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Abstract

Nitric oxide (NO) enhances human sperm matility and capacitation associated with increased
protein phosphorylation. NO activates soluble guanylyl cyclase, but can also modify protein
function covalently via S-nitrosylation of cysteine. Remarkably, this mechanism remains
unexplored in sperm although they depend on post-translational protein modification to achieve
changes in function required for fertilisation. Our objective was to identify targets for S-
nitrosylation in human sperm. Spermatozoa were incubated with NO donors and S-nitrosylated
proteins were identified using the biotin switch assay and a proteomic approach using tandem
mass spectrometry. 240 S-nitrosylated proteins were detected in sperm incubated with S-
nitrosoglutathione. Minimal levels were observed in glutathione or untreated samples. Proteins
identified consistently based on multiple peptides included established targets for S-nitrosylation
in other cells e.g. tubulin,, glutathione-S-transferase and heat shock proteins but also novel targets
including A-kinase anchoring protein (AKAP) types 3 and 4, voltage-dependent anion-selective
channel protein 3 and semenogelin 1 and 2. /n situlocalisation revealed S-nitrosylated targets on
the post-acrosomal region of the head and throughout the flagellum. Potential targets for S-
nitrosylation in human sperm include physiologically significant proteins not previously reported
in other cells. Their identification will provide novel insight into the mechanism of action of NO
in spermatozoa.
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1. Introduction

The mature mammalian spermatozoon is a ‘minimalist’ cell, specialised for its sole purpose
of delivering the haploid nucleus and activating factors to the female gamete. To this end
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‘surplus’ cytoplasm, including all endoplasmic reticulum, is jettisoned during
spermiogenesis (the final stage of differentiation). The differentiated sperm thus lacks
functional apparatus for DNA transcription or protein expression. However, fully-
differentiated spermatozoa must undergo profound functional changes, both during
maturation in the epididymis and upon interaction with the female reproductive tract [1].
These events, which are vital for fertilisation to occur, depend on post-translational
modification of proteins (e.g. tyrosine phosphorylation) [2] in the mature cells.

Human spermatozoa undergo extensive redox regulated signalling [3, 4] and a plethora of
studies have documented a significant positive effect on sperm function upon the addition of
exogenous nitric oxide (NO) [5-7]. For example, NO is involved in sperm motility [8],
capacitation (a maturational process spermatozoa must undergo before they can fertilize
oocytes) [9], acrosome reaction [9], and enhancement of sperm-zona pellucida binding
ability [10]. Human spermatozoa have both endothelial and neuronal forms of nitric oxide
synthase (endothelial, eNOS and neuronal, nNOS) [8, 11-15]. However, the significance of
these enzymes in signalling in mature sperm is debatable (see discussion). Perhaps more
significantly, spermatozoa are exposed to a significant array of highly effective NO
producing cells in the human female tract (concentration from 5nM to 4uM; Marcondes et
al. [16] with which they have intimate and prolonged [hours] contact. The exact site(s) of
production of NO in the female tract and the temporal sequence of events remains to be
investigated but evidence from our laboratory suggests that cumulus cells surrounding the
oocyte produce easily detectable amounts of NO [17] (unpublished data), implying that NO
from this source greatly exceeds endogenous production by sperm.

The question is, “‘how does NO affect human sperm function?” Until recently, it was
generally accepted that NO effects were mediated principally through cGMP-related
mechanisms. Stimulation of soluble guanylyl cyclase is a well-characterised mode of action
for NO and the importance of cGMP signalling in the sperm of marine invertebrates is also
well established [18]. However, the concentration of cGMP and the activities of cGMP-
specific phosphodiesterase (type 5) and protein kinase G are low or undetectable in human
spermatozoa [12, 19]. To date, the primary role of cGMP in human sperm (as shown by use
of specific kinase inhibitors and addition of dibutyryl cGMP) is induction of the acrosome
reaction [18, 20]. Studies on capacitation have shown that NO also modifies activities of
other kinases. Application of exogenous NO is associated with an increased cCAMP levels
(leading to tyrosine phosphorylation) [21] and NO is also involved in activation of a protein
extra cellular signal regulated kinases (ERKSs) [22, 23]. However, the exact role and site of
action of NO remains speculative and the molecular mechanisms incompletely understood
[23].

An alternative, cGMP-independent and potentially crucial action of NO is the covalent
modification of proteins via S-nitrosylation - the formation of S-NO bond by cysteine thiol
nitrosylation to form a nitrosothiol [24, 25]. S-nitrosylation is a selective, temporal and
spatially regulated post-translational protein modification which regulates physiological
cellular signalling, analogous to phosphorylation and acetylation [25, 26]. Over 120
proteins, from both animal and plant cells have been shown to undergo S-nitrosylation [25,
27-30] and an increasing number of proteins are shown to be functionally regulated by S-
nitrosylation e.g. estrogen receptor [31] connexin 43 hemichannels [32], dynamin [29].
Remarkably, this mechanism of action remains unexplored in sperm even though NO is a
well know modulator of sperm function and these remarkable cells are exclusively
dependent on post-translational protein modification to effect physiological changes in
function necessary for fertilisation.
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The objective of our study was to perform a systematic assessment of potential targets for
protein S nitrosylation in human spermatozoa using the biotin switch assay. We identified
240 S-nitrosylated proteins. This global assessment allows critical insight into the role of
NO in sperm physiology, identifies potential novel mechanisms of action for S-nitrosylation
and opens up a new signalling regimen in the spermatozoon which will act as a platform for
further detailed studies.

