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The recognition and binding of a free-swimming spermatozoon to an ovulated oocyte is one of the most
important cellular interactions in biology. While traditionally viewed as a simple lock and key mechanism,
emerging evidence suggests that this event may require the concerted action of several sperm proteins. In this
study we examine the hypothesis that the activity of such proteins may be coordinated by their assembly into
multimeric recognition complexes on the sperm surface. Through the novel application of blue native
polyacrylamide gel electrophoresis (BN-PAGE), we tender the first direct evidence that human spermatozoa do
indeed express a number of high molecular weight protein complexes on their surface. Furthermore, we
demonstrate that a subset of these complexes displays affinity for homologous zonae pellucidae. Proteomic
analysis of two such complexes using electrospray ionization mass spectrometry identified several of the
components of the multimeric 20S proteasome and chaperonin-containing TCP-1 (CCT) complexes. The latter
complex was also shown to harbor at least one putative zona pellucida binding protein, ZPBP2. Consistent with a
role in the mediation of sperm–zona pellucida interaction we demonstrated that antibodies directed against
individual subunits of these complexeswere able to inhibit spermbinding to zona-intact oocytes. Similarly, these
results were able to be recapitulated using native sperm lysates, the zona affinity of which was dramatically
reduced by antibody labeling of the complex receptors, or in the case of the 20S proteasome the ubiquitinated
zonae ligands. Overall, the strategies employed in this study have provided novel, causal insights into the
molecular mechanisms that govern sperm–egg interaction.
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Introduction

Fertilization is a major biological process involving a complex
interplay of cellular interactions between themale and female gametes.
In mammals, this process is initiated by a cell- and species-specific
binding event that occurs between free-swimming spermatozoa and
the zona pellucida (ZP), a protective glycoproteinmatrix that surrounds
the ovulated oocyte. Although numerous ZP receptors have been
implicated in the process, failure of the corresponding knockouts to
deliver the anticipated infertility phenotype has encouraged revision of
the traditional view that this interaction can be attributed to a single,
constitutively expressed, sperm receptor molecule (Cho et al., 1998;
Ensslin and Shur, 2003; Lu and Shur, 1997; Nishimura et al., 2001;
Shamsadin et al., 1999). Instead of this simple lock and keymechanism,
an alternative hypothesis has been advanced suggesting that sperma-
tozoa employ a suite ofmultimolecular protein complexes to coordinate
their adhesion to ligands presented by homologous zonae pellucidae
(Asquith et al., 2004; Gadella, 2008; Nixon et al., 2007). Such a model is
analogous to the dynamic, tightly regulated processes that drive many
somatic cell–matrix and cell–cell interactions (Ebnet, 2008; Shen et al.,
2008; Shotton et al., 1979; Takakuwa et al., 1986).

Another important attribute of sperm–ZP interaction is that
spermatozoa do not achieve the ability to engage in this process until
they have completed their post-testicular maturation. Since spermato-
zoa are transcriptionally silent (Ward and Zalensky, 1996), such
maturation relies heavily on post-translational modifications driven
bychanges in themicroenvironment towhich these cells are exposedon
their journey from the testes to the surface of the oocyte (Cooper, 1986).
The first of thesemicroenvironments is the epididymis. As spermatozoa
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are conveyed through this organ they undergo a remodeling process
that includes dramatic alterations in the lipid and protein architecture of
the plasmamembrane (Aveldano et al., 1992; Jones, 1989; Jones, 1998;
Olson and Hinton, 1985; Syntin et al., 1996), culminating in acquisition
of thepotential for forwardprogressivemotility and a capacity tobind to
the ZP (for reviews see Cooper, 1986; Cornwall, 2009). However, the
expression of this functional potential is not realized until completion of
the final maturation phase, termed ‘capacitation’, which occurs as
spermatozoa ascend the female reproductive tract (Austin, 1951;Chang,
1951). Since only capacitated cells can bind to the ZP it follows that any
attempt to unravel the molecular basis of this binding process is
predicated on a thorough understanding of the key changes that drive
spermatozoa into a state of capacitation.

Unfortunately, capacitation has proven to be an inordinately
complex process incorporating a number of species-specific phenom-
ena. Recent advances have revealed that in human spermatozoa,
capacitation may be initiated by engagement of surface receptors
(Nixon et al., 2006) and the subsequent induction of complex signaling
pathways that ultimately converge to promote an impressive up-
regulation of tyrosine phosphorylation across myriad target proteins
(Leclerc et al., 1996, 1998; Lefievre et al., 2002; Mitchell et al., 2008;
Visconti et al., 1995a, 1995b). While the precise mechanisms remain to
be unequivocally established, these biochemical changes appear
causally linked to the surface remodeling events that allowspermatozoa
to adhere to the ZP (Cross, 2003; Gadella et al., 2008; Harrison et al.,
1996; Harrison and Gadella, 2005; Myles and Primakoff, 1984;
Yanagimachi, 1994).

In this study we have examined the hypothesis that capacitation
leads to either the assembly and/or functional activation of multimeric
protein complexes responsible for mediating sperm–ZP interaction. To
facilitate these studies we have employed blue native polyacrylamide
gel electrophoresis (BN-PAGE), an electrophoretic technique originally
developed for the analysis of mitochondria (Nijtmans et al., 2002;
Schagger and von Jagow, 1991; Wittig et al., 2006), to isolate intact,
biologically active protein complexes from human spermatozoa.
Although this technique has been widely embraced as a method for
isolating membrane bound protein complexes in cells from species as
diverse as plants, algae and bacteria (Eubel et al., 2005; Heuberger et al.,
2002; Katz et al., 2007; Kjell et al., 2004), this is the first report of BN-
PAGE being used for the analysis of human spermatozoa. The results
provide novel, compelling evidence that the binding of human
spermatozoa to the ZP is orchestrated bymultimeric protein complexes.

Materials and methods

Reagents

Unless specified, chemical reagents were obtained from Sigma
(St. Louis, MO) and were of research grade. The following primary
antibodies were purchased to characterize proteins of interest: anti-20S
proteasome alpha-subunit and anti-20S proteasome beta-subunit sam-
plerpacks (EnzoLife Sciences International, Inc., Plymouth, PA), anti-CCT8
(Santa Cruz Biotechnology, Santa Cruz, CA), anti-CCT6A (Santa Cruz
Biotechnology), anti-CCT2 (Genwaybio, San Diego, CA), anti-CCT3
(Proteintech Group Inc, Chicago, IL), and anti-ZPBP2 (Abnova, Taipei
City, Taiwan). Anti-phosphotyrosine monoclonal antibody (clone 4G10)
was from Upstate Biotechnology (Lake Placid, NY). Anti-ubiquitin
antibodies were from Abcam (Cambridge, MA). Goat anti-rabbit IgG
conjugatedfluorescein isothiocyanate (FITC) and rabbit anti-goat IgGFITC
secondary antibodies were purchased from Sigma. Horseradish peroxi-
dase (HRP) conjugated streptavidin was purchased from Chemicon
(Temecula, CA). Tetramethyl rhodamine isothiocyanate (TRITC) conju-
gated lectin from Arachis hypogaea (PNA) was from Sigma. The SYTOX
green cell vitality stain was purchased from Invitrogen (Carlsbad, CA).
Nitrocellulose was from Amersham (Buckinghamshire, UK). Highly pure
Coomassie brilliant blue G250 was from Serva (Heidelberg, Germany).
Preparation of human spermatozoa

The experiments described in this studywere conductedwith human
semen samples obtained from a panel of healthy normozoospermic
donors, in accordance with the Institutes' Human Ethics Committee
guidelines. These samples were collected via masturbation into sterile
specimen containers after an abstinence period of 48 h and delivered to
the laboratory within 1 h of ejaculation. Purification of human
spermatozoa from these samples was achieved using a 44% and 88%
discontinuous Percoll (GE Healthcare, Piscataway, NJ) gradient as
described previously (Nixon et al., 2005). Purified spermatozoa were
recovered from the base of the 88% Percoll fraction and resuspended in
Biggers,Whitten andWhittinghammedium(BWW;Biggers et al., 1971),
composed of 91.5 mM NaCl, 4.6 mM KCl, 1.7 mM CaCl2.2H2O, 1.2 mM
KH2PO4, 1.2 mM MgSO4.7H2O, 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 1 mg/ml polyvinyl
alcohol (PVA) (osmolarity of 300 mOsm/kg). The cellswere thenpelleted
by centrifugation at 500 g for a further 15 min and resuspended at a
concentration of 10×106 cells/ml before being assessed for cell motility
and vitality. The latter was examined by staining spermatozoa with
SYTOXGreen (0.5 μMfor15 min), a high-affinity,fluorescentnucleic acid
stain that is impermeant to live cells and thus an indicator of cell viability.
Samples in which either parameter was below 85% were discarded.

