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Abstract
Mammalian sperm are transcriptionally and translationally inactive. To meet changing needs in the
epididymis and female tract, they rely heavily on post-translational modifications and protein
acquisition/degradation. Membrane rafts are sterol and sphingolipid-enriched micro-domains that
organize and regulate various pathways. Rafts have significance in sperm by transducing the stimulus
of sterol efflux into changes in intracellular signaling that confer fertilization competence. We
recently characterized 3 biochemically distinct sub-types of sperm rafts, and now present profiles
for proteins targeting to and associating with these sub-types, along with a fraction largely comprised
of “non-raft” domains. Proteomics analysis using a gel-based LC-MS/MS approach identified 190
strictly validated proteins in the raft sub-types. Interestingly, many of these are known to be expressed
in the epididymis, where sperm membrane composition matures. To investigate potential roles for
rafts in epididymal protein acquisition, we compared the expression and localization of 2 different
sterol-interacting proteins, apolipoprotein-A1 and prominin-1 in sperm from different zones. We
found that apolipoprotein-A1 was gradually added to the plasma membrane overlying the acrosome,
whereas prominin-1 was not, suggesting different mechanisms for raft protein acquisition. Our results
define raft-associating proteins, demonstrate functional similarities and differences among raft sub-
types, and provide insights into raft-mediated epididymal protein acquisition.
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1 Introduction
After leaving the testis, mammalian sperm must undergo two distinct maturational processes
in order to become fertilization competent. In most mammals, the first step occurs when sperm
pass through the caput, corpus, and cauda regions of the epididymis. During epididymal transit,
complex changes take place in the lipid and protein compositions of the sperm membranes
[1,2]. After storage in the cauda and then ejaculation, sperm are still unable to fertilize an oocyte
until they mature in the female tract in response to external stimuli in the process of
“capacitation” [3]. This second, functional maturation is associated with multiple physiological
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events taking place at the level of the plasma membrane, including a requirement for sterol
efflux.

The central role of lipids in the regulation of capacitation suggests functional connections
between individual lipid species and/or regions of membrane with intracellular signaling
events. Membrane rafts are a specific type of membrane micro-domain enriched in sterols and
sphingolipids relative to phospholipids, and are involved in diverse cellular functions such as
scaffolding intracellular signaling pathways [4,5]. Because of their importance, several
approaches have been taken to isolate rafts and define their proteomes. The newest method,
stable isotope labeling by amino acids in cell culture (SILAC; [6]), is not relevant for studies
of sperm because no culture system exists that practically supports spermatogenesis; therefore,
protein translation with controlled labeling can’t be performed. The most commonly used
approach has been fractionation to partition detergent-resistant membranes (DRM), but it is
accepted that this strategy is insufficient for this purpose [7–9]. Because true rafts are only a
subset of what might partition with DRM (as they can artifactually cause disparate molecules
to coalesce), and because resistance to solubilization is detergent-dependent and doesn’t
correspond with known physiological entities, identification of proteins that partition to DRM
will at best yield candidates for targeting to or associating with, true rafts [7]. Despite this
limitation, DRM from sperm have shown interesting capabilities, such as possessing
components that bind to the zona pellucida [10,11], making the further characterization of rafts
of great interest.

Non-detergent-based isolation of membrane rafts is designed to partition these domains in a
manner that better mirrors pre-existing rafts [5]. However, this approach has its own possible
drawbacks, including the potential for cytoplasmic proteins that peripherally or indirectly
associate with rafts to partition with these domains. Motivated by our desire to understand the
mechanism of sterol efflux and its intracellular sequelae, we set out to define membrane rafts
and raft-associating proteins in sperm using this non-detergent approach. This methodology
could identify both resident raft proteins and intracellular interactors, potentially shedding light
on how sterol efflux might be transduced into changes in cell function.

