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Abstract: Nematode spermatozoa are highly specialized cells that lack flagella and, instead, extend a pseudopod to
initiate motility. Crawling spermatozoa display classic features of amoeboid motility (e.g. protrusion of a pseudopod
that attaches to the substrate and the assembly and disassembly of cytoskeletal filaments involved in cell traction
and locomotion), however, cytoskeletal dynamics in these cells are powered exclusively by Major Sperm Protein
(MSP) rather than actin and no other molecular motors have been identified. Thus, MSP-based motility is regarded as
a simple locomotion machinery suitable for the study of plasma membrane protrusion and cell motility in general.
This recent focus on MSP dynamics has increased the necessity of a standardized methodology to obtain C. elegans
sperm extract that can be used in biochemical assays and proteomic analysis for comparative studies. In the present
work we have modified a method to reproducibly obtain relative high amounts of proteins from C. elegans sperm
extract. We show that these extracts share some of the properties observed in sperm extracts from the parasitic
nematode Ascaris including Major Sperm Protein (MSP) precipitation and MSP fiber elongation. Using this method
coupled to immunoblot detection, Mass Spectrometry identification, in silico prediction of functional domains and
biochemical assays, our results indicate the presence of phosphorylation sites in MSP of Caenorhabditis elegans

spermatozoa.
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Introduction

Nematode spermatozoa are highly specialized
cells that lack a flagellum and must extend a
pseudopod in order to become motile and fertil-
ize an egg. In nematodes, the Major Sperm Pro-
tein (MSP), rather than actin as in typical amoe-
boid cells, is responsible for sperm locomotion
[1]. The MSP-based motility system is analogous
to actin-based motility in terms of filament for-
mation and the generation of a protrusive force
at the leading edge of the pseudopod, although
this process is based on a set of very different
molecules [2]. MSP is an immunoglobulin (Ig)-
like 15 kDa protein that constitutes approxi-
mately 15% of the total sperm protein in nema-
todes and is synthesized prior to the differentia-
tion of primary spermatocytes [3]. In fully differ-
entiated spermatozoa, MSP forms filaments
exclusively involved in locomotion by polymeriz-
ing dimers into helical subfilaments [4]; these
subfilaments intertwine to form helical fila-

ments that ultimately assemble into fibers [5].
Polymerization of MSP into filaments and fibers
produces a protrusive force along the leading
edge of the pseudopod, while depolymerization
at the base of the pseudopod promotes retrac-
tion of the cell body. These two forces, coupled
with pseudopod attachment to the substrate,
confer movement to the sperm cell [6]. In addi-
tion to its role in conferring sperm motility
through pseudopod extension, MSP has also
been shown to serve as a signal for oocyte
maturation and gonad sheath contraction re-
quired for ovulation [7]. Thus, MSP is a multi-
functional protein that must nucleate filaments
in the vicinity of the plasma membrane, elon-
gate MSP fibers along the pseudopod to confer
cellular motility and signal for oocyte matura-
tion. This multifunctional identity of MSP could
be explained by the the presence of ~ 50 msp
genes and pseudogenes in the genome of C.
elegans [8], from which 28 MSP protein se-
quences have been annotated in GeneBank
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and at least three MSP protein isoforms have
been detected by isoelectric focusing in C. ele-
gans sperm [9]. However, posttranslational
modifications that would explain MSP multifunc-
tionality have not been identified.

MSP’s dual role as both a signaling and a cy-
toskeletal protein involved in locomotion have
attracted a great deal of attention since pro-
teins carrying the MSP Domain have been found
in taxonomically diverse eukaryotic kingdoms,
including protists, fungi, plants, and animals
[10]. MSP Domain Proteins (MDPs) contain the
MSP Ig-like domain that mediates protein-
protein interactions and can be recognized in
two categories: cytoskeletal MSPs and VAPs
(VAMP-associated proteins, which are integral
membrane proteins involved in linking mem-
brane with cytosolic protein complexes) [11].
Among animals, MDPs have been identified in ~
20 species of nematodes (including C. elegans),
the flatworm Schistosoma japonicum, the mol-
lusk Aplysia californica, the model organisms
Drosophila melanogaster, Xenopus laevis,
Danio rerio, Mus musculus, and a wide variety
of vertebrates including humans.

