccessful.
However, these cells could be isolated with more than 98%
purity from both the caput and cauda epididymidis. West-
ern blot analyses revealed that both HSPD1 and TRA1 are
expressed in caput, corpus, and cauda spermatozoa (Fig.
3A). Both proteins were detected with each of the poly-
clonal antibodies employed in this study. Importantly, only
one protein product with the same molecular mass was
detectable with each antibody. By reprobing the mem-
branes with anti-a-tubulin antibody as a loading control,
we were able to determine that the relative levels of these
proteins did not change dramatically in the spermatozoa
as these cells migrated from the caput to the cauda. Al-
though purified spermatozoa could not be obtained from
the testis, comparison of Western blots of total testicular
cell preparations with purified cauda epididymal sperma-
tozoa revealed no perceivable differences in molecular
weight or expression levels of HSPD1 or TRA1 between
these regions (Fig. 3B).

Chaperones Are Localized on the Sperm Head
and on Dense Bodies in the Epididymal Lumen

Anti-HSPD1-1 labeled the epididymal epithelium and a
region of the sperm head overlying the acrosome in all
spermatozoa. This labeling pattern was consistent within
caput, corpus, and cauda epididymidis sections (Fig. 4). In
contrast, although anti-HSPD1-2 also labeled the epitheli-
um, it did not label spermatozoa. Instead, this antibody ex-
hibited discrete areas of labeling in the lumen in the corpus
and cauda, but not caput epididymis (Fig. 4). These discrete
areas of labeling, referred to as dense bodies, were further
investigated by electron microscopy (see below).

Considerable differences were also found in the labeling

patterns exhibited by the two TRA1 antibodies. Anti-
TRA1-1 showed a similar pattern to that of anti-HSPD1-1,
labeling the epididymal epithelium and a region of the
sperm head overlying the acrosome in the caput, corpus,
and cauda epididymis (Fig. 5). On the other hand, anti-
TRA1-2 labeled the epithelium as well as the dense bodies
labeled with the anti-HSPD1-2 antibody in the corpus and
cauda epididymidis, but never the caput region (Fig. 5).
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FIG. 4. Immunofluorescence of HSPD1
in the mouse epididymis. Epididymal sec-
tions were stained with anti-HSPD1 fol-
lowed by FITC-conjugated secondary anti-
body (green) and counterstained with pro-
pidium iodide (red). Anti-HSPD1-1 label-
ing appeared in the epididymal epithelium
(ep) and on the sperm (sp) head in the lu-
men (lu) of the epididymis. A) Caput (bar
5 20 mm). B) Corpus (bar 5 10 mm). C)
Cauda (bar 5 40 mm). Anti-HSPD1-2 also
labeled the epithelium but did not label
sperm. Discrete areas of labeling were evi-
dent within the lumen of the corpus and
cauda but not caput epididymidis. These
structures were termed dense bodies (db).
D) Caput (bar 5 10 mm). E) Corpus (bar 5
20 mm). F) Cauda (bar 5 23 mm).

Anti-TRA1-2 therefore gave an overall staining pattern that
was identical to that observed with anti-HSPD1-2.

Immunogold Labeling of HSPD1 and TRA1 on Dense
Bodies in the Epididymis

Ultrathin sections from the caput, corpus, and cauda
mouse epididymides incubated with anti-HSPD1-2 and
anti-TRA1-2 showed heavy labeling on dense structures re-
siding in the epididymal lumen (Fig. 6). These structures
ranged in diameter from 500 nm to 1.2 mm, with an average
size of approximately 900 nm, and appeared as concen-
trated electron-dense regions with no apparent structural el-
ements such as plasma membrane or organelles. Consistent
with the immunofluorescence studies, these structures were
observed in the corpus and cauda, but not the caput epi-
didymis. These ‘‘dense bodies’’ were often present in close
proximity to spermatozoa (Fig. 6B), although the HSPD1
and TRA1 epitopes expressed by the dense bodies were
never observed on the spermatozoa themselves.