By utilizing a linear density gradient separation of membrane vesicles, we were recently able
to demonstrate that murine sperm possess at least 3 distinct sub-types of raft, each with
predictable molar ratios of sterols and ganglioside GM1 (GM1) to phospholipids, and mass
amounts of protein relative to total lipid [9]. Existence of raft sub-types is supported by
evidence of both large scale lipid segregation as well as micro-heterogeneities in the
distribution of sterols and GM1 in the plasma membrane overlying the acrosome (APM) [12].
In terms of macro-domains, GM1 is highly enriched in the APM and, but not in the post-
acrosomal plasma membrane (PAPM) ([9,12,13]: Fig. 1). Caveolin-1 and filipin-sterol
complexes are restricted to the APM in a similar fashion, although focal enrichments of sterols
are distributed unevenly in the APM (Fig. 1 and [12,14–16]). We have also shown that the
membrane enclosing the acrosome is highly enriched in GM1 but does not have the same focal
enrichments of sterols as the APM [9,12,16]. Regional and organelle-specific differences in
membrane composition/appearance have also been noted at the annulus and flagellar zipper,
as well as within the mitochondrial membranes that face other membranes versus cytoskeletal
elements [17–21]. Together, these biochemical and cell biological data suggest that the
membranes of sperm are not uniform, but rather are dynamic and possess diverse micro-
domains [9,12,22].

Using fractions obtained from our non-detergent methodology, we previously performed an
iTRAQ-based proteomic comparison, combined with in-solution tryptic digestion, in order to
quantify differences in protein composition among the 3 raft sub-types. For a true ratiometric
comparison, we were limited to the 11 proteins found in each of the 3 raft sub-types as well as
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in a fraction largely comprised of non-raft domains [9]. However, during those experiments,
we noted many examples of proteins that were enriched in one or two specific membrane raft
sub-types. These proteins had to be excluded from ratiometric comparisons because lack of
quantitative data from a sample precludes a relative abundance analysis of that protein. As
mentioned earlier, other approaches at quantitative proteomics, such as SILAC, cannot be used
with sperm because they do not make new proteins and there is no culture system that supports
full spermatogenesis. Because the understanding of sperm membrane proteomes and sterol
efflux is so limited, we have now pursued a complementary, qualitative characterization of the
proteomes of the distinct raft sub-types. This approach describes all the proteins associated
with each membrane sub-type, precisely because proteins that associate with a specific subtype
might provide it with a unique function, which in turn might shed light on the cell biological
need for the sperm’s complex membrane organization. For this, we used 1-D SDS-PAGE to
enhance solubilization and separation of membrane proteins. Using strict criteria, we identified
190 proteins in the different raft fractions. Our results indicate that there are significant
functional distinctions among the different raft sub-types, and also suggest important roles for
membrane rafts in the processes of epididymal maturation and sterol efflux.

2 Materials and methods
2.1 Reagents and animals

All reagents were purchased from Sigma (St. Louis, MO), unless otherwise noted. Antisera to
apolipoprotein-A1 (apoA1) and prominin-1 (prom1) were purchased from Abcam Inc.
(Cambridge, MA) and eBioscience, Inc. (San Diego, CA), respectively. Caveolin-1 antiserum
was from BD Biosciences (San Diego, CA). A monoclonal antibody against murine erythroid
cells was from eBioscience (TER-119, San Diego, CA). All animal work was performed with
the approval of Cornell University’s Institutional Animal Care and Use Committee, in
accordance with the NIH guidelines for the Care and Use of Laboratory Animals.

2.2 Preparation of membrane raft sub-types
Preparation of cauda epididymal sperm and membrane raft fractions were performed as
described previously [9]. Briefly, sperm were washed by sequential differential centrifugation
steps to remove contaminants such as epithelial cells and blood cells. The purity of the final
sperm pellet was confirmed by both visual examination using a phase-contrast microscope and
by specific testing for the lack of immunoreactivity for TER-119, an erythrocyte-specific
membrane protein (data not shown; whole blood proteins were used as a positive control).
Membranes were isolated as vesicles from sperm (1.2 × 109 cells) using homogenization,
sonication, and centrifugation according to standard methods (Fig. 2A). The resultant
membrane pellet was mixed with a sucrose solution [45% (v/v) final], and overlaid with a 10–
30 % continuous sucrose density gradient. Centrifugation for 28 hours allowed membrane
vesicles to partition by buoyancy, and fractions were analyzed by refractometry to ensure their
nature prior to protein extraction and proteomic profiling. The most buoyant fractions (1–4)
were pooled to match our previous biochemical analyses and to provide a sufficient amount
of protein for profiling.