In nematode sperm, previous studies have sug-
gested a role of MSP in the regulation of cy-
toskeletal protrusions at the plasma membrane
necessary for signals that lead to both oocyte
maturation in C. elegans and pseudopod protru-
sion in Ascaris. In the case of C. elegans, MSP
assembly is thought to generate the protrusive
force that leads to vesicle budding since MSP is
concentrated at the sites of bud formation [12].
In the case of the parasitic nematode Ascaris
suum, previous studies have shown that MDPs
play a crucial role in the regulation of MSP fila-
ment dynamics [13] and that phosphorylation
and dephosphorylation events of cytoskeletal
accessory proteins are necessary for the assem-
bly of the MSP cytoskeleton at the leading edge
of the pseudopod [14]. Furthermore, the role for
an activated MSP isoform (MSP*) in Ascaris
that would polymerize rapidly under physiologi-
cal conditions in the vicinity of the plasma mem-
brane has been previously hypothesized [15].
However, to date, no direct phosphorylation
events that would explain the multifunctionality
of MSP have been reported either in Ascaris or
Caenorhabditis sperm. Here we have modified
previously published methods [3, 16] to repro-
ducibly obtain relative high amounts of proteins
from C. elegans sperm extracts. Using this
method of sperm isolation (coupled to bio-
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chemical assays) we show that the C. elegans
sperm extract share some of the properties ob-
served in sperm extract of Ascaris such as MSP
precipitation and fiber elongation. Furthermore,
the use of immunoblot detection, Mass Spec-
trometry identification, and in silico prediction of
functional domains indicates the presence of
potential phosphorylation sites in MSP of C. ele-
gans spermatozoa.

Materials and methods
Genetics and strains

The strain CB1489: him-8(e1489) IV, was main-
tained at 20°C on NGM plates seeded with Es-
cherichia coli OP50 as described by [17]. Klass
and Hirsh (1981) suggested to use this strain
for male separation and sperm isolation since it
produces ~ 40% male progeny compared to
~0.1% males produced by wild type [18] and
their sperm are cytologically indistinguishable
from wild-type sperm [19]. This strain was pro-
vided by the Caenorhabditis Genetics Center,
which is funded by the NIH National Center for
Research Resources (NCRR).

Worm synchronization and male separation

Culture synchronization and male separation
were performed as described by [16] with some
modifications. Briefly, worms were allowed to
grow to saturation on plates for three days and
the cultures were synchronized using the alka-
line hypochlorite method (35 ml of a bleach/
NaOH mixture). Embryos were allowed to hatch
for 24 hours in M9 buffer (22mM KH2PO4,
22mM Na2HPO4, 85mM NaCl, 1mM MgSO0a)
supplemented with cholesterol and spotted on
seeded NGM plates allowing the worms to grow
for three days at 20°C. Nitex filters (Tetko) were
used for worm and spermatid separation. Plates
with adult worms were washed using M9 buffer
and filtered using a 35-um Nitex filter. The fil-
trate containing males and hermaphroditic juve-
niles was transferred onto a 25-um Nitex filter
and washed using M9 buffer to eliminate juve-
nile worms. A worm population of ~ 95 % males
was collected from the top of the 25-um filter
and poured over a 30 % Hypaque solution
(Hypaque™ 76; Diatrizoate Meglumine and dia-
trizoate sodium from Amersham Health) to re-
move bacteria and debris. Male worms were
centrifuged at 1000g for 10 min and recovered
from the interface between the Hypaque solu-
tion and the M9 buffer.
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Large-scale sperm isolation method