2. Materials and Methods

2.1 Materials

2.2 Donors

Spermine NONOate was purchased from Molecular Probes (distributed by Invitrogen Ltd,
Paisley, UK), S-Nitrosoglutathione from Merck Biosciences Ltd. (Beeston, Nottingham,
UK), protease inhibitor cocktail tablets from Roche Diagnostics Ltd. (Lewes, East Sussex,
UK) and EZ-Link Biotin-N-[6-(biotinamido)hexyl]-3"-(2"-pyridyldithio)propionamide (EZ-
Link Biotin-HPDP) from Perbio Science UK Ltd, (Cramlington, Northumberland, UK).
Nitrocellulose membrane was supplied by GE Healthcare UK Ltd. (St.Giles, Bucks, UK),
IgG Fraction Monoclonal Mouse Anti-Biotin and FITC-donkey anti-rabbit 1gG conjugated
to fluorescein isothiocyanate by Jackson Immunoresearch Laboratories (Stratech Scientific,
Soham, Cambrigshire, UK) and Lumi-GLO, an enhanced chemiluminescence kit, from
Insight Biotechnology Ltd. (Wembley, Middlesex, UK). The Silver Stain Plus was
purchased from Bio-Rad Laboratories Ltd. (Hempstead, Hertfordshire, UK). Texas Red®-2-
sulfonamidoethyl methanethiosulfonate (TEXAS RED®-MTSEA) was obtained from
Toronto Research Chemicals Inc. (North York, Ontario, Canada) and the fluorescence
mounting medium from Dako Cytomation Ltd. (Ely, Cambridgeshire, UK). All other
chemicals were purchased from Sigma (Poole, Dorset, UK).

Semen samples were provided by research donors who attended the Assisted Conception
Unit, Birmingham Women's Hospital (Human Fertilisation and Embryology Authority
Centre #0119). Donors gave informed consent under COREC ethical approval (South
Birmingham REC #2003/239). All procedures were in accordance with HFEA 61 Code of
Practice. Donors had normal semen characteristics as assessed by the World Health
Organisation guidelines [33].

2.3 Sperm Preparation

Semen samples were obtained after 2-3 days of sexual abstinence. After liquefaction, 1 ml
of semen was layered over 1 ml fractions of 45 and 90% Percoll-made isotonic with M
medium (1X: 137 mM NacCl, 2.5 mM KCI, 20 mM HEPES, 10 mM glucose). Samples were
centrifuged at 2000 g for 20 min. Sperm concentration was determined using an improved
Neubauer haemocytometer and at least 400 cells were scored [34]. Percoll-washed
spermatozoa were further washed with Phosphate Buffered Saline (PBS) to remove Percoll.
Spermatozoa were then diluted and incubated in PBS.

2.4 Biotin-Switch Assay

S-nitrosylated proteins in human spermatozoa were detected using the biotin switch assay as
described previously [26] with minor modifications. Briefly intact spermatozoa (50 x 108
cells/ml) were incubated in the presence of nitric oxide donors of different classes, S-
nitroso-glutathione (GSNO), L-nitroso-cysteine (CSNO) and N-(2—aminoethyl)-N—(2—
hydroxy-nitrosohydrazino)-1, 2—ethylenediamine (spermine NONOate), control compounds
(glutathione [GSH] and exhausted CSNO) or no treatment for 1 hr at 37°C. Following
incubation, spermatozoa were centrifuged at 2000g for 5 min and supernatant removed,
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spermatozoa were then resuspended in lysis buffer (250 mM Hepes pH 7.7, 1 mM EDTA,
0.1 mM neocuproine, 1% Triton, 2.5% SDS) and protease inhibitors added to the cells.
Samples were incubated for 5 min at RT and then centrifuged at 2000g for 5 min. Protein
concentration was assessed and adjusted to less than 0.5mg/ml. Proteins were then
precipitated using 4 volumes of ice-cold acetone for 20 min at —20°C, centrifuged at 2000g
for 5min at 4°C, washed twice with 70% acetone and dried out. Precipitate was resuspended
in HEN medium (250 mM Hepes pH 7.7, 1 mM EDTA, 0.1 mM neocuproine) containing
2.5% SDS. Free thiols were blocked with a rapidly thiol-reactive agent such as methyl
methanethiosulfonate (MMTS; 20 mM) for 30 min at 50°C. After blocking, extracts were
precipitated with acetone as described above to remove MMTS and resuspended in HEN
medium containing 1% SDS. Finally, 1mM biotin-HPDP and 1mM ascorbate were added
and incubated for 1hr at 25°C to achieve biotinylation. Samples were further acetone
precipitated as described above. Pellets were resuspended in 1X SDS-PAGE loading buffer
(final concentration: 2% sodium dodecy! sulphate (SDS), 10% glycerol, 62.5 mM Tris—HCI,
pH 6.8) without reducing agents and the samples were resolved by SDS-PAGE (10%) and
transferred for immunoblotting. All steps preceding SDS-PAGE were carried out in the
dark. This experiment was repeated six times. Each time either a single or a pool of two
ejaculates was used. Different donors were used on each occasion.