Preparation of human oocytes

Human oocytes were obtained with informed consent from patients
of the Hunter IVF Clinic. These oocytes were either immature or had
failed to be fertilized following intracytoplasmic sperm injection. Prior
to use the oocytes were fixed in a high salt medium consisting of 1.5 M
MgCl2, 0.1% dextran, 0.01 mMHEPES buffer and 0.1% PVA and stored at
4 °C. Notwithstanding degeneration of the oocyte, this form of storage
has been demonstrated to retain the biological characteristics of the
zona pellucida (Yanagimachi et al., 1979).

Capacitation of human spermatozoa

Following dilution in BWW, purified spermatozoawere incubated at
37 °C under an atmosphere of 5% CO2:95% air. Non-capacitated cells
were incubated in BWW prepared without NaHCO3 (BWW-HCO3

−) but
with additional NaCl incorporated to maintain an osmolarity of
300 mOsm/kg. The formation of bicarbonate in these samples was
prevented by capping the tubes throughout the incubation. Capacitated
cells were incubated in BWW supplemented with 3 mM pentoxifylline
(ptx) and 5 mM dibutyryl cyclic adenosine monophosphate (dbcAMP).
Incubations were conducted for a period of 3 h with gentle mixing at
regular intervals to prevent settling of the cells. At the end of the
incubation an aliquot of each sperm suspension was removed and
assessed for cell motility and vitality. Importantly, neither parameter
was adversely affected by any of the treatments used in this study (i.e.
remained above85%). The remainderof the spermsamplewasprepared
for the various treatments outlined below. The capacitation conditions
used have been shown to induce optimal capacitation as defined by
tyrosine phosphorylation, hyperactivation and, critically, zona binding
(Mitchell et al., 2007; Mitchell et al., 2008). These conditions also yield
similar levels of capacitation to those obtained using a standard human
in vitro fertilization system (Sydney IVF Sperm Medium, K-SISM, Cook
Medical, Brisbane, Australia) (Fig. 1; Nixon et al., in press).

Biotinylation of sperm surface proteins

In order to examine the surface orientation of native protein
complexes, spermatozoa were labeled with sulfo-NHS-LC-biotin
(Pierce, Rockford, IL), a membrane impermeable derivative of biotin,
in accordance with the manufacturer's instructions. For this purpose,
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Fig. 1. Comparison of the levels of capacitation achieved in modified BWW media and that of standard IVF media. Populations of non-capacitated and capacitated human
spermatozoa were prepared in BWW lacking NaHCO3 (non-capacitated), BWW supplemented with ptx and dbcAMP (capacitated BWW) or IVF media (capacitated IVF). The cells
were then prepared for assessment of their phosphotyrosine status using (A) immunoblotting and (B) immunocytochemistry. Both systems used for induction of sperm capacitation
yielded high levels of phosphotyrosine expression that were virtually indistinguishable (note that the diffuse band of approximately 60 kDa that appears in the capacitated IVF lane
of the immunoblot corresponds to the presence of human serum albumin in the IVF media used to prepare this sample).
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spermatozoa were incubated in the presence of 0.5 mg/ml sulfo-NHS-
LC-biotin during the final 30 min of capacitation (Nixon et al., 2005).
Following the completion of capacitation, the biotinylation reactionwas
quenched through the addition Tris–HCl (pH 7.4) to a final concentra-
tion of 1 mM. The cells were then washed 3× in BWW prior to protein
extraction. Importantly, the biotinylation reaction had no discernible
effect upon cell motility, vitality or the efficacy of the capacitation
process. The latter was assessed by the level of phosphotyrosine
expression observed in biotinylated cells, which appeared indistin-
guishable to that seen in untreated samples (data not shown).

Immunolocalization on fixed spermatozoa

Following incubation, spermatozoa were fixed in 4% paraformalde-
hyde, washed three times with 0.05 M glycine in phosphate-buffered
saline (PBS), plated onto poly-L-lysine coated glass slides and air-dried.
All subsequent incubations were performed in a humid chamber at
37 °C. The cellswere blockedwith 10% serum/3%BSA for 1 h. Slideswere
washed 3× with PBS for 5 min and incubated in a 1:100 dilution of
primary antibody at 4 °C overnight. Slides were then subjected to
3×5 min washes with PBS and incubated in a 1:100 dilution of an
appropriate FITC-conjugated secondary antibody (1:300 for anti-mouse
FITC) for 1 h at 37 °C. Slides were again washed and mounted in 10%
mowiol 4-88 (Calbiochem)with 30% glycerol in 0.2 MTris (pH8.5)with
2.5% 1,4-diazobicyclo-(2.2.2)-octane (DABCO). Cells were examined
using either a Zeiss Axioplan 2 fluorescence microscope or a Zeiss
LSM510 laser scanning confocal microscope equipped with argon and
helium/neon lasers (Carl Zeiss, Thornwood, NY).
Blue native polyacrylamide gel electrophoresis

Following incubation under either capacitating or non-capacitating
conditions, suspensions of 1×108 sperm/mlwere lightly pelleted (300 g
for 5 min) and resuspended in native protein lysis buffer consisting of:
1% n-dodecyl β-D-maltosidewhichwas adjusted to a final concentration
below that of the critical micellar concentration, 0.5% Coomassie Blue
G250anda cocktail of protease inhibitors (Roche,Mannheim,Germany).
The samples were gently mixed and then incubated at 4 °C on an orbital
rotator for 30 min. Following incubation, the lysate was recovered by
centrifugation at 14,000 g for 20 min at 4 °C and dialyzed against the
Blue native cathode buffer (Invitrogen), to remove any excess salts and
detergents. Following dialysis, the sample was placed in a clean 1.5 ml
tube and glycerol was added to a final concentration of 5% (v/v).

For the purpose of one dimensional blue native page (1D BN-PAGE),
native protein lysates were loaded onto pre-cast blue native polyacryl-
amide gels (NativePAGENovex4–16%, Bis–Tris; Invitrogen) and resolved
using the NativePAGE cathode and anode buffer system (Invitrogen).
This system is based in the BN-PAGE technique originally developed by
Schagger et al.(1994) and Schagger and von Jagow(1991) and optimized
for use in spermatozoa (M.Dun, personal communication). The BN-PAGE
electrophoresis apparatus was placed at 4 °C and the samples were
separated at 100 V until the Coomassie dye front reached the bottom of
the loading wells. The voltage was then increased to 200 V and the
separation continued until the Coomassie dye front reached the bottom
of the gel. The gels were then removed from the electrophoresis
apparatus and stained sequentially with Coomassie G250 then silver
stained (to detect less abundant proteins). Alternatively, the gels were
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prepared for either Western blotting or two dimensional BN-PAGE (2D
BN-PAGE).

2D BN-PAGE was conducted in order to resolve native protein
complexes into their individual components. For this purpose, individual
lanes of the 1D BN-PAGE gel were excised and then pre-equilibrated in
SDS-PAGE sample buffer (2% w/v SDS, 10% w/v sucrose in 0.1875 M Tris,
pH 6.8) supplemented with 0.5% v/v dithiothreitol (DTT) and 4% v/v
iodoacetamide for 10 min. The lanes were then placed on top of a 10%
SDS-PAGE gel prepared without stacking wells and sealed in position
using 0.5% molten agarose. The gel was placed in a small-format
electrophoresis chamber (Bio-Rad Laboratories, Hercules, CA), immersed
in SDS-PAGE running buffer and electrophoresed at 100 V until the
Coomassie dye front reached the bottom of the gel. Gels were then
removed fromtheir cassettes andeither stainedwithCoomassieG-250or
prepared for Western blotting.