C. elegans sperm were isolated using previously
described methods [3, 16] with some modifica-
tions. Male worms were collected and washed
in Modified Sperm Medium (MSM) to prevent
activation of spermatids. MSM contained 50
mM HEPES, 70 mM Choline Chloride, 5 mM
CaClz, 5mM Dextrose, Polyvinylpyrrolidone (PVP)
10 mg/ml, pH adjusted to 6.5 and supple-
mented with 10 pl/ml of protease inhibitor
cocktail (Sigma), 10 mM Na-Fluoride and 1 mM
Na-orthovanadate to prevent protein lysis and
phosphatase activity. Worms were centrifuged
at 6000 rpm using a benchtop centrifuge. The
pellet of packed males was transferred to the
bottom of a glass Petri dish and worms were
minced using a stainless steel razor blade for
approximately 5 min on top of an ice block. The
minced worms were then washed from the Petri
dish using MSM and passed through a 15um
Nitex filter. The filtrate was then poured through
a 5um Nitex filter and this second filtrate was
poured on top of 2ml of Percoll 10 % and centri-
fuged at 1000g for 10 min. The supernatant
was discarded and the pellet resuspended in 1
ml of MSM. Spermatids were counted using a
hemocytometer, separated in aliquots of ~4 x
106 cells/ml (~ 2 mg/ml of protein concentra-
tion) and centrifuged again at 1000g for 10 min
at 4° C. The pellet was resuspended in 1 ml of
Homogenization buffer (20 mM Tris, 20 mM
HEPES, 30 mM Mannitol, 1 mM EDTA, 1 mM
EGTA, pH adjusted to 7.4) and laid on ice for
sonication. The sample was sonicated using a
Branson Sonifier 250 (VWR Scientific) using 4
pulses of 15 seconds each and resting on ice
for 1 min between pulses. The sample was
cleaned from cellular debris and nuclear chro-
matin by centrifugation at 10 000 g for 5 min at
4° C. The supernatant was then concentrated
using a microcon tube with a Molecular Weight
Cut Off (MWCO) of 3 kDa (Millipore) and either
resuspended in 100 ul of PBS and Laemmli
sample buffer, or used for crystal precipitation
and/or fiber formation assays.

MSP precipitation and fiber formation

The concentrated extract isolated from C. ele-
gans him-8 male spermatids (after sonication
and centrifugation) was used for MSP precipita-
tion or fiber formation assays as described by
[20]. For crystal precipitation, the concentrate
was diluted to a protein concentration of 1mg/
ml using KPM buffer (10 mM potassium phos-
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phate, 0.5 mM MgCl2, pH 6.8). Aliquots of 10pl
were placed in eppendorf tubes and an equal
volume of Polethylene glycol (PEG, average M,
20,000) was added to produce concentrations
of 15% after addition to MSP. MSP precipitation
was observed using a phase-contrast micro-
scope with a 20X objective. For fiber formation,
the protocol from [21] was followed. Briefly, the
concentrate was diluted in KPM buffer and incu-
bated with either 1 mM Na orthovanadate
(Sigma), 500 nM staurosporine (Sigma), 150
UM 1C261 (Sigma), 10 uyM YOP (from Yersenia
enterocolitica; Sigma) and/or 50 mM ATP (all
final concentrations after addition to MSP). For
fiber formation at different pH, HKB was used
instead (50 mM HEPES, 25 mM KCI, 10 mM
NaCL) at pH 5, 7 and 9. Fibers were observed
using a phase-contrast Nikon Labophot micro-
scope with a 100X objective and images cap-
tured using a Hamamatsu C8484-05G digital
CCD camera.

Immunofluorescence Microscopy

MSP fibers were assembled in vitro on a cover-
slip chamber and immunolabeled as previously
described [22]. Fibers were fixed by perfusion
with 1.25% glutaraldehyde in KPM buffer for 30
min and washed three times with PBS. Fibers
were treated three times for 20 min with 20 mM
NaBHs to quench unreacted aldehydes and
blocked in PBS/0.1% BSA for 2 hrs. Primary
(4A5 anti-MSP in mouse) and secondary anti-
bodies (AlexaFluor 488-conjugate in goat) were
used at a concentration of 5ug/ml and incu-
bated for 4 hr each. In control assays the pri-
mary antibody was omitted. Immunofluores-
cence labeling was examined under a 100X
objective on a Nikon Labophot equipped with
appropriate excitation and barrier filters for
FITC.

SDS-PAGE and Western blotting

SDS-PAGE was performed using 15 % gels ac-
cording to the method of [23] and stained with
1% Coomasie brilliant blue. Gels for im-
munoblotting were transferred to nitrocellulose
membranes (Invitrogen) as described previously
[24]. Blocking of the membrane was performed
in TBS-T (0.1 % Tween-20, 137 mM NaCl, 20
mm Tris, pH 7.6) with 1% bovine serum albumin
(BSA) for 1 hr at room temperature and probed
with primary antibody for 4 hours. The mem-
brane was washed with TBS-T and probed using
a secondary HRP-conjugated antibody for 4 hrs.
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Bands were observed using the Supersignal
West Femto kit (Pierce).