2.5 Immunodetection of Proteins by Western Blotting

Proteins were separated by electrophoresis on SDS-PAGE (10%) gels and electrotransferred
onto nitrocellulose membrane. Nonspecific binding sites on membranes were blocked with
5% (w/v) dry skimmed milk in Tris-buffered saline (0.9% NaCl, 20 mM Tris—HCI, pH 7.8)
supplemented with 0.1% Tween-20 (TTBS) for the detection of biotinylated proteins. The
membranes were incubated for 1 h at room temperature with the anti-biotin antibody (1/10
000). The membranes were then extensively washed with TTBS, incubated with
corresponding secondary antibody conjugated with horseradish peroxidase for 1 h and again
extensively washed with TTBS. Positive immunoreactive bands were detected by
chemiluminescence using Lumi-GLO, according to the manufacturer's instructions. Silver
staining of the proteins transferred on the nitrocellulose membrane was performed after the
detection to confirm equal protein loading for all samples [35].

2.6 In Situ S-Nitrosoprotein Detection

Localisation of S-nitrosoproteins /n situwas done using a method adapted from Yang and
Loscalzo [36]. This method depends on blocking thiols with a thiol-reactive agent such as
MMTS, followed by reducing the S-nitrosothiols with ascorbate, after which the thiols
generated by ascorbate reduction are labelled with a fluorescent derivative of
methanethiosulfonate (MTSEA). Briefly, spermatozoa were incubated with or without GSH
or GSNO for 1 hr at 37°C. Cells were then fixed on slides using 4% formaldehyde at room
temperature for 6 min and slides were washed 3 times with HEN containing 0.1% Triton
X-100 for 5 min to permeabilise the cells. Thiol groups were then blocked with 20mM
MMTS in HEN at 50°C for 30 min. The cells were then washed four times with HEN, after
which they were incubated with 1 mM ascorbate and 0.4 .M MTSEA-Texas red in HEN at
room temperature for 1 h. Excess dye was removed by washing the cells repeatedly with
HEN. Stained cells were then treated with Prolonged Antifade Mounting Medium. All
images were taken using an imaging system running Openlab (v. 3.1.7, Improvision Ltd,
Coventry UK) with a Hammamatsu Orca Camera attached to a Nikon TE2000 microscope.
Fluorescence and Hoffman Modulation Contrast images were take with LWD40X/0.55 MC3
HMC and fluorescence with 100X/1.30 oil Plan Fluor DIC H lens.
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2.7 Purification of S-Nitrosylated Proteins

Biotin-labelled proteins were purified according to Foster and Stamler [26] with
modifications. Briefly, after biotinylation, proteins were submitted to two round of acetone
precipitation and pellets were resuspended in 1/10 diluted HEN/10 media (10X dilution of
HEN) containing 1% SDS per mg of proteins. Three volumes of neutralisation buffer (20
mM Hepes pH 7.7, 100 mM NaCl, 1mM EDTA and 0.5% Triton X-100) were added. The
mixture was incubated overnight at 4°C with 50p.l of streptavidin agarose (50% slurry) per
mg of initial proteins. Beads were previously washed twice with Neutralisation buffer and
centrifuged at 200g for 10 sec. Once the incubation terminated, the beads were washed 10
times with 5001 of Wash buffer (neutralisation buffer containing 600mM NaCl). Proteins
were eluted with 1X SDS sample buffer containing 90 mM of DTT. Samples were boiled for
5 min at 100°C and centrifuged at 14 000 g for 5 min. The eluate was collected and proteins
were separated by SDS-PAGE (10%) and visualised by silver staining kit as described in the
manufacturer's instructions. Major protein bands (between 10 and 31 bands) were excised
and proteomic analyses were performed as described below. The data represents 5
independent experiments, for each of these experiments 4-6 ejaculates (from different
donors) were pooled.

2.8 Mass Spectrometry/In-Gel Protein Digestion

Bands from stained 1D SDS gels were cut out and treated with trypsin as previously
described [37]. Tryptic peptides obtained from individual bands were subjected to tandem
mass spectrometry (MS/MS) on a nanoESI Q-Tof mass spectrometer following separation of
peptides using capillary liquid chromatography with a 15 cm C18 PepMap column as
previously described [37, 38]. Following MS/MS the raw data were processed using
MassLynx 3.5 (Micromass). The resulting tryptic peptide de novo sequences data were then
compared with the MSDB non-identical protein sequence and SwissProt curated protein
databases using MASCOT software (Matrix Science Ltd, London, UK). Following matching
of a peptide to a protein, the quality of the raw MS/MS data was validated (this required the
presence of good quality y-ion data). Finally, each of the peptides was used to BLAST
search to confirm that the protein identified by MASCOT was the only relevant match in the
non-redundant protein database for a particular peptide sequence [39].