Western and Far Western blotting

Proteins resolved by either 1D or 2D BN-PAGE were transferred onto
nitrocellulose membranes using conventional Western blotting tech-
niques (Towbin et al., 1979). In order to detect proteins of interest,
membranes were blocked with 3% w/v BSA in Tris-buffered saline (TBS;
pH 7.4) supplemented with 0.1% polyoxyethylenesorbitan monolaurate
(Tween-20). Membranes were rinsed in TBS and then probed with
appropriate primary antibodies (diluted 1:1000 dilution in TBS supple-
mented with 1% BSA and 0.1% Tween-20) for 2 h at room temperature.
Following incubation, membranes were washed 3× in TBS containing
0.1% Tween-20 (TBST) for 10 min. Membranes were then probed for 1 h
with an appropriate HRP-conjugated secondary antibody (diluted
between 1:3000 and 1:5000 in TBST/1% BSA) at room temperature.
Following a further 3 washes in TBST, cross reactive proteins were
visualized using an enhanced chemiluminescence kit (GE Healthcare)
according to the manufacturer's instructions.

To detect native protein complexes with affinity for zona pellucidae,
1D BN-PAGE gels were transferred to nitrocellulose membranes,
blocked with 3% w/v BSA in TBS for 1 h before being prepared for Far-
Western blotting with solubilized, biotin-labeled preparations of zona
pellucidae. These zonae were prepared by incubation of human oocytes
(approximately 100/experiment) in 1 mg/ml sulfo-NHS-LC-biotin at
37 °C for 30 min. The biotin reaction was quenched by the addition of
Tris (pH 7.4) to a final concentration of 1 mM. Oocytes were washed 3
times to remove unbound biotin and the zonae pellucidae solubilized by
incubation in acidified Hank's buffered salt solution (pH adjusted to 2.0
with 1 M HCl) for 15 min at 37 °C. Solubilized zona proteins were
removed from insoluble oocyte material by aspiration with a fine bore
micropipette, and then the pH readjusted to 7.4 with 1 M NaOH. This
preparation of zona pellucidae was then incubated with the BN-PAGE
Western blots overnight at 4 °C on an orbital rotator. Membranes were
then washed 3 times in TBST before incubation with HRP-conjugated
streptavidin (diluted 1:4000 in 1% w/v BSA/TBST). Labeled complexes
were then detected using ECL as described above. This experiment was
repeated twice with similar results obtained in each replicate.

Protein identification

The proteins present in native complexes that displayed affinity for
homologous zonae pellucidae were further resolved by 2D BN-PAGE.
Individual proteins were then carefully excised and sequenced at the
Australian Proteome Analysis Facility using an electrospray ionization
mass spectrometry interface. In preparation for sequencing, the gel
slices were destained then reduced (25 mMDTT in 25 mM ammonium
bicarbonate) and alkylated (55 mM iodoacetamide in 25 mM ammoni-
um bicarbonate). The proteins within the gel slice then underwent a
16 h tryptic digest at 37 °C. After digestion, 0.1% trifluoroacetic acid
(TFA) was added and the sample sonicated for 10 min.
The resulting digested peptides were separated by nano-liquid
chromatography (LC) using a CapLC system (Agilent 1100 Series,
Agilent Technologies, Germany). Samples were injected onto a peptide
trap (Michrome Peptide Captrap) for pre-concentration and desalted
with 0.1% TFA at 10 μl/min. The peptide trapwas then switched into line
with the analytical column containing C18 reverse phase silica (SGE
ProteCol C18, 300A, 3 μm×150 μm×10 cm).

Peptides were eluted from the column using a linear solvent
gradient, with steps, from H2O:CH3CN (95:5+0.1% formic acid) to
H2O:CH3CN (20:80+0.1% formic acid) at 500 nl/min over a 130 min
period. The LC eluent was subjected to positive ion nanoflow
electrospray analysis on an Applied Biosystems QSTAR XL mass
spectrometer (ABI, CA). The QSTAR was operated in an information
dependent acquisition mode (IDA). In IDA mode a time of flight mass
spectrometry (TOFMS) survey scanwas acquired (m/z 380–1600, 0.5 s),
with the three largest multiply charged ions (countsN70) in the survey
scan sequentially subjected to MS/MS analysis. MS/MS spectra were
accumulated for 2 s (m/z 100–1600).

The LC–MS/MS data were searched using Mascot (Matrix Science,
London,UK).Mascotwasused to searchentries for speciesHomo sapiens
in the SwissProt protein databasewith the following searchparameters:
maximum of onemissed trypsin cleavage, cysteine carbamidomethyla-
tion, methionine oxidation, and a maximum 0.2-Da error tolerance in
both the MS and MS/MS data. High confidence positive identifications
were based on a minimum of two matching peptides and were
confirmed or qualified by operator inspection of the spectra and search
results.

Co-immunoprecipitation

Approximately 60 μl (per treatment) magnetic Protein G-coated
Dynabeads (Dynal Biotech ASA, Oslo, Norway) were washed 3× in
washing and binding buffer (5 mM Tris–HCl (pH 7.5), 0.5 mM EDTA,
1 M NaCl). This was followed by conjugation with 4 μg anti-CCT6A
antibody at 4 °C overnight with constant mixing. A control sample of
beads was left non-conjugated and was incubated with washing and
binding buffer only. Following conjugation the beads were washed
twice in washing and binding buffer. Capacitated spermatozoa were
then lyzed in IP lysis buffer [0.1% (v/v) Triton X-100, 300 mM NaCl,
20 mMTris, pH 7.4 supplementedwith protease inhibitor cocktail and a
1:100 dilution of HALT complete phosphatase inhibitor cocktail
(Pierce)]. Approximately 100 μg of soluble lysate was added to the
pre-adsorbed beads and left to incubate at 4 °C overnight with constant
mixing. Following incubation, the beads were washed twice in washing
and binding buffer and resuspended in SDS sample buffer. The
suspension was then boiled for 5 min, the beads were removed and
the precipitated proteins were resolved on 10% polyacrylamide gels
before being electro-transferred onto nitrocellulose membranes and
immunoblotted as described previously. Control incubations were
includedwhere beads were incubatedwith sperm lysate in the absence
of antibody, and also antibody-conjugated beads were incubated in the
absenceof cell lysate. These controlswereprocessed asdescribed above.

Duolink proximity ligation assay (PLA)

Duolink in situ primary ligation assays (PLA) were conducted in
accordance with the manufacturer's instructions (OLINK Biosciences,
Uppsala, Sweden). Briefly, human spermatozoa were purified and
capacitated as previously described, after which time theywere fixed in
2% paraformaldehyde and coated onto poly-L-lysine slides overnight at
4 °C. These cells were then incubated in blocking solution (OLINK
Biosciences) for 1 h at 37 °C in a humidified chamber, before target
proteins were sequentially labeled with a pair of appropriate primary
antibodies raised in different species (anti-CCT6A and anti-ZPBP2; or
anti-CCT6Aand anti-tubulin; or anti-CCT6Aalone for a negative control)
overnight at 4 °C in a humidified chamber. After washing, appropriate
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secondary antibodies (anti-mouse for ZPBP2 and tubulin and anti-goat
for CCT6A) conjugated to complementary synthetic oligonucleotides
(PLA probes, OLINK Biosciences) were then applied to the samples for
1 h at 37 °C. The samples were then sequentially hybridized (15 min),
washed and enzymatically ligated (15 min). If the target proteins reside
in close proximity, this reaction leads to the production of a signal that
appears as a discretefluorescent dot. These signalswere visualizedwith
an Axio Imager A1 fluorescence microscope (Carl Zeiss Microimaging,
Inc, Thornwood, NY) and pictures taken using an Olympus DP70
microscope camera (Olympus America, Center Valley, PA).