Antibodies and antiserum

Monoclonal antibodies clone PSR-45 (antiphos-
phoserine; Sigma) and monoclonal 42H4
(antiphosphothreonine; Cell Signaling) were
used as primary antibodies. The monoclonal
antibody 4A5 anti-MSP developed by [12] was
obtained from the Developmental Studies Hybri-
doma Bank under the auspices of the NICHD
and maintained by The University of lowa, De-
partment of Biological Sciences, lowa City, IA
52242. The polyclonal anti-MPAK antibody de-
veloped by [14] was kindly provided by Dr. Tho-
mas Roberts (Florida State University, Tallahas-
see). Secondary antibodies used were: goat anti
-mouse 1gG, H&L, conjugated to horseradish
peroxidase (EMD Biosciences), goat anti-rabbit
IgG also conjugated to horseradish peroxidase
(Santa Cruz Biotechnology), and goat anti-
mouse  conjugated to AlexaFluor 488
(Invitrogen). All primary antibodies were diluted
1:1,000 and the secondary antibodies were
diluted 1:10,000.

Mass Spectrometry analysis

Gels were stained with Coomasie Brilliant Blue
R250 showing a prominent band at ~ 16 kDa.
This band was excised and sent for identifica-
tion to the W.M. Keck Proteomics Laboratory at
the Center for Plant Cell Biology, University of
California, Riverside. Peptides were trypsin di-
gested and identified using Liquid Chromatogra-
phy-Mass Spectrometry/Mass Spectrometry
(LC/MS/MS) and the data generated was sub-
mitted to the MASCOT database for protein
identification allowing for variable modifications
such as Acetyl (K), Acetyl (N-term), Formyl (N-
term), GIn->pyro-Glu (N-term Q), Glu->pyro-Glu
(N-term E), Oxidation (M), Phospho (ST).

Prediction of functional domains in MSP

All available C. elegans annotated MSP proteins
(containing 127 aminoacids) were downloaded
from Genbank and aligned using ClustalW [25],
available at www.ebi.ac.uk/Tools/clustalw2/
index.html. Functional MSP domains were pre-
dicted using PROSITE [26], available at http://
ca.expasy.org/prosite/. Settings for the search
included patterns with a high probability of oc-
currence. The 3D model of MSP filament struc-
ture was obtained from the Research Collabora-
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tory for Structural Bioinformatics (RCSB) Protein
Data Bank (PDB), available at www.rcsb.org/
pdb/home/home.do.

Results and discussion

MSP from C. elegans sperm extract precipitates
and elongates fibers

The complexity of performing large-scale isola-
tion of C. elegans sperm has represented a dis-
advantage to widely spread the use of biochemi-
cal assays in the study of MSP-based motility in
this model organism. Although a method for
biochemical analysis of proteins helped identify
MSP from C. elegans [3], only a couple of re-
search groups have used this technique result-
ing in the identification of proteins involved in
sperm activation and the role of MSP to induce
oocyte maturation [7, 27, 28]. Other groups
have opted for the purification of recombinant
MSP to identify amino acid residues that medi-
ate MSP filament elongation [29] or the use of
whole-male protein lysates to perform large-
scale proteomic analyses [30, 31]. On this re-
gard, the improvement of the method to isolate
C. elegans sperm in a large-scale provides an
opportunity to use biochemical assays and pro-
teomic analyses (coupled to the genetic tools
that C. elegans offers) in sperm enriched ex-
tracts to understand MSP-based motility. The
modified method for large-scale sperm isolation
used for this work yielded ~ 4x108 spermatids/
ml corresponding to ~ 2 mg/ml of total protein.
According to Klass and Hirsh (1981), 15% of the
total protein from C. elegans sperm is MSP,
thus we estimated that ~ 0.3 mg/ml of protein
in sperm extracts should be MSP. To test for the
presence of MSP proteins, first, the sperm ex-
tracts from C. elegans males (him-8 strain) were
precipitated with 15% Polyethylene glycol (PEG)
since it has been shown that PEG precipitates
MSP from Ascaris sperm extracts (King, et al
1992) as well as C. elegans MSP expressed in
bacteria (recombinant MSP) [32]. Protein pre-
cipitation (similar to that of recombinant MSP)
was completed within a few seconds (Figure 1A,
iii). A control using BSA (1mg/ml) and 15% PEG
did not result in protein precipitation (Figure 1A,
iv), suggesting this is due to the proteins pre-
sent in the C. elegans sperm extracts.