2.3 Protein extraction and in-gel tryptic digestion/extraction
The proteins for fractions 1–4, 5, 7 and 9 were extracted in 10% (v/v) trichloroacetic acid at
4°C for 2 hours and centrifuged at 100,000 × g for 3 hours. The precipitated proteins were
separated by 10% SDS-PAGE, and then visualized with SYPRO Ruby (Fig. 2A) (Invitrogen,
Carlsbad, CA). Each lane of the gel was excised in parallel into 9 discrete pieces, and subjected
to in-gel digestion and tryptic peptide extraction following a protocol modified slightly from
Shevchenko et al. [23]. The gel pieces were destained, reduced with DTT and alkylated by
treatment with iodoacetamide. Samples were treated overnight with 0.2 μg trypsin, and the
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resultant tryptic-digested peptides were removed by centrifugation for 2 min at 4,000 ×g. The
remaining peptides in the gel were then extracted by sonication in 50 μL of 5% formic acid in
50% ACN and collected similarly. All gel-extracted supernatants were combined and
evaporated to dryness in a Speedvac SC110 (Thermo Savant, Milford, MA).

2.4 Protein identification by nanoLC/MS/MS analyses
The digested samples were reconstituted in 15 μL of 2% ACN with 0.5% formic acid and
injected using a Famous auto sampler onto a C18 column (5 μm, 300 μm × 5 mm, Dionex,
Sunnyvale, CA) for on-line desalting. They were then separated on a C-18 RP nano column (3
μm, 75 μm × 15 cm, Dionex) connected in-line to a hybrid triple quadrupole linear ion trap
mass spectrometer, 4000 Q Trap, equipped with a Micro Ion Spray Head II ion source (Applied
Biosystems/MDS SCIEX, Framingham, MA).

MS data acquisition was performed using Analyst 1.4.1 software (Applied Biosystems) for
information dependent acquisition (IDA) analysis. The nanospray voltage was 2.0 kV, and was
used in positive ion mode for all experiments. The declustering potential was set at 50 eV and
nitrogen was used as the collision gas. In IDA analysis, after each survey scan for m/z 400 to
m/z 1550 and an enhanced resolution scan, the three highest intensity ions with multiple charge
states were selected for tandem MS (MS/MS) with rolling collision energy applied for detected
ions based on different charge states and m/z values.

2.5 MS data analysis
The MS/MS data were submitted to Mascot 2.2 (Matrix Science, London, UK) for NCBInr
database searching (downloaded in July 2007), with one missed cleavage site by trypsin
allowed and with decoy database searching on. The following variable modifications were
accepted: methionine oxidation, carbamidomethyl cysteine, peptide mass assignment ± 1.5 Da,
fragment mass assignment ± 0.6 Da. All detected peptides were also strictly validated by two
criteria: Mascot expectation value < 0.05 and Mascot ion score > 35. For protein validation,
peptides corresponding to keratin contaminants were manually excluded and then the proteins
with 2 or more unique peptides were classified as “identified proteins”. The decoy database
search in Mascot search engine allows us to estimate false discovery rate (FDR) for detected
tryptic peptides, which yielded about 1% for each of the fractions. After the additional filters
described above were applied, the peptide FDR decreased significantly down to 0.1–0.2%. In
each case, all proteins identified in the FDR analysis (in decoy database search) were inferred
by a single peptide hit. Therefore, using these strict filter criteria with 2 or more unique peptides,
the identifications of the proteins reported here are highly confident.

2.6 Localization of lipids and proteins in sperm
Mouse caput, corpus and cauda epididymides were incised with scissors in separate volumes
of a modified Whitten’s medium [24] to free the sperm from those regions. The sperm
suspensions were centrifuged at 100 × g at 37°C for 1 minute to pellet epithelial cells. Sperm
were fixed and permeabilized as described previously [9].

For localization of proteins, the sperm were blocked with 10% rabbit serum overnight at 4°C.
Samples were incubated overnight at 4°C with the primary antibodies, washed, and then
incubated with appropriate fluorophore-conjugated secondary antisera for 2 hours at 37°C.
Localization and observation of sterols and caveolin-1 in fixed sperm and GM1 in live sperm
were performed using filipin, anti-caveolin-1, and FITC-cholera toxin B (CTB) as described
previously [13,14]. Consistency in results was confirmed from 3 replicate trials.
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2.7 Immunoblot
Caput, corpus and cauda epididymal sperm were collected and washed to remove gross cellular
debris as described above. Sperm suspensions were layered on 20 and 30% discontinuous
percoll density gradients and centrifuged at 1,000 × g for 10 minutes. After separation from
cell contaminants, the protein content for each sperm suspension was measured with a
bicinchoninic acid protein assay according to the manufacturer’s instructions (Micro BCA
Protein Assay Kit, Thermo Scientific/Pierce, Rockford, IL). Equivalent amounts of sperm
protein (0.4 mg) from the three regions were used for SDS-PAGE. Transfer and
immunodetection of the specific proteins were performed essentially as described previously
[25], except that 5% BSA in TBS containing 0.1 % tween 20 (TTBS) was used as a blocking
solution. The dilution used for anti-apoA1 or anti-prom1 was 1:2,000 in the blocking solution.
Secondary antiserum was also used at 1:2000 in TTBS. Chemiluminescence (Super Signal
West Pico Chemiluminescent kit, Thermo Scientific/Pierce) was used for visualization.