Chaperones Are Expressed on the Surface of Live Sperm
in a Capacitation-Dependent Manner

Expression of HSPD1 and TRA1 over the acrosomal
domain of epididymidal spermatozoa is suggestive of a
function in gamete interaction. However, to be certain that
these proteins are available on the surface of the sperm
head for regulating interactions with the oocyte, antigen
localization studies were performed on live cells. In un-
capacitated sperm populations, anti-HSPD1-1 and anti-
TRA1-1 labeled beads were observed binding to the sur-
face of around 6% of cells, but on no other region of
viable, motile spermatozoa (Fig. 7). Following capacita-
tion, there was a dramatic increase (P , 0.01) in the pro-
portion of spermatozoa expressing both anti-HSPD1-1
(27% 6 4%) and anti-ra1-1 (22% 6 5%) on the sperm
head (Fig. 7). Labeling of capacitated spermatozoa with
both antibodies was also significantly (P , 0.001) higher
than when capacitated sperm were incubated with anti-
CD45 or uncoated beads.
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FIG. 5. Immunofluorescence of TRA1 in
the mouse epididymis. Epididymal sections
were stained with anti-TRA1 followed by
FITC-conjugated secondary antibody
(green) and counterstained with propidium
iodide (red). Anti-TRA1-1 labeling ap-
peared in the epididymal epithelium (ep)
and on the sperm (sp) head in the lumen
(lu) of the epididymis along the length of
the duct. A) Caput (bar 5 5 mm). B) Cor-
pus (bar 5 25 mm). C) Cauda (bar 5 10
mm, arrows indicate sperm labeling). Anti-
TRA1-2 also labeled the epithelium but
did not label sperm. Discrete areas of la-
beling were evident within the lumen of
the corpus and cauda but not caput epi-
didymis. These structures were termed
dense bodies (db). D) Caput (bar 5 30
mm). E) Corpus (bar 5 30 mm). F) Cauda
(bar 5 14 mm; arrows indicate db label-
ing).

Acrosomal Loss Is Correlated with Loss of Chaperones
from the Sperm Head

Confirmation of the surface localization of the phos-
phorylated chaperones was achieved by following their fate
subsequent to the induction of acrosomal exocytosis. For
these studies, cauda epididymidal sperm were capacitated
and the acrosome reaction was induced using the calcium
ionophore A23187. Cells were stained with the antichape-
rone antibodies anti-HSPD1-1 and anti-TRA1-1, followed
by FITC-conjugated secondary antibodies (green labeling
in Fig. 8), and counterstained with TRITC-Arachis hypo-
gaea lectin, which stains acrosome-intact but not acrosome-
reacted cells (red labeling in Fig. 8). Overlay analysis re-
vealed that all cells stained with either anti-HSPD1-1 (Fig.
8) or anti-TRA1-1 (data not shown) were acrosome intact,
whereas all cells that had lost their acrosomes had also lost
their chaperone labeling. A minimum of 200 cells were
scored for each treatment.

DISCUSSION

A previous report from our laboratory described a causal
relationship between expression of tyrosine phosphopro-

teins on the sperm surface following capacitation and the
ability of these cells to bind to the zona pellucida. Mass
spectrometry analysis identified HSPD1 and TRA1 as two
of the key tyrosine-phosphorylated proteins involved in ex-
pression of this receptor activity [8]. In light of these data,
the current study sought to enhance our understanding of
the complex relationships between the development of ma-
ture functional spermatozoa capable of fertilization and the
expression patterns for both HSPD1 and TRA1. For the first
time, we describe the localization of these chaperones dur-
ing spermatogenesis, epididymal maturation, and capacita-
tion, and suggest important roles for HSPD1 and TRA1 in
the mechanisms by which spermatozoa acquire and, ulti-
mately, express their potential for sperm-zona interaction.