It has been shown previously that addition of
ATP to sperm extracts from Ascaris promotes
the elongation of MSP fibers in a pH-dependent
manner [21, 22]. Thus, by following the same
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protocols, we tested whether addition of ATP to
the extracts from C. elegans sperm initiated
fiber elongation. However, incubation of the
extracts in 50 mM ATP at pH 5, 7 or 9 alone did
not induced fiber formation. In Ascaris sperm
extracts, fiber elongation (through the addition
of ATP) is due to the initiation of phosphoryla-
tion and dephosphorylation events in accessory
proteins involved in the polymerization of MSP
filaments as shown by the use of kinase and
phosphatase inhibitors [21]. Following the same
protocol, we tested whether treatment with ei-
ther 500 nM staurosporine (a broad kinase in-
hibitor), 150 uM IC261 (a casein kinase inhibi-
tor), 1 mM Na orthovanadate (a tyrosine phos-
phatase inhibitor) or 10 uyM YOP (a tyrosine
phosphatase from Y. enterocolitica) induced
fiber formation in C. elegans sperm extracts.
However, none of these inhibitors alone induced
the formation of fibers. The formation of fiber-
like structures was induced only after the ex-
tracts were incubated with 10 uyM of the tyro-
sine phosphatase YOP for 10 min, followed by
an incubation of 50 mM ATP for 10 min (Figure
1B, d). This suggests that fiber formation re-
quires a tyrosine dephosphorylation event in
proteins present in the sperm extracts (either
MSP or accessory proteins) prior to the phos-
phorylation induced by ATP. The formation of
fiber-like structures was not immediate (as com-
pared to protein precipitation), nevertheless, we
were not able to observe the dynamic elonga-
tion of fibers using time-lapse microscopy; in-
stead, we observed that fully formed fiber-like
structures deposited on the cover slip 10 min
after ATP addition. In Ascaris sperm extracts,
the identification of MSP as the monomer that
forms fibers was corroborated by immunofluo-
rescence microscopy using an anti-MSP primary
antibody [22]. Thus, we also employed im-
munofluorescence microscopy using a C. ele-
gans anti-MSP monoclonal antibody (see mate-
rials and methods) to confirm that fiber-like
structures in C. elegans sperm extracts were
formed by MSP (Figure 1B, e). A control, in
which only the fluorescently tagged secondary
antibody was used, demonstrated the specificity
of the anti-MSP antibody by the lack of fluores-
cent signal (Figure 1B, f).