2.9 Protein distribution and function

The Gene Ontology database (www.geneontology.org/) was searched for each of the
proteins identified as being S-nitrosylated in human sperm as listed in Table 1. For each
protein the cellular compartment and function was noted. Gene Ontology entries were not
available (March 2007) for all the proteins we identified and these have been reported as
‘No data’.

We interrogated available literature for previous reports of S-nitrosylation for each protein
we identified and we believe these to be correct at the time of writing (March 2007).

3. Results and Discussion

3.1 Detection of S-Nitrosylated Proteins in Human Spermatozoa

To detect S-nitrosylated proteins, we used the biotin-switch assay developed by Jaffrey et al.
[40] which is a sensitive and selective methods that is based on the labelling of S-
nitrosylated cysteine on targeted proteins with a biotin moiety. This assay is based on the
ability of ascorbate selectively to reduce S-nitrosothiols without reducing disulfide bonds.
The method involves three sequential steps: blockage of the cellular free thiols by incubation
with a thiol-specific methylthiolating agent (MMTS), specific reduction of S-nitrosothiols to
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thiols by ascorbate, and labelling of the nascent thiol with biotin. Detection of biotinylated
proteins was performed by immunoblotting with an anti-biotin antibody [40].

After sperm were incubated with GSNO (Figure 1) or with other NO donors such as S-
nitrosocysteine [CSNO] or spermine NONOate (data not shown), over 30 protein bands
comprising a wide range of molecular weights were detected with the biotin switch assay
(Figure 1). By contrast, in untreated samples or samples treated with GSH, only a few weak
protein bands could be seen, confirming that the detected bands observed in the GSNO-
treated samples can be attributed to NO (Figure 1). The very low levels of staining in control
preparations (no treatment, GSH or exhausted CSNO) confirm that the vast majority of
thiols were successfully blocked by MMTS and were unable to react with biotin-HPDP.
Moreover, analyses of GSNO-treated extracts that underwent the biotin switch method
without a blocking step (no MMTS) resulted in high levels of non-specific unspecific
biotinylation (Figure 1A). The low levels of S-nitrosylated proteins observed in untreated,
GSH and exhausted CSNO-treated cells may represent endogenous S-nitrosylated proteins.

No reactivity was detected in GSNO-treated spermatozoa in which biotin-HPDP was
omitted (Figure 1A). Furthermore, no protein bands could be detected in GSNO-treated
samples that underwent the biotin switch procedure followed by DTT treatment (Figure 1A).
This data demonstrate that the anti-biotin antibody shows no non-specific cross reaction
with unlabeled proteins and that no /n vivo biotinylated proteins were detected in this study.

When the ascorbate reduction step was omitted, GSNO-treated cells showed very low but
detectable levels of biotinylation, similar to those observed in untreated or GSH-treated
samples. In this assay, ascorbate is used selectively to reduce nitrosothiols in order that they
can be labelled by biotin. However, this may also occur spontaneously during the
biotinylation step, an effect observed in another study [26] which may explain the low levels
of S-nitrosylation detected in the absence of ascorbate reduction.

Finally, the specificity of the assay for S-nitrosylation was verified by treating spermatozoa
with oxidised GSH (GSSG) as it has been suggested that the biotin switch assay may also
detect protein S-glutathionylation [41]. Only faint bands were detected with GSSG-
dependent labelling (Figure 1B) similar to the ones observed in control samples. Taken
together, these results confirm the specificity of the biotin switch method for detection of S-
nitrosylated proteins in human spermatozoa.

The above experiments were carried out on spermatozoa exposed to non-capacitating
conditions. We performed several experiments where the same procedures (detection and
identification of S-nitrosylated proteins, localisation of S-nitrosylated proteins) were carried
out on spermatozoa incubated under capacitating conditions but could not detect any
consistent differences compared to spermatozoa incubated under non-capacitating
conditions (data not shown). Thus, the results presented herein are from spermatozoa
incubated under non-capacitating conditions.

3.2 Localisation S-Nitrosoproteins in Human Spermatozoa

Spermatozoa treated with GSNO or CSNO (=25 M) and labelled with MTSEA-Texas red
showed bright fluorescence over the head, mid and principal piece of the tail but with the
greatest intensities over the post-acosomal region of the sperm head (Figure 2 and 3). The
pattern was similar in sperm treated with spermine NONOate (Figure 3) or with lower
concentrations of GSNO or CSNO (data not shown) but staining in the post acrosomal
region was less intense. By contrast, control slides (untreated or GSH-treated spermatozoa)
showed faint fluorescence on the entire length of the sperm (head and tail; Figure 2 and 3).
Fluorescence was reduced to control levels by the omission of ascorbate (data not shown)
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confirming the specificity of this assay. In spermatozoa treated without MMTS to block
thiol groups there was strong fluorescence throughout the entire cell (data not shown). To
determine if the weak staining observed in control cells was due to endogenous S-
nitrosylation we treated samples with the NOS-inhibitor, MG)-nitro-L-arginine methyl ester
hydrochloride (L-NAME) or with DTT. This failed to decrease the level of fluoresence
suggesting that the fluorescence observed in controls was due to non-specific labelling (data
not shown).