3 Results
3.1 Preparation of membrane rafts without detergent

The procedures we employed for separation of membrane rafts and extraction of their proteins
are schematized in Fig. 2A. Previously, we showed that this non-detergent based method
separates membrane raft sub-types with high purity and reproducibility by means of their
buoyancy [9]. To confirm the quality and identity of fractions obtained from the linear density
gradient, we analyzed them using refractometry to ensure that the collected fractions
represented the same sucrose densities as those we had described (Fig. 2B; note that we
performed the fractionation of the sperm membranes 10 times, with very high reproducibility
in terms of the biochemical characterization and the refractive indices between replicates [9]).
Our previous biochemical characterization of lipids and mass amounts of protein contained
within these membrane fractions revealed that murine sperm have at least 3 distinct raft sub-
types (Fig. 1). Fx1-4 had high molar ratios of sterols:PL and GM1:PL, and high mass amount
of total protein to total lipid (estimated by PL plus sterols). Fx5 and fx6 had a high molar ratio
of sterols:PL but had a lower molar ratio of GM1:PL. Fx7 had a high molar ratio of GM1:PL
but had a molar ratio of sterols:PL that was close to 1:1, putting it near the minimal limit of
what is customarily defined as a raft. Fx 5, 6, 7, 8, and 9 all had relatively similar estimated
ratios of total protein:total lipid [9]. Based on these findings, we analyzed the protein profiles
of fx1-4, fx5, and fx7 to cover the three raft sub-types, and fx9, which is largely comprised of
non-raft membranes.

3.2 Mass spectrometric analysis of protein composition of the different raft sub-types
Because the fractions would be predicted to have complex profiles with a high relative
abundance of hydrophobic proteins, we utilized 1-D SDS-PAGE and divided each lane into 9
sections to facilitate the detection of relatively lower abundance proteins in the wide dynamic
range of complex samples (Fig. 2A). Resultant total ion spectra, unique peptides and identified
proteins are summarized in Table 1. Our strict validation allowed us to identify 14, 12, 188
and 247 proteins in fx1-4, 5, 7, and 9 (supplemental data 1 and 2).

3.3 Characterization of protein profiles
A functional characterization was performed based on the known biological processes and
molecular functions with which identified proteins are associated using a PANTHER analysis
(supplemental data 3) [http://www.pantherdb.org/] ([26, 27]). For this analysis, GI accession
numbers provided from the Mascot database were converted into each corresponding gene ID
manually. Fx 1-4 and fx 5 shared 2 major biological processes: cell structure and motility and
intracellular protein traffic. Proteins involved in protein metabolism and modification were
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found in all fractions, with particular enrichment in fx 5, 7, and 9. The distribution of proteins
across the major biological processes was very similar between fx 7 and 9. Proteins involved
in unclassified biological processes, transport, and protein metabolism and modification were
most prevalent in these fractions as well.

When looking at proteins individually by their molecular functions, some sharper differences
emerged among raft sub-types. For example, proteases and cytoskeletal proteins were greatly
enriched in fx 1-4 and fx 5, versus fx 7 or fx 9. Hydrolases were found to comprise large
percentages of all 3 raft sub-types, but represented only a minimal percentage of the proteins
in non-raft fx 9. Transporters and proteins with unclassified molecular functions were greatly
enriched in fx 7 and fx 9. Oxidoreductases were found to comprise a relatively high percentage
of proteins in all fractions, underscoring their important roles in sperm metabolism and
protection against oxidative stress.