Sperm–zona pellucida binding assays

To examine the physiological importance of protein complexes in
relation to sperm–zona pellucida interaction, capacitated spermatozoa
were prepared and incubated with the appropriate antibodies (diluted
1:100) for 30 min at 37 °C. The spermatozoa were then co-incubated
with zona-intact human oocytes for 30 min at 37 °C as previously
described (Nixon et al., in press). After stringent washing of the oocytes
by repeated aspiration through a fine bore pipette, the number of
spermatozoa remaining bound to each zona pellucida was counted
using phase contrastmicroscopy. In separate experiments, native sperm
lysates were prepared from 1×108 cells and dialyzed overnight against
BWWto remove excess detergent. The lysateswere thendivided among
treatmentgroupsand co-incubated in a20 μl dropletwith aminimumof
five zona-intact oocytes for 30 min at 37 °C on a shaking platform. The
oocytes were stringently washed (as above) prior to being sequentially
labeled with appropriate primary and FITC-conjugated secondary
antibodies directed against the proteins of interest (Fig. S1). In order
to determine the specificity of binding, equivalent amounts of the native
sperm lysates were preincubated with antibodies directed against the
respective target proteinsprior to being exposed to the oocytes (Fig. S1).
Fluorescent signals indicating the presence of bound protein complexes
were visualized with an Axio Imager A1 fluorescence microscope (Carl
Zeiss). This experiment was replicated three times.

Results

Human spermatozoa express a number of surface oriented multimeric
protein complexes

The separation of native multimeric protein complexes from
populations of human spermatozoa was achieved using BN-PAGE
techniques optimized for use with mammalian spermatozoa from the
methodologies originally described by Schagger and von Jagow (1991)
(Fig. 2). The application of these protocols consistently resolved over 15
predominant protein bands ranging in molecular weight from approx-
imately 70 kDa to N1000 kDa (Fig. 2). Furthermore, this profile of native
protein extracts did not display any marked inter- (Fig. 2A) or intra-
donor (Fig. 2B) variability. Among the observed protein bands, the
majority possessed ahighmolecularweight (N250 kDa) consistentwith
the anticipated presence of multimeric entities, rather than individual,
high molecular weight proteins. Support for this conclusion was
advanced by the application of 2D BN-PAGE to separate the individual
constituents of these putative complexes (Fig. 2C). As anticipated, this
technique effectively resolved amajority of complexes into a number of
discrete proteins (Fig. 2D). In most instances, the combined molecular
weights of the individual proteins closely approximated that of the
complex in which they resided. Taken together these results demon-
strate theutility of theBN-PAGE system for the isolationof intact protein
complexes from human spermatozoa.

To investigate the influence of capacitation status on the expression
of protein complexes in human spermatozoa, native extracts were
prepared from populations of non-capacitated and capacitated cells
(Fig. 3). Notwithstanding qualitative similarities in the BN-PAGE profile
of proteins isolated from both sperm populations, changes in the
relative abundance of several complexes were observed following the
capacitation of these cells (Fig. 3A). For this analysis, protein
quantification was extremely difficult because BN-PAGE necessitates
protein staining with Serva blue dye during lysis, negating the use of
traditional protein quantification methods. Instead, the number of
capacitated and non-capacitated spermatozoa extracted for analysis
was carefully standardized. The fact that many of the proteins bands
greater than 720 kDa appeared to display similar levels of staining
intensity in both samples (Fig. 3A) suggests that this strategy was
reasonably successful. However, a number of the protein bands that
resolved below 720 kDa appeared to be stained more intensely in
samples recovered from capacitated spermatozoa. While it is possible
that such changes may reflect loading and/or staining differences
between the two samples, an alternative explanation is that there is a
relative increase in the abundance of these complexes following
capacitation. The latter interpretation was further investigated through
the use of quantitative densitometric analysis of the relative staining
intensity of each of the major complexes between non-capacitated and
capacitated samples (Fig. S2). Despite minor variations in protein
loading, these data support the notion that a subset of protein
complexes are differentially expressed (beyond that of the loading
differences) following capacitation. Interestingly, the capacitation of
human spermatozoawas also associatedwith a dramatic increase in the
expression of phosphotyrosine in several of the high molecular weight
complexes (Fig. 3B).

Given our interest in identifying proteins involved in zona adhesion,
we next examined whether any of the protein complexes were
expressed on the surface of the cell. For the purpose of these studies,
populations of live capacitated human spermatozoawere labeledwith a
membrane-impermeable derivative of biotin. Native lysates were then
resolved by BN-PAGE, transferred to nitrocellulose membranes and
affinity labeled with HRP-conjugated streptavidin.

As shown in Fig. 3C, a subset of at least seven complexes were
strongly labeled with biotin (arrowheads) suggesting that at least a
portion of their constituent proteins are exposed on the surface of the
cell. The specificity of the surface biotinylation reactionwas indicatedby
the fact that there was no direct correlation between the relative
abundance of each complex and the degree to which they were labeled
withbiotin. Further,we failed to detect recognized intracellularmarkers
among any of the biotinylated complexes. In this respect, antibodies
against cytosolic (tubulin), and mitochondrial (respiratory chain
Complex IV) proteins consistently failed to cross-react with any of the
putative complexes, while a protein predominately expressed on the
sperm surface (CD59) showed cross-reactivity with at least two bands,
both ofwhich appear to correspond to those labeled in the biotinylation
assay (Fig. S3). The notable detection of an additional biotinylated band
(Fig. 3C, denoted by *) that did not appear to co-migrate with those
stained in BN-PAGE gels (Fig. 3A), presumably reflects the greater
sensitivity afforded by this technique over that of Coomassie blue
staining.

Human sperm multimeric protein complexes bind homologous zona
pellucidae

Having generated some of the first direct evidence for the
expression of multimeric protein complexes on the surface of
human spermatozoa, studies were next undertaken to explore the
functional significance of these entities, particularly in relation to
sperm–zona pellucida interaction. To facilitate these studies, native
sperm lysates resolved by BN-PAGE were subjected to Far Western
blotting with solubilized human zonae pellucidae. Following high
stringency washing, at least five predominant protein complexes
were identified that possessed affinity for the homologous zona
pellucida proteins (Fig. 3D). As expected, the majority of these
complexes co-migrated with a subset of those that were accessible to
surface biotinylation. It is notable however, that one of these
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Fig. 2. Resolution of multimeric protein complexes from human spermatozoa. Purified populations of human spermatozoa were collected from (A) different donors or (B) different
ejaculates of the same donor and incubated in capacitatingmedia for 3 h. The cells were then solubilized in blue native lysis buffer and the extracted proteins were resolved on precast 4–
16% BN-PAGE gels. The similarity in protein profiles between all samples attests to the reproducibility of the BN-PAGE protocol and the absence of significant inter- or intra-donor
variability. (C) To confirm that the highmolecular weight entities resolved by BN-PAGEwere composite assemblages of multiple proteins, a single lane of a BN-PAGE gel was excised and
embedded atop a standard 10% SDS-PAGE gel. Individual proteins were then resolved and stained with Coomassie G-250. Vertically aligned spots indicate the composition of each of the
protein complexes, with the larger complexes being located on the left hand side of the image. Each experiment was replicated a minimum of three times and representative gels are
shown. The numbers on the left of panels A and C correspond to the molecular weight (kDa) of Native-PAGE and SDS-PAGE protein standards, respectively.
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complexes (approximately 300 kDa) failed to label with biotin in live
spermatozoa (Fig. 3A, denoted by #). While it is difficult to refute the
possibly that the labeling of this intracellular complex is non-specific,
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Fig. 3. Characterization of human sperm protein complexes. (A) To investigate the influence o
populations of non-capacitated and capacitated cells were solubilized in blue native lysis buf
qualitative profile of proteins remained similar between both populations, significant capac
complexes. (B) Identical native lysates were also assessed for the expression of phosphotyro
of these complexes were expressed on the surface of capacitated human spermatozoa, the ce
and resolution of the native protein complexes. Biotinylated proteins were then detected b
protein complexes to bind homologous zona pellucida was assessed by FarWestern blotting.
spermatozoa and then probed with solubilized, biotinylated zona pellucidae. Following wash
conjugated streptavidin. Each experiment was replicated a minimum of three times and re
sperm surface protein complexes that either bound (unshaded) or failed to bind (shaded
detected by BN-PAGE is denoted by an asterisk and the one protein complex that displayed Z
complexes labeled Complexes I and II were selected for further characterization.
it is also feasible that it may contain proteins that are only exposed
following the completion of acrosomal exocytosis and thereafter
participate in secondary zona binding (Morales et al., 1989).
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Table 1
Proteomic identification of individual components of Complexes I and II.