Labeling of testicular sections with anti-HSPD1-1 re-
vealed a punctate localization pattern exclusively on sper-
matogonia and primary spermatocytes. No labeling was ap-
parent on secondary spermatocytes, spermatids, or testicu-
lar spermatozoa. These data suggest a key role for HSPD1
during the mitotic stages of spermatogenesis and, because
HSPD1 is known to associate with mitochondria, it is prob-
able that this molecule is an integral part of the mitochon-
drial protein import machinery in early, mitotically active
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FIG. 6. Immunogold labeling of dense bodies within the mouse epidid-
ymis. Epididymal sections were stained with (A) anti-HSPD1-2 or (B) anti-
TRA1-2 followed by secondary antibody conjugated to 10-nm gold.
Heavily labeled dense bodies (db) were evident in the epididymal lumen.
Bar represents 500 nm.

FIG. 7. Capacitation-dependent expression of HSPD1 and TRA1 on the
surface of live spermatozoa. Cauda epididymidal sperm were incubated
in BWW-HCO3

2 (uncapacitated) or BWW-Ca211Sr21 with pentoxifylline
and dibutyryl cAMP (capacitated) for 1 h followed by the addition of
Protein G beads coated with anti-HSPD1-1 (HSPD1), anti-TRA1-1 (TRA1),
anti-CD45 (CD45, negative control), or uncoated (BEAD). Following 30
min of incubation, binding patterns were evaluated by phase contrast
microscopy. Beads bound to the head but not to other regions of viable
spermatozoa. There was a significant increase in the proportion of sperm
labeled with anti-HSPD1-1 and anti-TRA1-1 following capacitation (P ,
0.01). Controls comprising beads alone or beads coated with a control
antibody (CD45) gave significantly lower levels of sperm binding than all
other treatments, whether the cells were capacitated (P , 0.001) or un-
capacitated (P , 0.05).

FIG. 8. Correlation between acrosomal
status and chaperone labeling of sperma-
tozoa. Cauda epididymidal sperm were in-
cubated in BWW for 1 h followed by 15
min with 1.25 mM A23187. Cells were
fixed, stained for anti-HSPD1-1 or anti-
TRA1-1, followed by an FITC-conjugated
secondary antibody, and counterstained
with TRITC-conjugated Arachis hypogaea
lectin (PNA). Representative images of
HSPD1-1/PNA dual labeling are shown.
All cells that were positive for HSPD1-1
on the head stained with PNA (1), where-
as all cells that did not exhibit HSPD1-1
head labeling were PNA negative (2). The
same labeling pattern was observed fol-
lowing staining with TRA1-1 (data not
shown). A minimum of 200 cells were
scored for each treatment. Bar 5 10 mm.

germ cells. Indeed, such a role has been proposed in the
testes of rats, humans, and monkeys, all of which display
the same HSPD1 localization as described in the current
study [14–16]. Additionally, these studies report an appar-
ent loss of HSPD1 from male germ cells during the meiotic
stages of spermatogenesis. The mitochondria of male germ
cells undergo considerable morphological change during
spermiogenesis to prepare for their role in meeting the en-

ergy requirements of mature spermatozoa. Mitochondria
that do not undergo these changes group together and are
excluded from the developing spermatozoa in residual bod-
ies (reviewed in [20]). If the chaperone proteins we have
observed in the testis are mitochondrial in origin, they
might be lost from differentiating germ cells as a conse-
quence of the mitochondrial remodeling that accompanies
spermiogenesis, as well as the ultimate removal of remain-
ing mitochondria in the residual bodies. Labeling of testic-
ular sections with anti-TRA1-1 and anti-TRA1-2 showed
staining of spermatogonia, spermatocytes, spermatids, and
residual bodies. However, as with anti-HSPD1-1, mature
spermatozoa were not labeled with either antibody. TRA1
is an abundant calcium-binding, endoplasmic reticulum
glycoprotein believed to function in the translocation of na-
scent proteins across the endoplasmic reticulum membrane
[21, 22] and the folding of denatured proteins as well as in
multimer assembly [23]. TRA1 present in developing germ
cells during spermatogenesis could be modulating protein
biosynthesis and export in the endoplasmic reticulum of
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these cells followed by removal in residual bodies. An al-
ternative explanation is that HSPD1 and TRA1 are not de-
tected in testicular sperm due to epitope masking, despite
our attempts at several methods of antigen retrieval. Wheth-
er these chaperones are physically lost or modified in such
a way that the cognate epitopes are not expressed cannot
be easily resolved at this stage. In this context, Western
blot analysis would have been informative if purified pop-
ulations of testicular spermatozoa could have been pre-
pared. However, despite many attempts using a variety of
protocols, we were singularly unsuccessful in preparing pu-
rified populations of testicular spermatozoa.