The general distribution of labelling is to be expected in view of the large number of S-
nitrosylation targets identified (see Table 1; Supplementary Table S1). The more intense
labelling produced by GSNO (Figure 2 and 3) and CSNO (data not shown) was probably
because these agents can induce protein S-nitrosylation by transnitrosylation as well as by
acting as NO donors. The former mechanism is likely to predominate since
transnitrosylation reactions are faster than NO release [42]. By contrast, spermine NONOate
acts as a pure NO donor and NO probably has to be oxidised to N,O3, a relatively slow
reaction except at high NO concentrations [43] before it can react with thiols to produce S-
nitrosothiols.

3.3 Proteomic Identification of S-Nitrosylated Protein from GSNO-Treated Human
Spermatozoa

Following treatment of sperm by NO donors and the biotin switch assay, biotinylated
proteins were affinity purified using streptavidin-agarose and proteins selectively eluted
with DTT, which cleaved the disulphide bonds formed by biotin-HPDP. Proteins were then
separated by SDS-PAGE, visualised by silver staining and the protein bands of interest
excised from the gel, digested with trypsin, and analysed by MALDI-TOF mass
spectrometry (Figure 4; Table 1; Supplementary Table S1).

In this study we have identified 240 proteins present in sperm from normozoospermic men
which, in the presence of nitric oxide donors, undergo S-nitrosylation at cysteine residues.
These proteins are listed in Table 1 and Supplementary Table S1. Comparison with the only
publicly available human sperm proteome found only 30 (12%) in common [44]. An earlier
study estimated that the human sperm proteome comprises at least 1760 proteins [45]
indicating that the capacity of proteins to become S-nitrosylated upon exposure to NO is not
ubiquitous; an essential characteristic of a modification if it is to have specific downstream
effects. Analysis of both the cellular localisation and the cellular function of the identified
proteins were performed. In both cases the largest group identified was that for which there
was no information available in the Gene Ontology (GO) database; 23% and 22% of
proteins, respectively. This is in keeping with the findings of the Johnson ef a/., [45] and
also with a recent microarray analysis of gene expression in the testis of a set of infertile
men where, together “spermatogenesis” and “unknown” were the most significant GO
categories enriched in germ cell genes [46].

The cellular distribution of the 240 identified proteins is shown in Figure 5A. Discounting
those proteins with no associated gene ontology, the most commonly identified location was
the cytoplasm (21%). This was somewhat surprising given that mature spermatozoa shed the
majority of their cytoplasm in a residual body during spermiation. This most likely is a
reflection of the morphological differences between sperm and somatic cells. Sperm are
highly specialised cells which contain a number of unique, specialised organelles and it is
likely that the cellular location of many proteins differs between sperm and other cell types.
For example, in sperm many of the glycolytic enzymes are found in the flagellum compared
to the cytoplasm in somatic cells [47]. It should also be noted that there is only a small
amount of sperm-specific data in collections such as the Gene Ontology database. The next
most populated compartments were cytoskeleton (13%), membrane (10%), mitochondria
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(10%) and nucleus (8%). We saw an enrichment of membranous and nuclear proteins and a
decrease in the proportion of mitochondrial proteins compared with the study of Martinez-
Heredia et al. [44].

The functional analysis of the proteins identified is shown in Figure 5B. Metabolic proteins
and protein associated with energy generation and cell movement were found to be abundant
(22% when combined) suggesting a role for S-nitrosylation in sperm motility. Another
abundant group of proteins were those involved in signal transduction (9%), fitting with a
role for S-nitrosylation in the modulation of sperm function. Surprisingly, given that sperm
are generally assumed to be transcriptionally inactive, 4% of the proteins that we identified
as being S-nitrosylated were associated with transcription. The presence of proteins involved
in transcription and protein synthesis has been previously observed in sperm proteomic
studies [44, 48] and is further discussed in Lefiévre et al. [49]. We were interested to note
that when we compared the human sperm S-nitrosoproteome with proteins identified during
a proteomic analysis of sperm-egg interaction we found only 3 proteins in common
suggesting that S-nitrosylation is not a regulatory mechanism employed during fertilisation
[50].

We next interrogated the available literature to assess the proportion of the proteins that we
identified which had previously been shown to be S-nitrosylated in other cells. Out of the
240 proteins we identified only 52 (22%) had been documented to undergo S-nitrosylation
in other cell types. The remaining proteins have not yet been reported to be S-nitrosylated
and as such represent a considerable addition to the number of identified target proteins
modified by NO.

3.4 Biological significance

In this study we have demonstrated that a large number of human sperm proteins are
potential targets for S-nitrosylation. Whilst it is important as a first step to determine the S-
nitrosoproteome of a cell, three key questions must be addressed: 1) Are spermatozoa
exposed to sufficient levels of NO /n vivo? 2) How does S-nitrosylation affect bioactivity of
sperm proteins? 3) What is the biological significance of sperm protein S-nitrosylation for
fertilisation?