Evidence for MSP phosphorylation using
immunoblotting and Mass Spectrometry

Since phosphorylation and dephosphorylation
events can induce in vitro fiber formation in
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Figure 1. Protein extracts from C. elegans sperm precipi-
tate into MSP crystals and form fiber-like structures.
Sperm extracts isolated using a large-scale method were
tested for characteristic properties of MSP, including pro-
tein precipitation and fiber elongation. A. Sperm extracts
at a concentration of 1 mg/ml were treated with 15% PEG
and precipitated proteins in vitro. (i) The extract itself did
not contained precipitates, (il) the same was true for 15%
PEG. (iii) Addition of 15% PEG to sperm extracts precipi-
tated proteins instantaneously. (iv) In contrast, a control
using BSA (1mg/ml) and 15% PEG did not result in pro-
tein precipitation. B. Treatment of sperm extracts with the
tyrosine phosphatase YOP, followed by addition of ATP,
formed MSP fibers in vitro. (@) Sperm extracts at a con-
centration of 1 ml/mg did not contain fiber-like structures.
(b) Addition of 50 mM ATP was not sufficient to promote
fiber formation. (c) Treatment of 10 yM YOP for 20 min
did not induce in vitro fiber formation. (d) Fiber formation
was induced after treatment of the sperm extract with 10
UM YOP for 10 min, followed by addition of 50 mM ATP.
(e) The identity of the MSP fiber was corroborated using a
specific C. elegans anti-MSP antibody and immunofluores-
cence microscopy. (f) The specificity of the anti-MSP anti-
body was tested by incubating MSP fibers only with a fluo-
rescently tagged secondary antibody resulting in the lack
of fluorescent signal.
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Ascaris sperm [21, 22], and our results suggest
this might also be the case in C. elegans sperm,
we decided to identify phosphorylated proteins
by immunoblotting the sperm extracts. The him-
8 male sperm extracts at a concentration of 2
mg/ml were run on a 15 % SDS-PAGE gel. The
gel stained with Coomassie blue contained a
prominent band at ~16 kDa, a mobility similar
to the reported M, for MSP [3, 20], (Figure 2A,
red arrow). This prominent band from the acryla-
mide gel (total fraction) was cut and subjected
to mass spectrometry for protein identification.
The results from MS/MS and MASCOT se-
quence analysis identified 23 peptides that cor-
respond to 9 different isoforms of MSP with a
91 to 93% of amino acid coverage, including 8
peptides specific for 7 MSP isoforms (Table 1).
Two of these peptides corresponding to amino
acids 70-92 in 8 MSP isoforms; and amino ac-
ids 67-89 for MSP-33 showed a putative serine-
threonine (ST) phosphorylation site and no tyro-
sine phosphorylation sites were present, sug-
gesting that the tyrosine dephosphorylation
event observed in fiber formation might corre-
spond to accessory proteins that in turn could
phosphorylate MSP. A previous study on the
phosphoproteome of C. elegans (based on
whole worm protein extraction) showed an en-
richement of phosphosites in developmental
and sex determination proteins [31], however,
phosphorylated MSP peptides were not found in
these complex samples. In the present work we
used sperm protein extract for MS/MS analyis
ensuring that identified peptides are exclusively
present (and enriched) in spermatids of C. ele-
gans.

We next corroborated the identity of the promi-
nent band as MSP by immunoblot employing
the same C. elegans specific anti-MSP antibody
used in the immunofluorescence assay. How-
ever, this antibody (which recognizes the amino
acid residues 106-126 from the C-terminus of
C. elegans MSP) labeled only ~ 40% the area of
the total band from the Coomasie-stained gel,
suggesting that it recognized only a subfraction
of MSP present in the crude extract. This result
may be in agreement with the fact that at least
three MSP protein isoforms have been detected
by isoelectric focusing in C. elegans sperm [9]
and can be supported by our MS/MS results in
which at least one amino acid of MSP- 77 dif-
fers from the other 8 isoforms in the residues
106-126. Thus the possibility of diverse post-
translationally modified isoforms of MSP is a
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logical possibility.

Lastly, we used specific antibodies directed
against phospho-serine and phospho-threonine
residues (see materials and methods) to search
for protein phosphorylation in the sperm ex-
tracts. Both antibodies labeled the identical
band previously identified as the MSP subfrac-
tion (Figure 2A). An antibody against the MSP
Polymerization-Activating Kinase (MPAK, a Ser/
Thr Casein kinase involved in filament elonga-
tion at the leading edge of the pseudopod in
Ascaris sperm) was used as a control for non-
specific binding. This antibody cross-reacted
with a ~ 38 kDa band, in concordance with the
predicted molecular weight of SPE-6, a C. ele-
gans Casein kinase homologue of MPAK [14]
involved in both MSP filament assembly during
spermatogenesis [33] and the suppression of
pseudopod extension in spermatids [34]. Al-
though the identification of SPE-6 in sperm ex-
tracts was not pursued, this method of large-
scale sperm isolation coupled to MS/MS and
biochemical assays will give us the opportunity
to identify this as well as other accessory pro-
teins involved in MSP filament formation in C.
elegans sperm.