By contrast, purified sperm populations could be pre-
pared from all three regions of the epididymis. In these
populations, the presence of HSPD1 and TRA1 was con-
firmed by immunocytochemistry as well as by Western blot
analysis. No variation in expression levels between epidid-
ymal regions was detectable, and no changes in the molec-
ular weight of either protein were apparent. Thus, within
the limits of detection of this method, neither HSPD1 nor
TRA1 undergo posttranslational modifications in sperma-
tozoa in different regions of the epididymis, which might
account for the observed differences in epitope distribution.
Similarly, no differences in protein expression were de-
tected between total testicular extracts and cauda epididym-
idal sperm, suggesting that the same isoforms are present
in the testis and epididymis.

As reported earlier [8], HSPD1 and TRA1 are expressed
on the head of cauda spermatozoa. The current analysis
found that when epididymidal sections were stained with
anti-HSPD1-1 and anti-TRA1-1, both chaperones were lo-
calized to the head of spermatozoa in the caput, corpus,
and cauda epididymides. Taken together with the localiza-
tion data presented in Figure 1, these results seem to indi-
cate an intriguing phenomenon whereby HSPD1 and TRA1
disappear from germ cells in the testis and reappear in the
epididymis. The expression of both these chaperones on
spermatozoa in the male reproductive tract appears to be
regulated in the same manner, and their distinct expression
patterns may indicate discrete spermatogenic and epididy-
mal functions for these proteins. If HSPD1 and TRA1 are
in fact lost from germ cells during spermatogenesis, the
chaperone observed on epididymal spermatozoa may then
represent new protein, transmitted to the spermatozoa in the
efferent ducts or rete testis. This possibility is supported by
the observation that the epithelium of the rete testis and
efferent duct stains positively for both proteins (data not
shown).

A similar replacement mechanism has been previously
reported for rat sulfated glycoprotein-2 (SGP-2) [24]. Tes-
ticular SGP-2 is secreted by the Sertoli cells and binds to
specific receptors on developing germ cells. This isoform
of the protein then dissociates from spermatozoa during
passage through the rete testis and efferent ducts, where it
is endocytosed by epithelial cells, only to be replaced by
the epididymal form of SGP-2, which is secreted by epi-
thelial principal cells, and binds the same receptors on sper-
matozoa. Biochemical analysis of testicular and epididymal
SGP-2 has revealed that these proteins are of similar mo-
lecular weight but exhibit different glycosylation patterns.
In the present study, it is possible that testicular and epi-
didymal versions of HSPD1 and TRA1 exist. An alternative
explanation for the loss of these proteins in testicular sper-
matozoa and subsequent reappearance in epididymal sper-
matozoa could simply involve sequestration of the epitope
targeted by anti-HSPD1-1/anti-TRA1-1 during spermiogen-

esis followed by its reemergence as a result of the plasma
membrane remodeling events that occur during epididymal
transit (reviewed in [25]).

Immunofluorescence of testicular and epididymal sec-
tions using anti-HSPD1-2 yielded notably different results
from the HSPD1-1 antibody. This antibody did not label
testicular sections or spermatozoa on epididymal sections.
Rather, labeling was concentrated in discrete areas within
the epididymal lumen. Similarly, immunofluorescence of
epididymal sections with anti-TRA1-2 revealed labeling of
discrete areas within the epididymal lumen but no labeling
of spermatozoa. These areas, which we termed dense bod-
ies, did not appear to be physically associated with the sper-
matozoa present in the lumen, but rather, they seemed to
be suspended in the epididymal fluid. The dense bodies first
appeared in the proximal corpus epididymis and persisted
throughout the cauda epididymis and vas deferens. These
structures were further investigated by electron microscopy,
as discussed below.