3.4.1 Are spermatozoa exposed to significant levels of NO in vivo?—It is known
that sperm can synthesise NO, but the evidence that synthesis is sufficient to be
physiologically significant is equivocal [6, 7]. Measured NO production in human sperm
suspensions is decreased when in the presence of NOS inhibitors [11, 51] at doses that are
reported to reduce sperm motility [8], serine-threonine and tyrosine phosphorylation [9, 52],
acrosome reaction [9, 11] and sperm-oocyte fusion [53]. In contrast, it is well known that a
number of cell types in the mammalian female reproductive tract, including oviductal cells,
generate significant levels of NO [5] and our own studies using the fluorescent sensor DAF-
FM diacetate (4-amino-5-methylamino-2”,7’ -difluorofluorescein diacetate) have shown that
NO is present in human cumulus at far higher concentrations than in sperm suspensions
(unpublished data). Immunolocalisation of eNOS and nNOS in cumulus cells suggest that
the NO detected are produced by these cells and not from oocytes. Nitrosylation of sperm
proteins in vivois thus more likely to occur in response to NO generated by cells of the
female tract than by autocrine effects of sperm NO generation. Recent studies that showed
that one-by-one deletion of the three types of NOS (eNOS, nNOS, inducible, iNOS) in KO
mice had no discernible effect on male or female fertility, save some positive effects of
iNOS deletion [54], do not exclude an important role for NO in fertilisation because of
possible compensation by other sources of NO and the high degree of redundancy in the
regulatory cascades that control capacitation/fertilisation.
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3.4.2 How does S-nitrosylation affect bioactivity of sperm proteins?—To
understand fully the significance of our observations it will be necessary to investigate, for
each S-nitrosylated protein, whether S-nitrosylation alters protein bioactivity, to what
degree, its reversibility and which cysteine (s) are involved. For spermatozoa, this is likely
to involve in vitro transfection of somatic cells with specific proteins e.g. AKAPs in order to
obtain a detailed understanding. However, a number of proteins merit discussion because of
their known significance in sperm biology.

A-Kinase anchoring proteins (AKAPs): AKAPs have never before been shown to be S-
nitrosylated. AKAP3 (075969, Table 1) and AKAP4 (Q5JQCY9, Table 1) are believed to
localise signalling complexes in the spermatozoa but, compared to their functional
significance in other cell types relatively little is know [55, 56]. AKAP4 is a major protein
present in the fibrous sheath of the sperm tail which binds both PRKAR1 (R1a) and
PRKAR2A (R11a) regulatory subunit of PKA and is one of the key proteins phosphorylated
during the process of capacitation [2, 57]. AKAP3 is also present in the fibrous sheath. In
bovine sperm AKAP3 binds to PDE4A isoforms, potentially controlling PKA activity [58],
and is tyrosine phosphorylated during capacitation in humans. AKAP complexes in the
sperm tail modulate the motility of the cells. For example, specific inhibitors of PDE's
(RS23544 —PDEA4AS inhibitor; Fisch et al. [59] noticeably increase the motility of the cell
and protein kinase A-anchoring inhibitor peptides arrest sperm motility [60].

Our identification of three sperm AKAP proteins as being capable of undergoing S-
nitrosylation is further supported by the presence of a consensus S-nitrosylation motif in
their primary protein sequences. The acid-Cys-base motif was reported by Stamler et a/. as
being present, initially in haemoglobin [61], and subsequently in a number of other proteins
known to undergo S-nitrosylation /n vivo [62]. The redox environment need not necessarily
to be created by acidic and basic residues adjacent to the target cysteine residue in the
primary sequence and may instead be placed in close proximity in the tertiary structures
[63]. In a number of proteins the presence of a Cys-(Asp,Glu) motif appears to be sufficient
[62]. A role for further polar amino acid residues in the vicinity of the modified cysteine has
also been proposed [61]. In the context of the well documented effects of NO on sperm
motility, S-nitrosylation of AKAP's presents a novel form of modulation which should be
the focus of further studies.

Heat shock proteins (HSPs): In this study we showed that a number of heat shock proteins,
belonging to the major 90kDa, 70kDa and 60kDa families, were S-nitrosylated. A number of
these have recently been reported to play a very significant role in sperm capacitation and
determination of fertilising ability. For example; heat shock protein 1 (chaperonin; heat
shock protein 60kDa family) (homologue of human 60 kDa heat shock protein; P10809,
Table 1) and endoplasmin (ERP99; heat shock protein 90kDa family) (homologue of human
endoplasmin; P10809, Table 1) are tyrosine phosphorylated during capacitation in mouse
sperm [64] where it is suggested that these proteins form part of a zona receptor complex
during capacitation allowing the successful binding of the sperm to the egg [65]. Heat shock
70 kDa protein 8 (P11142, Table 1) and heat shock protein 90a (P7900, Table 1) are
tyrosine phosphorylated during capacitation in human spermatozoa [2] but whether they
function in a zona receptor complex is as yet unknown. The bovine homologue of heat
shock protein 1 (HSP60) was found to become associated with the sperm surface during
transit through the oviduct and is suggested to have a role in sperm capacitation [66]. HspA2
(also known as heat shock-related 70 kDa protein 2) (P54652, Table 1) has been shown to be
a marker of sperm maturity [67] with lower levels of HspA2 gene expression in
oligoteratoasthenozoospermic men [68]. We have found S-nitrosylation to be a common
modification of heat shock proteins in human spermatozoa. This has also been showed in
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other cell types (see Table 1) suggesting that S-nitrosylation may be a universal mechanism
for the modification of heat shock protein function.