Similarity analysis of the protein profiles among raft sub-types showed that all proteins
identified in fx 1-4 and fx 5 were shared between two or more sub-types (Fig. 3A–I). Although
based on small numbers of proteins identified from the most buoyant (and lowest abundance)
raft sub-types, our data are consistent with brief temporal associations of these proteins with
specific raft sub-domains, in line with the dynamic definition of membrane rafts [28]. This was
also supported by comparison with the non-raft fraction (fx 9), which showed that all proteins
in fx 5 were also identified in fx 9. Finding raft resident or raft-associated proteins in non-raft
fractions is not surprising because of the dynamic nature of rafts. Also, it should be stressed
that our methodology was designed to isolate membrane raft subtypes specifically and with
high purity, but it was not designed to isolate non-raft fractions with purity, nor to distinguish
the potential diversity of non-raft sub-types that has been suggested [29]. Therefore, fx 9 likely
possesses contaminating raft micro-domains. Despite these caveats, 4 and 49 proteins of fx 1-4
and fx 7 were not present in the profile of fx 9 (Fig. 3A–II), demonstrating some degree of
selectivity of protein targeting and/or association.

Because electric charge and hydrophobicity are important determinants of lipid-protein and
protein-protein interactions, analyses of the biochemical characteristics of identified proteins
were performed using a relative frequency histogram. As expected, the isoelectric points (pI)
tended away from physiological pH in all fractions (Fig. 3B). Bimodal pI distribution flanking
the physiological pH was observed throughout fractions, similar to other analyses of proteomes
from a variety of cell types [30,31]. Although potentially influenced by the relatively small
number of proteins identified in fx 1-4 and fx 5, the relative frequencies of proteins with pI =
6 in fx 1-4 and fx 5 were significantly higher than that of fx 9 (Fig. 3B, P < 0.05). Because of
the high similarity of pI frequencies in fx 1-4 and fx 5, the data of these fractions were combined
to analyze the relative frequency of negatively charged proteins (i.e. those with lower pI).
Interestingly, more proteins in the raft fractions were negatively charged than proteins in the
non-raft fraction (fx 1-4 + fx 5 vs. fx 9, P < 0.05; fx 7 vs. fx 9, P=0.05) at physiological pH
(Fig. 3B inset). Bias in pI distribution has been reported to differ between organisms and with
sub-cellular protein localization, although the exact reasons are often unknown [31–33]. The
impact of specific membrane micro-domains being associated with proteins with a more acidic
pI might have relevance for sperm biology and will be discussed further below.

Grand average of hydropathicity (GRAVY) was compared and no statistical differences in the
relative frequencies between the sub-types (Fig. 3C), or rafts and non-rafts (data not shown)
were found. Analysis for transmembrane domains revealed that 21, 33, 50 and 39% of identified
proteins in fx 1-4, 5, 7, and 9 respectively, were integral membrane proteins (Fig. 3D),
suggesting that many of the proteins were membrane-associated as opposed to membrane-
resident proteins.
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Sperm are known to acquire GPI-anchored proteins, as well as integral and peripheral
membrane proteins during epididymal transit [34–39]. Therefore, we analyzed identified
proteins for potential expression in the epididymis using a database of transcriptome analysis
(http://mrg.genetics.washington.edu). Though not demonstrative of origin, this analysis
indicated that proteins identified from the raft sub-types were relatively more enriched in
epididymal proteins than non-rafts (Fig. 3D)[100%, 83.3%, 67.6% vs. 55.8%]. These results
suggested the possibility that protein acquisition during epididymal passage is associated with
targeted transfer into specific membrane domains.

3.4 Expression of raft proteins in epididymis
To begin investigation of this possibility, we compared the expression and potential
incorporation of two of these proteins, prom1 and apoA1, which both bind membrane sterols.
Immunoblotting confirmed apoA1 and prom1 were present in cauda epididymal sperm (28
kDa and 100 kDa, respectively; Fig. 4A). Interestingly, our preliminary immunohistochemistry
experiments on testis sections and our searches of EST databases
(http://www.ncbi.nlm.nih.gov/Unigene/) and high-throughput gene expression
(http://symatlas.gnf.org/) suggested that apoA1 was not expressed in the murine testis (data
not shown), consistent with a previous report [40]. This was confirmed by immunoblotting of
mixed germ cell proteins, which were also negative (data not shown). Together, our data, the
expression databases, and other reports suggested that sperm might be acquiring apoA1 during
epididymal maturation. Therefore, we examined the localization of apoA1 and prom1 in sperm
from the caput, corpus and cauda epididymis. In caput epididymal sperm, minor labeling of
apoA1 was observed in the caudal APM and the midpiece (Fig. 4B–I). The signal in the APM
increased in intensity as sperm progressed to the cauda. Immunoblotting of apoA1 confirmed
increasing amounts of epididymal apoA1 binding to sperm during epididymal transit (Fig. 4C).
Conversely, prom1 localization was faintly observed in the midpiece and cytoplasmic droplet
(when present) in all regions of the epididymis, and there was no difference in the amount of
prom1 expression (Fig. 5B–II and data not shown). These results are consistent with a previous
report [41]. Our results demonstrate that apoA1 was transferred to raft micro-domains of the
APM in murine sperm during epididymal transit.