Protein (symbol) UniProt
accession
number

Molecular
weight
(kDa)

Number of
matched
peptides

Mascot
score

Complex I
Chaperonin containing TCP-1 complex

Subunit 1 (alpha) (CCT1) P17987 60,306 2 108
Subunit 2 (beta) (CCT2) P78371 57,488 2 40
Subunit 3 (gamma) (CCT3) P49368 60,534 3 142
Subunit 4 (delta) (CCT4) P50991 57,924 1 53
Subunit 5 (epsilon) (CCT5) P48643 59,671 2 109
Subunit 6 (zeta 1) (CCT6A) P40227 58,024 1 51
Subunit 7 (eta) (CCT7) Q99832 59,329 7 182
Subunit 8 (theta) (CCT8) P50990 59,621 1 66
Zona pellucida binding
protein isoform 2 (ZPBP2)

Q6X784 38,652 1 58

Complex II
Proteasome subunit

Alpha type-1 (PSMA1) P25786 29,556 21 427
Alpha type-2 (PSMA2) P25787 25,899 16 405
Alpha type-3 (PSMA3) P25788 28,433 20 297
Alpha type-4 (PSMA4) P25789 29,484 18 473
Alpha type-5 (PSMA5) P28066 26,411 11 392
Alpha type-6 (PSMA6) P60900 27,399 18 510
Alpha type-7 (PSMA7) O14818 27,887 24 366
Beta type-1 (PSMB1) P20618 26,489 20 358
Beta type-2 (PSMB2) P49721 22,836 19 293
Beta type-3 (PSMB3) P49720 22,949 15 258
Beta type-4 (PSMB4) P28070 29,204 16 576
Beta type-5 (PSMB5) P28074 28,480 18 655
Beta type-6 (PSMB6) P28072 25,358 10 195
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Mass spectrometry analysis of zona pellucida adhesion Complexes I and II

In light of the promising data secured above we sought to
substantiate the zona binding affinity of the isolated complexes by
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Fig. 4. Validation of the specificity of the antibodies against proteins of interest. The specificity
against protein extracts prepared by solubilization of human spermatozoa in SDS extraction bu
CCT6A and CCT8) labeled a predominant protein of ~60 kDa. Anti-ZPBP2 antibodies also labeled a
subunits of the 20S proteasome recognized proteins of the predicted molecular weight (between
several members of the 20S proteasome catalytic core; alpha 3 subunit: component of the outer
focusing on the identification of their individual subunits. Specifically,
Complexes I and II (Fig. 3D), which not only showed affinity for the ZP
but were also surface expressed, were selected for tandem mass
spectrometry analysis using a 1D nano LC-ESI MS/MS interface.

The sequencing of Complex I revealed the presence of the eight
subunits that comprise the cytosolic chaperonin containing TCP-1 (CCT)
complex, in addition to the putative zona recognition molecule, zona
pellucida binding protein isoform 2 (ZPBP2) (Table 1). Interestingly, a
complex comprising the same cohort of proteins has recently been
identified inmouse spermatozoa and implicated in zonaadhesion in this
species (M. Dun, unpublished observations). Given that the combined
molecular weight of the TCP-1 complex and ZPBP2 is less than 600 kDa,
it is likely that this approximately 900 kDa complex accommodates
additional proteins that were not identified in our initial mass
spectrometry analysis. Unfortunately however, additional attempts to
sequence the remaining proteins were not successful.

A similar sequencing strategy for Complex II led to the identification
of the seven α-subunits and six of the seven β-subunits that comprise
the 20S proteasome (Table 1). With individual molecular weights of
approximately 20–30 kDa, the collective mass of the identified protea-
somesubunits totals 350 kDa,half that of theobserved sizeof Complex II
(700 kDa). Such results again suggest that the entire complement of
proteinswithinComplex IIwerenot sequenced.However, given that the
predicted molecular weight of the full 20S proteasome is 700 kDa it is
considered very likely that Complex II represents the complete 20S
proteasome, a conclusion supported by immunoblotting experiments
(see below).

Validation of the proteomic composition of Complexes I and II

In order to confirm the presence of the TCP-1 complex and ZPBP2 in
Complex I, commercial antibodies generated against four of the
individual CCT subunits (CCT2, CCT3, CCT6A, and CCT8) and against
ZPBP2 were sourced for use in probing immunoblots of 1D BN-PAGE
Complex II

of each of the commercial antibodies used in this study was confirmed by immunoblotting
ffer. The four antibodies sourced against the subunits of the TCP-1 complex (CCT2, CCT3,
single, diffuse band of ~45 kDa. A suite of 14 antibodies generated against the alpha and beta
20 and 30 kDa). Representative immunoblots for three of these antibodies (core: recognizes
rings; and beta 6 subunit: component of the inner rings) are shown for this complex.
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gels. Prior to these studies, however, the specificity of each of the
antibodies was validated by immunoblotting of SDS extracts human
spermatozoa using standard SDS-PAGE (Fig. 4).

The antibodies against the four CCT subunits displayed appropriate
affinity for a predominant protein band of 60 kDa. Similarly, the anti-
ZPBP2 antibody labeled a single, diffuse band of ~45 kDa, slightly higher
than that of the predicted molecular weight of ZPBP2 (38 kDa), a fact
that may be attributed to the glycosylation of the core protein. As
anticipated, these antibodies also displayed strong labeling of a high
molecular weight protein band (900 kDa) corresponding to that of
Complex I in native extracts prepared from capacitated spermatozoa
and analyzed by BN-PAGE (Fig. 5A,B). Althoughmodest cross-reactivity
with other bands was observed with several of the CCT antibodies,
Complex Iwas the only bandconsistently recognized by the entire panel
of antibodies. Furthermore, immunoblotting of 2D BN-PAGE gels
confirmed the specificity of this labelingwith proteins of the anticipated
molecularweight (~60 kDa)beingobserved in alignmentwith Complex
I, when the complexes were resolved in the second dimension under
denaturing conditions (Fig. 5D). In addition to Complex I, anti-ZPBP2
antibodies also displayed relatively strong labeling of a second complex
of approximately 500 kDa and weaker labeling of additional lower
molecularweight complexes (Fig. 5B). Suchfindings raise thepossibility
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Fig. 5. Validation of the proteomic composition of Complexes I and II. (A) Native protein com
These samples were then prepared for immunoblotting with a panel of antibodies selected o
and ZPBP2) and (C) Complex II (20S proteasome: core, α3 subunit, and β1 subunit). (D–F
whereby a single lane of a 1D BN-PAGE was placed atop an SDS-PAGE gel and the individual
gels were then prepared for immunoblotting with (D) anti-CCT6A, (E) anti-ZPBP2 or (F) ant
and representative gels and Western blots are shown. The arrowhead in panels D–F indicat
that ZPBP2may interactwith additional proteins other than those of the
TCP-1 complex. This conclusion was supported by immunoblotting of
2D BN-PAGE gels which confirmed that a protein of the appropriate
molecular weight for ZPBP2 aligned with at least 5 complexes,
notwithstanding its clear localization in Complex I (Fig. 5E).

A similar approachwas also employed to validate thepresence of 20S
proteasome complex in human spermatozoa. The specificity of a suite of
commercial antibodies against all 14 subunits of the 20Sproteasomewas
again demonstrated by immunoblotting against whole human sperm
lysates (Fig. 4). In each case the antibodies demonstrated affinity for
proteins of the predicted molecular weight (between 20 and 30 kDa),
confirming the recentproteomic profilingof human spermatozoa,which
also detected the complete proteasome complex (Baker et al., 2007).
Similarly, the anti-proteasomeantibodies also confirmed the presence of
each subunit within Complex II (Fig. 5C). However, instead of the
anticipated single band at 700 kDa, each of the 14 antibodies, illustrated
by the anti-‘core’, anti-α3 and anti-β1 antibodies, consistently labeled a
triplet of high molecular weight complexes of approximately 680, 700
and 750 kDa (Fig. 5C). Similarly, immunoblotting of 2D BN-PAGE gels
confirmed that proteins of the appropriate molecular weight for the
proteasome subunits aligned with each of these three complexes
(Fig. 5F).
Complex I