Ryanodine receptors (RyRs): RyRs are intracellular Ca* channels that play a central role
in [Ca2*]; signalling, particularly signal amplification by Ca?*-induced Ca?* release. These
proteins contain a large number of sulfhydryls and are thus subject to S-nitrosylation [69,
70]. NO or NO-related proteins modulate activity of RyR1 and RyR2 [71-74], critical SH
residues in RyR1 having been identified [73, 75] and NO donors rapidly mobilise Ca2* from
skeletal muscle and cardiac microsomes, an effect that can be reversed by thiol reducing
agents [76]. In the present study we have identified RyR2 by MS/MS as being S-nitrosylated
by NO treatment of human spermatozoa (Q92736, Table 1). The literature on expression of
RyRs in the male gamete is inconsistent. Both the presence and (when detected) type of
RyRs in mouse germ cells is controversial [77-79]. No RyR expression was detected with
antibodies or with a fluorescent analogue of ryanodine (BODIPY-FL-X-ryanodine) in bull
sperm [80]. However, BODIPY-FL-X-ryanodine stains live human sperm, primarily in the
area of the sperm neck and mid-piece section of the flagellum [81]. Immunolocalisation
using polyclonal antibodies specific for RyR1 and RyR2 confirm the presence of both
receptors in the neck and mid-piece region of the human spermatozoa (unpublished data).
Cyclic mobilisation of stored Ca2* in this region, which regulates flagellar activity, is
sensitive to caffeine and ryanodine [81]. Our findings confirm the presence of RyRs in
human sperm but the low incidence of detection (Table 1, Supplementary Table S1)
suggests that they may be present in low abundance (which may partly explain the difficulty
in their detection and characterisation). This is consistent with their restricted cellular
localisation [81] and might be expected for expression of a high conductance ion channel in
a cell with a very small cytoplasmic volume. Significantly, the ryanodine-sensitive Ca2*-
store in human sperm is mobilised upon exposure to NO [82] (Machado-Oliveira and
Publicover, personal communication).

Glycolytic enzymes: It is interesting that a number of glycolytic enzymes are targets for S-
nitrosylation (see Table 1). Human sperm require glucose (or some other glycolysable sugar)
for optimum motility although unlike mouse sperm they do not require it for capacitation
[83]. The sperm-specific isoform of glyceraldehyde 3-phosphate dehydrogenase (GAPDHs;
014556, Table 1) is of particular interest. This enzyme is bound to the fibrous sheath of the
flagellum [84] and is required for sperm matility in the mouse [85]. GAPDHs has a very
similar primary sequence to the somatic isoenzymes with the addition of a proline rich N-
terminal extension [86]. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; P04406,
Table 1) is rich in sulphydryl groups and is a known target for S-nitrosylation. S nitrosylated
GAPDH has decreased enzymatic activity and as part of the cellular response to NO stress,
it associates with Siah (an E3 ubiquitin lyase) and the complex is transported to the nucleus
where it promotes apoptosis [87]. Since GAPDHs is anchored to the fibrous sheath it will be
unable to act in this way but nitrosylation could affect its interaction with other fibrous
sheath proteins. Another interesting enzyme is sperm specific lactate dehydrogenase (LDH-
C4; P07864, Table 1). Alone among lactate dehydrogenase isoforms it is expressed in the
mitochondrion as well as the cytoplasm offering the sperm a unique lactate-pyruvate redox
shuttle [88].

3.4.3 What is the biological significance of sperm protein S-nitrosylation for
fertilisation?—We need to understand the physiological importance of S-nitrosylation
modification in regulating the competence of sperm to fertilise. Although poorly understood,
the movement of sperm through the female reproductive tract is known to be a finely
controlled, complex and dynamic process [1, 89]. During most of this journey, the female
reproductive tract ‘holds back’ the sperm from being ready to fertilise, yet, as the sperm
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approach the egg they have to become fully competent to fertilise, which includes increasing
the ‘power’ of the cell so that it can penetrate the cumulus and the zona pellucida [90]. The
cumulus is a logical source of external signals to activate sperm prior to fertilisation /n vivo
and is a likely source of NO which would have a maximal effect on the sperm. It is our
hypothesis that sperm will experience a modest tonic NO stimulus from endogenous
generation (and possible sources in the female tract) but encounter a steeply increasing
concentration of NO on entering the cumulus [17, 82]. Further experiments are warranted to
test this concept.