4 Discussion
4.1 Non-detergent based preparation of membrane rafts

Mass spectrometry-based proteomic analysis has been used to reveal the protein composition
of membrane rafts in several cell types. We recently reported using a non-detergent approach
that murine sperm possess at least 3 different raft sub-types, each reproducibly possessing a
characteristic lipid and protein composition (Fig. 1E) [9]. This approach offers several
advantages, including: 1). allowing potential identification of cytoplasmic interactors with raft
resident proteins, 2). avoiding the artifactual coalescence of disparate membrane components
that is caused by detergents, and 3). avoiding the potential interference with the
chromatographic separation of peptides and/or detection of ion spectra that can be caused by
detergents [42]. Perhaps most importantly, partitioning based on detergent insolubility
promotes the binary division of membranes into “raft” versus “non-raft,” masking the presence
of the multiple membrane domain sub-types that occur in nature [9]. In part because of these
methodological differences, our combined total of 190 raft-associated proteins that were
identified using strict criteria is significantly larger and has important differences versus
previous DRM-based studies [11,43].

Although methodological differences between the present study and our previous quantitative
proteomics make comparison imprecise, our current profiles closely matched our previously
identified proteins, with the single exception being that we did not currently identify epidermal
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growth factor receptor precursor (previously found to be relatively enriched in fx 9 [9]).
However, other proteins that we had shown to be enriched in that non-raft fraction (e.g.
facilitated glucose transporter 3, basigin, hexokinase type 1, and the sodium potassium
transporting ATPase alpha 4 and beta 3 subunits) were all currently identified in fx 9. In
addition, although we note that the current method is non-quantitative, these proteins tended
to be identified on the basis of more unique peptides in the non-raft fraction than were identified
in the less buoyant fractions. The concordance of our findings with the previous iTRAQ both
supports the highly reproducible fractions produced by our non-detergent method, and the rigor
of the mass spectrometric approaches.

4.2 Functional differences between raft sub-types
Previously, our biochemical characterization of the lipid molar ratios of raft fractions and our
cell biological data showing enrichment of GM1 in acrosomal membranes, together suggested
that membranes of the acrosome constitute a large portion of the membranes found in fx 7
[9]. A major finding of our present study is that fx 7 contains a variety of calcium channels
and SNARE (soluble N-ethylmaleimide sensitive factor attachment protein receptors) proteins.
Because an increase in intracellular Ca2+ concentration is critical in several signaling pathways
leading to the induction of acrosomal exocytosis [44], and SNARE proteins have been
demonstrated to be involved in acrosomal exocytosis [45], our data suggest that the membrane
micro-domain sub-type partitioning to this fx is heavily involved in acrosomal exocytosis. To
identify whether other specific biological functions or pathways were associated with specific
fractions, we performed a database analysis (supplemental data 3). Because of the low number
of proteins identified in the most buoyant fractions, caution should be exercised when
comparing percentages between fractions. However, the high percentages of proteins involved
in post-translational modifications and proteins whose functions are as of yet unclassified, offer
attractive targets for future studies.

Based on similarity analyses of protein profiles among the different raft fractions, we found
that several proteins selectively associated with specific raft sub-types. This is consistent with
our previous, highly limited quantitative proteomic comparison of the same four fractions
[9]. For example, alkaline phosphatase 2 (liver) was found in only fx 1-4 and fx 7 out of 4
membrane fractions. The presence of this GPI-anchored protein in sperm is consistent with
previous reports of high alkaline phosphatase activity in the plasma membrane fraction [46,
47]. GPI-anchored proteins such as this enzyme have been shown to be spatially and
biochemically associated with raft micro-domains enriched in GM1 [48–51]. Considering that
fx 1-4 and fx 7 were enriched in GM1 but fx 5 was not, it is possible that for proteins such as
this form of alkaline phosphatase, functional discrimination between raft sub-types might
directly or indirectly be associated with degree of enrichment in GM1.