Transmission electron microscopy and immunogold la-
beling were used to characterize the dense bodies in the
epididymal lumen. These structures averaged approximate-
ly 900 nm in diameter and were not membrane-bound, dis-
tinguishing them from the smaller, previously described ep-
ididymal secretory vesicles termed epididymosomes [26,
27], which we have measured in the mouse to have an
average diameter of 100 nm. The dense bodies were visible
as individual electron-dense structures suspended in the ep-
ididymal lumen, juxtapositioned to, but independent of, the
spermatozoa. These structures stained heavily with anti-
HSPD1-1 and anti-TRA1-1. Electron microscopic analysis
confirmed their restricted localization to the corpus and
cauda epididymis, and to the vas deferens, with none ap-
parent in the caput. The presence of a dense, filamentous
material in the epididymis has been observed previously in
the rat. An early study by Cooper and Hamilton [28] ob-
served that spermatozoa in the vas deferens are ‘‘embedded
within a dense material.’’ More recently, a similar material
present in the rat epididymis was found to contain DE, a
glycoprotein secreted by the corpus epididymis involved in
sperm maturation and rosette formation in the epididymis
[29, 30]. Whether the dense bodies observed here in the
mouse epididymis contain a similar glycoprotein content
has yet to be determined.

The origin of the dense bodies observed in the current
study is unclear. Their lack of plasma membrane suggests
that they are not apical blebs, typical of apocrine secretory
processes in the epididymis [31, 32]. It is even possible that
the dense bodies are not secreted at all, but represent the
accretion of proteins present in the epididymal lumen into
multimolecular complexes, a process that could be medi-
ated by the chaperone proteins evident within these struc-
tures. Accumulation into a single mass could be a way of
efficiently and simultaneously delivering a number of pro-
teins to spermatozoa through the mediation of HSPD1,
TRA1, and possibly other chaperones present within the
dense bodies. While the appearance of dense bodies in the
lumen of the proximal corpus coincides with the acquisition
of key sperm functions including motility and zona rec-
ognition [33–38], as yet, we have no evidence to support
their direct involvement in such processes. However, we do
know that while the induction of tyrosine phosphorylation
in mature spermatozoa is associated with the surface ex-
pression of zona recognition sites [8], tyrosine phosphory-
lation of caput cells does not achieve the same result [39].
Evidently, as spermatozoa pass into the corpus epididymis
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they must acquire key proteins that are necessary to link
tyrosine phosphorylation with zona receptor expression.
Our current hypothesis is that these factors are to be found
in the dense bodies, whose appearance in the epididymal
lumen coincides with the acquisition of functionality.

If HSPD1 and TRA1 are instrumental in gamete inter-
action, they should be expressed on the surface of capaci-
tated spermatozoa. An immunobead assay confirmed the
results of previous biotinylation experiments in showing
that both proteins are present on the sperm surface follow-
ing capacitation [8]. That this expression pattern is lost
once spermatozoa have lost their acrosome further strength-
ens the concept that these chaperones are expressed on the
surface of capacitated spermatozoa. Approximately 25% of
the sperm population expressed surface chaperones after
almost 2 h in capacitation medium. An inherent feature of
mouse sperm populations is their heterogeneity, thus at any
single time point, it is expected that cells at various matu-
rational stages will be present. The sperm-expressing sur-
face chaperones are believed to represent that subpopula-
tion capable of interacting with and binding to the zona
pellucida.

Molecular chaperones are now being implicated in cell
surface signaling in a range of cell types, including cancer
cells, blood cells, and fibroblasts [40–45]. Moreover, chap-
erone proteins GRP94 (TRA1), GRP98, calreticulin, and
HSP90 have recently been described on the surface of the
mouse oocytes, offering further evidence for chaperone-me-
diated events in the regulation of mammalian fertilization
[46]. Our current studies, aimed at the molecular charac-
terization of proteins associating with HSPD1 and TRA1
that are chaperoned to the sperm surface during capacita-
tion, should further elucidate the molecular basis of sperm-
egg recognition.
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