4. Concluding Remarks

Despite the well known effects of NO on human spermatozoa, the identification of S-
nitrosylated proteins until now remained unexplored. In this study, using a series of NO
donors combined with the biotin switch assay we report the identification of S-nitrosylated
proteins in human spermatozoa. This global assessment allows critical insight into the role
of NO in sperm physiology identifies potential novel mechanisms of action of S-
nitrosylation and opens up a new signalling regimen in the spermatozoon which will act as a
platform for further detailed studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AKAP A-kinase anchor proteins

Biotin-HPDP N-[6-(biotinamido)hexyl]-3"-(2”-pyridyldithio)propionamide

CSNO L-nitroso-cysteine

DAF-FM diacetate 4-amino-5-methylamino-2",7’ -difluorofluorescein diacetate

ERKSs Protein extracellular signal regulated kinases

eNOS endothelial nitric oxide synthase

GAPDH glyceraldehyde 3-phosphate dehydrogenase

GAPDHs sperm isoform specific glyceraldehyde 3-phosphate
dehydrogenase

GSH Glutathione

GSNO S-nitroso-glutathione

GSSG oxidised glutathione

HSPs Heat shock proteins

iNOS inducible nitric oxide synthase

LDH-C4 sperm specific lactate dehydrogenase
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L-NAME N(G)-Nitro-L-arginine methyl ester

MMTS Methanethiosulfonate

nNOS neuronal nitric oxide synthase

NO Nitric oxide

NOS nitric oxide synthase

TEXAS RED®- Texas Red®-2-sulfonamidoethyl methanethiosulfonate
MTSEA

TTBS Tris-buffered saline supplemented with 0.1% Tween-20
PKA protein kinase A

PDE phosphodiesterase

RyR ryanodine receptor

Spermine NONOate

N-(2-aminoethyl)-N-(2-hydroxy-nitrosohydrazino)-1,2-
ethylenediamine
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Figure 1. Detection of S-nitrosylated proteins in human spermatozoa with biotin switch assay
Intact human sperm were treated with GSNO, GSH, CSNO, exhausted CSNO or oxidised
GSH (GSSG) or incubated with no treatment (no treatment) for 1hr at 37°C prior biotin
switch assay as described in Materials and Methods. A series of controls were performed to
assess the specificity of the biotin switch assay. A) Firstly where indicated, the assay was
tested in the absence of biotin-HPDP to show if any endogenously biotinylated proteins
could be detected. Secondly where indicated, labelling with biotin-HPDP was performed
with or without ascorbate, MMTS or in presence of DTT. B) GSSG was used to assess that
the assay was specific for S-nitrosylation and not S-glutathionylation. Proteins were
separated by SDS-PAGE (10%) and transferred onto nitrocellulose membrane. Detection of
biotinylated proteins was achieved using anti-biotin antibody. The relative masses of protein
standards are shown on the left. Results of 1 experiment presented are representative of 6
others performed with different sperm donors.
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GSH No Treatment

GSNO

Figure 2. In situ detection of S-nitrosylated targets in human spermatozoa

Spermatozoa were incubated without (no treatment; top) or with GSH (middle) or GSNO
(bottom) for 1 hr prior S-nitrosylated proteins labelling with Texas-red fluorescence-
MTSEA as described in Materials and Methods. Left and middle columns represent phase
and fluorescence images, respectively, using the 40X objective. On the right column, a more
detailed localisation of sperm S-nitrosylation labelling is shown using 100X objective.
Results of 1 experiment presented are representative of 6 others performed with different
sperm donors.
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Spermine
GSNO NONOate GSH

Figure 3. In situ detection of S-nitrosylated targets using different nitric oxide donors
Spermatozoa were incubated with GSH (top), spermine NONOate (middle) or GSNO
(bottom) for 1 hr prior S-nitrosylated proteins labelling with Texas-red fluorescence-
MTSEA as described in Materials and Methods. Fluorescence images were obtained using
using 100X objective. Results of 1 experiment presented are representative of 3 others
performed with different sperm donors.
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250__ Heat shock protein HSP 90-alpha, -beta
148— Lactotransferrin alpha
Heat shock-related 70 kDa protein 2; 6-phosphofructokinase 1
98 Serum albumin precursor
Acrosin-binding protein; Pyruvate kinase isomerase
a-, B-tubulin
64— ATP synthase subunit alpha; Glyceraldehyde-3-phosphate dehydrogenase
50 Calcium-binding tyrosine phosphorylation-regulated protein
- Citrate synthase; Phosphoglycerate kinase; a-, -actin
Glutamine synthase
Serine/threonine-protein phosphatase PP1-gamma catalytic subunit;
36 Acrosin precursor; Acetyl-CoA acetyltransferase
Zona pellucida binding protein 1
Lactate dehydrogenase C; Malate dehydrogenase
Voltage-dependent anion selective channel protein 2, 3
22

Glutathione S-transferase Mu 2, 3
Proteasome subunit alpha type 2, 3, 5, 6, 7

Ras-related protein Rab-2A, -14

Figure 4. Isolation and identification of S-nitrosoproteins in human spermatozoa

Page 20

Biotinylated sperm proteins obtained from the biotin switch assay were purified by affinity
chromatography using streptavidin-agarose and eluted with sample buffer containing DTT
as described in Materials and Methods. Proteins were separated by SDS-PAGE (10%) and
visualized by silver staining. The relative masses of protein standards are shown on the left.
Individual bands were trypsinised and submitted to MS/MS for protein identification. More

than 1 protein was found for each bands (see Table 1). Results of 1 experiment are

representative of 5 others performed with different pools of sperm donors. Proteins shown
on the right side of the gel are a sample of known sperm proteins that are shown in Table 1.
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Figure 5. Ontology of the proteins identified as being S-nitrosylated in human spermatozoa
A) Distribution of the proteins in the different compartments of the spermatozoon. B)
Biological function of the proteins.
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