Comparison of the pI of proteins partitioning to the different fractions revealed some intriguing
biochemical characteristics as well. A bi-modal distribution of pI away from neutral was
confirmed for all fractions, as expected. This supports the notion that electrostatic interactions
between proteins and other membrane components play important roles in a variety of cellular
processes [52]. Although membranes used for our study were never exposed to seminal plasma,
it is known that basic proteins are highly abundant in seminal plasma [53], and at least several
of these interact directly with components of the sperm plasma membrane after ejaculation
[54,55]. These interactions have physiological importance in terms of acquisition and
maintenance of motility [56–58], or prevention of activation of signaling cascades involved in
capacitation [55,59]. In agreement with this, our data demonstrated that acidic, negatively
charged proteins are enriched particularly in the most buoyant raft fractions. Differences in
charge between the components of different membrane micro-domains might then facilitate
interactions between those specific domains with epididymal and/or seminal plasma proteins.
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This hypothesis will need to be investigated by studying the nature of the specific interactions
between proteins secreted from accessory sex glands and their binding partners on the sperm
plasma membrane.

4.3 Detection of mitochondrial proteins
We detected several mitochondrial proteins in raft fractions. In itself, this finding is not
surprising because our non-detergent methodology was designed to obtain membrane rafts
from all sub-cellular compartments of sperm. However, in somatic cells, the presence of
mitochondrial rafts is controversial. There are several reports suggesting that intracellular
organelles such as mitochondria might possess raft domains [60–62]. In contrast to these, recent
quantitative proteomic studies of specific cultured cells demonstrated that mitochondrial
proteins often observed in DRM were insensitive to sterol efflux, suggesting that those proteins
might be contaminants that simply co-purify with rafts during separation process [6]. One
possibility underlying this controversy is difference in mitochondrial membranes between cell
types. Sperm are well known to have mitochondria that differ from their somatic counterparts
in terms of morphology, localization, interaction with the plasma membrane, and their own
enzyme compositions. Indeed, sperm mitochondria have evolved species-specific differences
giving them the ability to adapt their metabolism to varying oviductal environments [63].
Rather than over-interpret or generalize the findings of these particular mitochondrial proteins,
we instead view them as a starting point for future investigations of the composition of sperm
mitochondrial membranes.

4.4 Acquisition of raft proteins during epididymal maturation
Because many of the epididymal proteins that are added to sperm play important roles in
capacitation and sperm-oocyte interactions, knowledge of the species and functions of these
proteins are of considerable interest as targets for male contraception [64–67]. The importance
of membrane protein function in fertilization is reflected in the strong evolutionary pressures
that shape them; indeed, combinations of proteomic and genomic investigations reveal their
use as tools to investigate evolutionary history and possibly gain insight into protein-protein
interactions [68,69]. Our proteomic analysis revealed that many of the proteins in raft fractions
are highly expressed in the epididymis. These results corroborate the notion [70] that an
important function of sperm raft micro-domains is acting as targets for the selective acquisition
of proteins during epididymal maturation.

In the current study, we found that apoA1 and prom1 were present in raft fx 7. Our preliminary
analyses confirmed that apoA1 does not appear to be synthesized in the testis [71] unlike prom1,
despite the sterol-binding nature of both proteins. These important similarities and differences
made us choose these proteins for comparative studies on targeting to raft micro-domains. Our
combined data suggest that sperm rafts already possess prom1, but then acquire apoA1 during
epididymal transit. In support of this, another proteomic analysis showed apoA1 in cauda
epididymal fluid [72].

Interestingly, the major site for apoA1 transfer was the APM. Recently, we demonstrated in
live sperm that the APM is the site of multiple focal enrichments of sterols [12], which is
consistent with this region being the site of one or more raft sub-types. A recent report that
apoA1-binding protein is enriched in the APM region provides corroborative support for our
finding regarding the localization of apoA1. The same report showed that apoA1-binding
protein undergoes tyrosine phosphorylation during capacitation and is shed into the
extracellular space, which is consistent with sterol efflux [73]. However, this protein is not
known to have a binding interaction with sterols, suggesting that it might function in a complex
with apoA1. Our present data showing different spatial and temporal patterns of apoA1 and
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prom1 acquisition highlight the need for future investigations of the physiological roles of
membrane rafts in selective acquisition of new proteins in sperm during epididymal transit.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