Complex II

C

Complex II

F II

COREZPBP2

plexes were extracted from capacitated human spermatozoa and resolved by BN-PAGE.
n the basis of LC–MS/MS sequence analysis of (B) Complex I (CCT2, CCT3, CCT6A, CCT8,
) The specificity of labeling in 1D-PAGE immunoblots was confirmed by 2D BN-PAGE,
proteins within each complex were resolved according to their molecular weight. These
i-20S proteasome core antibodies. Each of these experiments was repeated three times
es the position of labeled proteins vertically aligned with Complexes I and II.
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Localization of the proteins comprising Complexes I and II

Followingconfirmationof theproteomic composition of Complexes I
and II, the cellular localization of these proteins was examined in
populations of non-capacitated and capacitated human spermatozoa.
Although these studieswere initially attempted in live spermatozoa, the
stainingof these cells provedproblematic presumably due tomembrane
damage induced by themultiple washing steps required by the labeling
protocol. Hence the images shown in Figs. 6–8 are of spermatozoa that
were fixed in 4% paraformaldehyde prior to antibody labeling. As a
consequence, these analyses were capable of generating important
information on the cellular domain harboring the target antigens but
could not determinewhether the expressionwas intracellular or on the
sperm surface. In performing these analyses we also sought to
simultaneously assess the acrosomal status of these cells using TRITC
conjugated PNA. In non-capacitated spermatozoa, three of the four CCT
subunits (CCT2, CCT6A and CCT8) examined co-localized in the peri-
acrosomal region of the sperm head in addition to faint labeling in the
flagellum (Fig. 6). A similar pattern of CCT6A and CCT8 localization was
observed in the head of capacitated spermatozoa, however principal
piece staining for both proteins was markedly reduced in these cells,
although CCT6Awas still expressed in the spermmidpiece. Capacitation
also induced a striking relocalization of CCT2 such that the protein could
no longer be detected in the peri-acrosomal region but was instead
foundwithin the equatorial segment of the spermhead. The persistence
of PNA labeling in these cells suggests that these altered patterns of
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Fig. 6. Localization of the TCP-1 complex subunits in human spermatozoa. Capacitat
paraformaldehyde prior to sequential labeling with antibodies against CCT2, CCT3, CCT6A o
counter-stained with TRITC-conjugated PNA (red) to assess acrosome integrity. Negative
anticipated these revealed no staining beyond relatively weak background fluorescence (dat
and representative images are shown.
localization were not induced by acrosomal exocytosis. Interestingly, in
the case of CCT3 only very weak labeling was detected in non-
capacitated spermatozoa. The staining intensity for this subunit in-
creased following capacitation whereupon CCT3 appeared to be
distributed in the peri-acrosomal region and flagellum. Importantly,
the representative patterns described were observed in more than 80%
of each sperm sample examined, with no notable inter- or intra-donor
variability.

As demonstrated in Fig. 7A, ZPBP2 was also localized to similar
regions within the sperm head as a majority of the CCT subunits, with
strong peri-acrosomal labeling noted in both non-capacitated and
capacitated spermatozoa. Modest staining of the midpiece was also
detected; however, the principal piece of the flagellum consistently
failed to labelwith anti-ZPBP2 antibodies. Co-localization of ZPBP2with
the subunits of the TCP-1 complex was confirmed by dual labeling of
capacitated human spermatozoa with anti-CCT and anti-ZPBP2 anti-
bodies. As anticipated,with the exception of CCT2, overlapping patterns
of CCT and ZPBP2 expression were detected within the peri-acrosomal
region of the capacitated sperm head (Fig. 7B).

In addition to examining the expression of the components of
Complex I, antibodies against the 20Sproteasome subunitswereused to
similarly validate the expression of this complex (Complex II) within a
region of human spermatozoa compatible with a putative role in zona
pellucida interactions. With a few minor exceptions, fixed human
spermatozoa incubated with each of the anti-proteasome subunit
antibodies exhibited similar patterns of labeling. In this regard,
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ed and non-capacitated populations of human spermatozoa were fixed with 4%
r CCT8 and a FITC-conjugated secondary antibody (green). The cells were subsequently
controls were performed by incubating cells with secondary antibody only and, as
a not shown). This experiment was replicated three times using pooled semen samples
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Fig. 7. Localization of ZPBP2 in human spermatozoa. (A) Capacitated and non-capacitated
populations of human spermatozoa were fixed with 4% paraformaldehyde prior to
sequential labeling with antibodies against ZPBP2 and a FITC-conjugated secondary
antibody (green). The cells were subsequently counter-stained with TRITC-conjugated
PNA (red) to assess acrosome integrity. (B) To confirm the interaction of ZPBP2 with the
TCP-1 complex, populations of human spermatozoa were dual labeled with anti-ZPBP2
(red) followedby anti-CCT3, -CCT6Aor -CCT8 antibodies (green). These experimentswere
replicated three times using pooled semen samples and representative images are shown.
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proteasome immunoreactivity localized strongly to the neck and
anterior midpiece (Fig. 8). Labeling was also generally detected, albeit
of lower intensity, along the flagellum and throughout the peri-
acrosomal region of the head. Interestingly the α3 subunits were
strongly expressed within the flagellum but could not be detected
within the sperm head (Fig. 8). Importantly, the expression patterns of
the various subunits examined did not display any marked inter- or
intra-donor variability, nor did they change dramatically in populations
of either non-capacitated or capacitated spermatozoa. The specificity of
the various labeling patterns was demonstrated by the absence of
labeling in control samples prepared in the absence of either the
primary and/or secondary antibodies (results not shown).

Validation of the association between the TCP-1 complex and ZPBP2

Given the novelty and potential significance of surface expressed
complexes containing the zona adhesion molecule, ZPBP2, and TCP-1
chaperonins, two complementary strategies were adopted to confirm
this interaction. Firstly, a representative anti-CCT antibody (anti-CCT6A)
was used to co-immunoprecipitate interacting proteins from sperm
lysates and secondly, this antibody was used in conjunction with an in
situ proximity ligation assay (Duolink) to further validate the in vivo
interaction of these proteins in human spermatozoa. To conduct the pull
down studies we first confirmed that the anti-CCT6A antibodies
successfully immunoprecipitated this component of the chaperonin
complex (Fig. 9A). When these blots were stripped and reprobed with
anti-ZPBP2 antibodies, a cross reactive band was clearly detected,
confirming the close association of this molecule with the chaperonin
complex (Fig. 9B). Similarly, the proximity ligation assay confirmed a
specific co-localization of ZPBP2 and CCT6A (Fig. 9C). As anticipated, the
fluorescent signal produced as a consequence of this interaction
appeared as a number of discrete spots that were restricted to the
peri-acrosomal region of the spermhead in N85% cells examined. No co-
localization was observed in any other region of the spermatozoa. In
addition toCCT6A,wealso investigated theputative interactionbetween
ZPBP2 and other TCP-1 subunits (i.e. CCT3 andCCT8) and confirmed that
all threeproduced similar results inproximity ligation assays (results not
shown). These findings are consistent with those observed in the co-
localization experiments described above (Fig. 7B). The specificity of this
labeling pattern was confirmed through the use of anti-CCT6A and an
irrelevant antibody (anti-α-tubulin) that was an isotype match for anti-
ZPBP2. Similarly, this experiment was also conducted in the absence of
either anti-CCT6A and/or anti-ZPBP2. As anticipated, none of the control
treatments produced any fluorescent signals.

Complexes I and II possess affinity for homologous zonae pellucidae

In order to secure evidence in support of the role of Complexes I and
II in zona adhesion, capacitated spermatozoa were pre-incubated with
antibodies directed against key components of the respective com-
plexes prior to assessing their ability to engage in zona binding.
Alternatively, native sperm lysates were isolated and incubated with
zona-intact oocytes. Following incubation, the oocytes were subjected
to stringent washing and then immunolabeled with appropriate
antibodies to determine if either complex of interest was capable of
adhering to native zonae.

In the case of Complex I, pre-incubation of human spermatozoa with
anti-ZPB2 antibodies significantly (Pb0.05) reduced their ability to bind
to zona intact human oocytes (Fig. 10A). In contrast, anti-CCT2
antibodies elicited only a modest reduction in sperm–ZP interaction
(Fig. 10A). Immunolabeling of oocytes following incubation with
preparations of native sperm lysates confirmed that representative
subunits of Complex I (CCT2 and ZPBP2) did in fact adhere to the zonae
(Fig. 10B). Although we also observed labeling of the oocyte in this
experiment, this stainingpersisted in control samples incubatedwithout
primary antibody (Fig. 10B). From these data we infer that the oocyte
labeling is most likely an artifact attributed to non-specific secondary
antibody labeling, a phenomenon we have also observed in previous
studies (Nixon et al., in press). In contrast, the zona pellucida was only
weakly labeled in these control samples (Fig. 10B). The specificity of zona
bindingwas further demonstrated by the fact that pre-incubation of the
native lysates with anti-ZPBP2 antibodies dramatically reduced the
amount of CCT2 labeling subsequently detected on the zonae (Fig. 10B).
Such results confirm that ZPBP2 is a key determinant of the zona affinity
associated with Complex I. In contrast, pre-incubation of the native
lysate with anti-CCT2 antibodies failed to reduce the amount of ZPBP2
labeling (Fig. 10B).

The applicationof a similar experimental strategy confirmed that the
20S proteasome complex (Complex II) also possessed zona affinity. In
this context it was demonstrated that pre-incubation of human
spermatozoa with antibodies against representative 20S proteasome
subunits (anti-α3 and anti-β1) significantly inhibited their ability to
bind to zona intact human oocytes (Fig. 10A). Similarly, strong labeling
of the proteasome complex (anti-core) was detected on zonae
pellucidae following incubation of oocytes with native sperm lysates.
However, this binding was virtually eliminated if the oocytes were
incubated with anti-ubiquitin antibodies, to mask the ligands for
proteasome adhesion, prior to the addition of the native sperm lysates
(Fig. 10B).

Discussion

The extraordinary complexity of the molecular interactions that
underpin the adhesion of a spermatozoon to the outer vestments of an
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Fig. 8. Localization of the 20S proteasome subunits in human spermatozoa. Capacitated and non-capacitated populations of human spermatozoa were fixed with 4%
paraformaldehyde prior to sequential labeling with anti-core proteasome, anti-α3 or anti-β1 antibodies, respectively (green). The cells were then counter-stained with TRITC-
conjugated PNA (red) to assess acrosome integrity. Negative controls were performed by incubating cells with secondary antibody only and revealed minimal background
fluorescence (data not shown). This experiment was replicated three times using pooled semen samples and representative images are shown.
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ovulated oocyte is becoming increasingly apparent. In a situation that
draws interesting parallels with many somatic cell–cell interactions, we
provide thefirst direct evidence that human spermatozoa employ a suite
ofmulti-molecular protein complexes tomediate their interactionswith
homologous zonae pellucidae. Such a finding is perhaps not surprising
given that many vital cellular functions are underpinned by structured
complexes of proteinsworking in concert, rather than freely diffusing or
randomly colliding proteins (Alberts, 1998). In fact, recent advances in
functional proteomics have revealed that most proteins fulfill their
functional potential in multi-protein complexes (MPCs) and that the
human proteome alone contains approximately 104 differentMPCs (Sali
et al., 2003). Further, there are an impressivenumberof examplesof cells
that employ MPCs to engage in cellular adhesions events. For example,
cell–cell contact in barrier-forming epithelial and endothelial cells is
tightly regulated by an array of MPCs that are assembled along lateral
cell junctions. In such cells, each MPC often fulfills a unique functional
role, and recent evidence suggests that their composition is dynamic and
regulated by a number of factors including contact-induced aggregation,
conformational changes, phosphorylation, and tension (Ebnet, 2008;
Shen et al., 2008). By analogy, the presence of many sperm complexes
that exhibit zona binding affinity (Fig. 3D) raises thepossibility that such
supramolecular assemblages may participate in sequential or hierarchi-
cal molecular interactions with the zona pellucida. Alternatively, these
complexes may act in a synergistic manner to ensure the success of this
pivotal cellular interaction. Support for the former conclusion rests with
our characterization of twobiochemically distinct complexeswhichmay
both contribute to sperm–zona interaction via different mechanisms.

The first of these, Complex I, was shown to comprise members of the
TCP-1 complex (CCT1–CCT8) (Table 1), a cohort of proteins that, to the
best of our knowledge, have not previously been identified in human
spermatozoa. The fact that this is a recognized complexof proteins argues
against the possibility that BN-PAGE induces artifactual protein associ-
ations and instead suggests that we were successful in our attempt to
isolate physiologically relevant assemblages of proteins. In somatic cells,
the TCP-1 complex is constructed as a double-ring structure consisting of
eight unique subunits that surround a central cavity. This cavity provides
a favorable environment for protein folding and enables the TCP-1
complex to fulfill its primary role as amolecular chaperone. The complex
is in fact relatively promiscuous, with conservative estimates suggesting
that it assists in the correct folding of approximately 5–10% of the cellular
proteome (Camasses et al., 2003; Feldman et al., 1999; Gomez-Puertas
et al., 2004; Guenther et al., 2002; Kubota et al., 2006; Leroux and Hartl,
2000; Sternlicht et al., 1993;Won et al., 1998). Interestingly, the original
TCP-1 subunit (CCT1) was first identified as a highly expressed mouse
testicular protein (Silver, 1985) encoded by a gene located within a
variant region of chromosome 17, known as the t-complex (Silver et al.,
1979). This region is of particular interest as it is known to harbor a
number of genes that are important formouse development and fertility,
including: sperm motility (Olds-Clarke and Johnson, 1993; Pilder et al.,
2007), the ability to capacitate (Si and Olds-Clarke, 1999) and
importantly, the ability to bind to and penetrate the zona-pellucida
(Johnson et al., 1995; Si and Olds-Clarke, 1999). Indeed, male mice that
carry two t haplotypes are invariably sterile due to lesions in at least one
of these sperm attributes.

Within the testes, the TCP-1 complex has been implicated in the
extensive reorganization of the microtubular cytoskeleton that occurs
during cytodifferentiation of haploid spermatids into spermatozoa
(Soues et al., 2003). However, its functional role in morphologically
mature spermatozoa has not previously been examined. Consistent
with the findings of the present study, work in the mouse has shown
that the TCP-1 complex is expressed within the apical region of the
sperm head and from this position is able to participate indirectly in
sperm–ZP interactions (M. Dun, personal communication). The modest
reduction in sperm–ZP binding observed after incubation of human
spermatozoa with anti-CCT2 antibodies in the present study lend
further support to this interpretation. One possibility that could account
for such findings is that the TCP-1 complex is responsible for the
presentation, stabilization and/or assembly of zona adhesion molecule
(s). This notion is in keeping with findings that the TCP-1 complex can
regulate the formation ofmultiprotein complexes (Feldman et al., 1999;
Guenther et al., 2002). Among the putative TCP-1 client proteins that
could account for the zona affinity of Complex I, we have identified zona
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pellucida binding protein 2 (ZPBP2) as a compelling candidate. The
novel interactionbetween theTCP-1 complex andZPBP2was confirmed
by co-immunoprecipitation, co-localization and proximity ligation
assays. In the latter assay, the detection of a small number of discrete
complexes (approximately 10/sperm) may indicate that while both
proteins are present in the peri-acrosomal region of the sperm head,
only a portion of these oligomerize to form complexes.

ZPBP2 is a paralogue of zona pellucida binding protein 1 (ZPBP1)
(Mori et al., 1993), aproteinoriginally implicated in secondaryZPbinding.
However, recent evidence from knockout models suggests the two
proteinshavedistinct functions in spermatozoa. In this respect,malemice
null for ZPBP1 are infertile due to defects in spermatogenesis that
manifest in the form of poor acrosome compaction, abnormal head
morphology and an inability to swim in a forward progressivemanner. In
contrast, male mice null for ZPBP2 display subfertility associated with
defects in ZP interaction andpenetration (Lin et al., 2007). Todate, neither
ZPBP1 nor ZPBP2 has been characterized in human spermatozoa.
However, the conservation of the latter protein and its interaction with
the TCP-1 complex in both human andmouse spermatozoa suggests that
itmaybeof general significance in themediationof sperm–ZP interaction.
In this context, it is well established that sperm–ZP engagement can be
resolved into both low and high affinity interactions and that the former
of these is likely to employ sperm surface molecules that are conserved
across species (Nixon et al., 2007). The importance of ZPBP2 as a key
determinant of the zona affinity associated with Complex I was
demonstrated by the ability of anti-ZPBP2 antibodies to potently inhibit
the zona binding affinity of this native complex. In contrast, the reciprocal
experiment inwhichnative sperm lysateswere incubatedwith anti-CCT2
antibodies didnot elicit a comparable inhibitionof ZPBP2 interactionwith
the zonae. Fromthesedatawe infer that theCCT subunits of Complex I are
indirectly involved in zonae adhesion (see above) or alternatively, that
ZPBP2 is capable of functioning as a monomer or in concert with
additional zona adhesion complexes. Support for the latter conclusion
rests with the demonstration that ZPBP2 does resolve into a number of
high molecular weight complexes by BN-PAGE (see Fig. 5B,E).