APM plasma membrane overlying the acrosome

PAPM post-acrosomal plasma membrane

DRM detergent-resistant membranes

prom1 prominin 1

apoA1 apolipoprotein A1

GM1 ganglioside GM1

IDA information dependent acquisition

FDR false discovery rate

TTBS TBS containing 0.1 % tween 20

CTB cholera toxin B

fx fraction

PL phospholipids

GPI glycerophosphatidylinositol

pI isoelectric point
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Fig. 1.
Membrane organization and biochemical characteristics of raft sub-types in murine sperm. A
schematic diagram of murine sperm shows the high degree of cell polarization and
compartmentalization of the plasma membrane (A). The plasma membrane overlying the
acrosome (APM) is highly enriched in GM1, detected by FITC-CTB (B). Sterols and caveolin-1
are also segregated into the same area (C and D, [12,14]). Biochemical analysis of membrane
raft fractions demonstrated the presence of 3 different raft sub-types (fx 1-4, 5 and 6, and 7)
characterized by reproducibly distinct lipid and protein compositions [summarized in panel E;
“+” signs denote relative molar ratios (sterols or GM1 versus phospholipid) or mass ratios (total
protein:total lipid) in the sub-types [9]].
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Fig. 2.
Non-detergent based separation of membrane rafts and sample preparation for mass
spectrometry. Sperm membranes were isolated by dounce homogenization and sonication and
then spun down at 10,000 × g for 10 minutes. The supernatant was then centrifuged at 100,000
× g to yield a membrane pellet. This was mixed with 80% (w/v) sucrose to obtain a final sucrose
concentration of 45%. The lysate was overlaid with a 10–30% linear sucrose density gradient
and centrifuged at 100,000 × g for 28 hours. The supernatant was divided into 10 fractions
from the top. Reproducibility of the raft separation was confirmed with refractometry (B) [9].
1-D SDS-PAGE was utilized to separate proteins and the gel excised into 9 gel pieces (a–i) for
tryptic digestion followed by mass spectrometry.
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Fig. 3.
Characterization of protein profiles among raft fractions. A Venn diagram showing overlap of
identified proteins among three raft fractions (A–I), and raft versus non-raft fractions (A–II).
Similarities of protein profiles were characterized manually among raft fractions (fx 1-4, 5 and
7) and between each raft sub-type (fx 1-4, 5 and 7) and non-raft fractions (fx 9). The
distributions of isoelectric points (pI) and GRAVY
(http://www.expasy.ch/tools/protparam.html) in raft sub-types and non-rafts are portrayed by
use of a relative frequency histogram (B) and (C). The numbers of proteins categorized in the
ranges are indicated above the bars. The proportions of negatively or positively charged
proteins (pI < 7 or ≥ 7) at physiological pH were compared (B inset). Statistical analysis among
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groups was performed with chi-square test for independence or Fisher’s exact probability test
when sample sizes smaller than 5 were analyzed. The asterisks denote significant difference
for the raft sub-types when compared with fx 9 in the respective compartments (P < 0.05).
Percentages of proteins with at least one transmembrane domain (TM) and protein expression
in murine epididymides (D).
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Fig. 4.
Expression and localization of apoA1 and prom1 in murine sperm. Immunoblots of proteins
from cauda epididymal sperm confirmed that apoA1 and prom1 were expressed at the
appropriate molecular weights (A). ApoA1 was transferred to the sperm plasma membrane
during epididymal transit (B–I), consistent with the results of immunoblots for this protein (C).
However, localization of prom1 was conserved between different epididymal regions, showing
the midpiece and the cytoplasmic droplet (arrows) (B–II).
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Table 1

Summary of proteomic analysis of different types of membrane fractions1.

Fraction 1–4 5 7 9

Ion spectra 284 1765 4500 6075

Unique peptides (2 exp < 0.05) 51 57 837 1247

Identified proteins (unique pep ≥ 2) 14 12 188 247

1
Membrane fractions were prepared by a non-detergent based method as described in the Materials and Methods. After confirming the quality of the

partitioning by comparing the refractive index of each fraction with our previous sucrose density data [9], proteins for fractions 1-4, 5, 7 and 9 were
extracted by TCA precipitation and were separated by SDS-page. Each lane was cut into 9 pieces and utilized for GeLC-MS/MS analysis after “in-
gel digestion” using trypsin.

2
Mascot expectation value.
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