The capacitation status of spermatozoa did not appear to overtly
influence either the relative abundance or the molecular weight of
Complex I, thus indicating the complex is likely to be assembled prior to
the induction of capacitation. These data pose an interesting dichotomy
given that non-capacitated spermatozoa do not possess the ability to bind
zonae pellucidae. One explanation for these conflicting observations is
that the subunits of Complex I may be the subject of capacitation-
dependent post-translational modifications that confer additional biolog-
ical activity. In support of this model, our results indicate that there is an
apparent increase in the levels of phosphotyrosine expression associated
with Complex I during capacitation (Fig. 3B). This finding takes on added
significance in view of the fact that phosphorylation of molecular
chaperones has been causally linked to the exposure of novel binding



0

5

10

15

20

25

30

35

N
u

m
b

er
 o

f 
sp

er
m

 b
o

u
n

d
 p

er
 o

o
cy

te

**

**

*

*

A

B
anti-CCT2 anti-ZPBP2 anti-'core'

anti-CCT2 + anti-ZPBP2 anti-ubiquitin + anti-'core'

oocyte only

secondary onlyanti-ZPBP2 + anti-CCT2

Capacitated

Fig. 10. Investigation of the role of Complex I and Complex II in sperm–zona pellucida interaction. (A) Capacitated spermatozoa were incubated with either anti-CCT2, anti-ZPBP2,
anti-α3 or anti-β1 antibodies (diluted 1:100) for 30 min at 37 °C. The sperm suspensions were then washed and approximately 5×105 cells were placed in a droplet containing 4–
8 salt stored oocytes. Oocytes were then washed to remove loosely bound spermatozoa, and the number of cells remaining bound to each zona was scored. An antibody directed
against the sperm surface protein, CD59 (anti-CD59) was included as a control. (B) Native lysates were prepared from capacitated spermatozoa and incubated with oocytes for
30 min as described (Fig. S1). The oocytes were then sequentially labeled with anti-CCT2, anti-ZPBP2, or anti-proteasome core antibodies followed by FITC conjugated secondary
antibodies. Alternatively, the native lysates were pre-treated with anti-ZPBP2 or anti-CCT2 prior to incubation with oocytes. These oocytes were then labeled with the reciprocal
antibodies (anti-ZPBP2+anti-CCT, anti-CCT2+anti-ZPBP2). In the final treatment, oocytes were pre-incubated with anti-ubiquitin antibodies prior to the addition of the native
lysate and probing with anti-proteasome core antibodies (anti-ubiquitin+anti-‘core’). Negative controls for this experiment consisted of unlabeled oocytes (oocytes only), or
oocytes labeled with secondary antibody only. In the latter samples, the oocytes, but not the zonae, were labeled suggesting that the former is an artifact attributed to non-specific
secondary antibody labeling. Each experiment was replicated 3 times with a minimum of 5 oocytes per treatment and representative immunocytochemical images are shown (scale
bar=20 μm). Graphical data expressed as the mean±s.e.m. *Pb0.05, **Pb0.01 compared with capacitated control.

472 K.A. Redgrove et al. / Developmental Biology 356 (2011) 460–474
surfaces, alterations in substrate preference, and their ability to interact
with client proteins (Aquilina et al., 2004; Ecroyd et al., 2007; Thériault
et al., 2004). It is also conceivable that the activity Complex I may be
underpinned by dynamic remodeling or repositioning during capacita-
tion (Asquith et al., 2004). However, this interpretation awaits further
investigation.

Proteomic analysis of Complex II identified the majority of the
subunits that comprise the 20S proteasome (Table 1), a large protease
complex that is responsible for the selective degradation of ubiquiti-
nated target proteins. Such findings again attest to the ability of BN-
PAGE to isolate intact protein complexes from spermatozoa. One
peculiarity of our study was the finding that the proteasome complex
resolved as three large, but discrete bands in 1DBN-PAGEgels. Although
the reason for this anomaly was not directly investigated, one
possibility, supported by both our mass spectrometry data and anti-
phosphotyrosine immunoblots (Fig. 3B), is that certain subunits of the
complex may be subjected to post-translational modifications. Indeed,
peptides corresponding to at least 9 subunits (α1–7, β1 and β4)
displayed charge shift signatures characteristic of tyrosine phosphory-
lation. In this context, it is noteworthy that tyrosine phosphorylation of
similar subunits has been shown to influence the substrate specificity of
the complex in other cell types (Bose et al., 1999; Castano et al., 1996;
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Mason et al., 1996; Wehren et al., 1996). Taken together, such findings
raise the intriguing possibility that proteasome complexes may be
differentially activated during sperm maturation in preparation for a
functional role in sperm–oocyte interactions.

In agreementwithpreviousworkdemonstrating that theproteasome
complex is highly expressed within populations of epididymal sperma-
tozoa we found no evidence that the capacitation status of spermatozoa
altered the relative abundance of this complex. The presence of the
ubiquitin–proteasome pathway has been well documented in the
reproductive systems of a variety of invertebrate and mammalian
species. For instance, the proteasome complex has been shown to be
expressed in the spermatozoa of a number of species including human
(Baker et al., 2007;Morales et al., 2003, 2004),mouse (Pastenet al., 2005)
and pig. In addition, ubiquitinated substrates have also been detected in
seminal plasma (Lippert et al., 1993), epididymal fluid (Hermo and Jacks,
2002; Sutovsky et al., 2001) on the surface of defective epididymal
spermatozoa, aswell as in follicular fluid (Einspanier et al., 1993), and on
the outer surface of the zona pellucida (Sutovsky et al., 2004). Consistent
with such findings, the ubiquitin–proteasome system has been impli-
cated in various aspects of sperm–oocyte interactions (Sakai et al., 2003;
Sakai et al., 2004; Sawada et al., 2002a; Sawada et al., 2002b). Its most
widely documented role is that of assisting with sperm penetration
through the ZPmatrix. In this context, it has been shown that incubation
of porcine, mouse and human sperm with exogenous proteasome
inhibitors or anti-proteasome antibodies effectively blocks their ability to
penetrate the ZP (Morales et al., 2003; Pasten et al., 2005; Sutovsky et al.,
2004). Our preliminary examination of the proteasome in human
spermatozoa supports these conclusions but also raises the possibility
that it possesses an affinity for the ZP. Indeed, in our studies an antibody
directed against representative 20S proteasome subunits (anti-‘core’)
localized to the region responsible for interaction with the ZP and was
able to significantly inhibit sperm binding to homologous zonae
pellucidae. Similarly, labeling of the proteasome complex was detected
on zonae pellucidae following incubation of oocytes with native sperm
lysates. This binding was however virtually eliminated if the oocytes
were pre-incubated with anti-ubiquitin antibodies to mask the ligands
for proteasome adhesion.

In summary, this studyhasprovided compelling evidence thathuman
spermatozoa harbor a number of large membrane-bound protein
complexes. Although the profile of these complexes is not dramatically
influenced by the capacitation status of the sperm population, their
relative levelsof expressiondoshowmarkeddifferences. The significance
of these findings is highlighted by the identification of a sub-population
of complexes that are both accessible to surface labeling techniques and
that showaffinity for homologous ZP. These resultswere validated by the
characterization of two such complexes, each of which contained
proteins that have been implicated in different aspects of sperm–ZP
interaction. Collectively the mechanistic insights afforded by this study
encourage a reassessment of models of sperm–ZP interactions, away
from the simplistic ‘lock-and-key’models that have dominated thinking
for the past two decades. Characterization of the additional multiprotein
complexes that were identified in the present study offers a number of
exciting avenues for future research.
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