In silico prediction of MSP phosphorylation sites

Presence of phosphorylation sites in known
MSP protein sequences of C. elegans was pre-
dicted by PROSITE (see materials and methods).
For all 28 MSP sequences available in Gene-
Bank, the program returned two predicted phos-
phorylation sites: A Protein Kinase C phosphory-
lation site (SaR) in amino acids 38-40; and a
Casein Kinase |l phosphorylation site (TnnD) in
amino acids 85-88 (Figure 2A). The second pre-
dicted site is in agreement with the above men-
tioned involvement of SPE-6 in both MSP fila-
ment assembly and the suppression of sperm
motility [34]. In addition, two N-myristoylation
sites are predicted in the MSP sequences:
(GIktTN) in amino acids 45-50 and (GQedTN) in
amino acids 81-86, together with a previously
reported N-glycosylation site (NSSA) [35] in
amino acids 36-39 (not shown). Alignment of
the 28 MSP protein sequences indicates no
amino acid variation at any of these sites, sug-
gesting conservation (data not shown). The 3-D
model of MSP filaments available at the Protein
Data Bank (PDB) was used to localize the pre-
dicted phosphorylation sites in MSP (pdb id:
1grw). Based on the Molecular Biology Toolkit
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Figure 2. MSP phosphorylation is suggested by immunoblotting and in silico prediction of functional sites. The sperm
extract was subject to immunoblotting and MS/MS identification that revealed putative phosphorylation sites in the
MSP sequence. A. MSP is evident as a prominent band ~ 16 kDa (red arrow) and recognized by an anti-MSP mono-
clonal antibody. Anti-phosphoserine and phosphothreonine antibodies reacted to the same band identified as MSP.
An antibody against MPAK, a Casein kinase from Ascaris sperm, was used as a control for non-specific binding and it
cross-reacted with a band ~ 38 kDa. MS/MS analysis identified the prominent band as C. elegans MSP containing a
peptide with a putative phosphorylation site. Using in silico analysis, two predicted phosphorylation sites were identi-
fied: A Protein Kinase C phosphorylation site (SaR) in amino acids 38-40 (yellow); and a Casein Kinase Il phosphoryla-
tion site (TnnD) in amino acids 85-88 (orange). The 3-D model of MSP localized the predicted phosphorylation sites in
MSP (pdb id: 1grw) outside the protein-protein interaction domain and exposed for kinase phosphorylation as shown
in a filament of MSP. In this figure, the sequence of C. elegans MSP-152 is used as an example. B. Differences on the
MSP phosphorylation sites between Ascaris and C. elegans sperm are shown in the alignment of a representative
protein sequence of MSP from C. elegans (MSP-152 Ce; NP_494901), and the two Ascaris isoforms: alpha (MSP-
alph As; P27439) and beta (MSP-beta As; P27440). Predicted phosphorylation sites are: PKC phosphorylation sites
(yellow); Casein kinase phosphorylation site (orange); and PKA phosphorylation site (white).
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Table 1. List of peptide sequences identified as MSP by MS/MS (91 to 93% of amino acid coverage) with
their respective amino acid residue and putative modification corresponding to the full-length protein

sequences of 9 different MSP isoforms

MS/MS peptide sequence

Corresponding amino acids residue

AQSVPPGDIQTQPGTK; Acetyl (N-term)
AQSVPPGDIQTQPNAK; Acetyl (N-term)
AHSAQSVPPGDIQTQPGTK; Acetyl (N-term)
IVFNAPYDDK

IVENAPYDDKHTYHIK

HTYHIK

VINSSAR

RIVYGIK

RIGYGIK; Acetyl (N-term)

IGYGIK

LGVDPPCGVLDPK
EAVFLAVSCDAFAFGQEDTNNDR; Phospho (ST)
EAVLLAVSCDAFAFGQEDTNNDR; Phospho (ST)
ITVEWTNTPDGAAR

ITIEWTNTPDGAAK

ITVEWTNTPDGAAK
ITVEWTNTPDGAAKQFR

REWFQGDGMAR; Oxidation (M)
EWFQGDGMAR; Oxidation (M)
REWFQGDGMVR; Oxidation (M)
EWFQGDGMVR; Oxidation (M)
KNLPIEYNP

NLPIEYNP

2-17; b,d,e,f,g,h

2-17; ¢

2-20; a

21-30; a,b,c,d,ef,g,h,i
21-36; a,b,c,d,e,f,g,h,i
31-36; a,b,c,d,e,f,g,h,i
37-43; a,b,c,d,e,f,g,h,i
41-47; f

44-50; a,b,c,d,e,g,h,i
45-50; a,b,c,d,e,g,h,i
57-69; a,b,c,d,e,g,h,i
67-89; d

70-92; a,b,c,e,f,g h,i
90-103; b

90-103; h

93-106; a,c,d,e,f,g,i
93-109; a,c,d,e,f.g,i
107-117; g

108-117; g

110-120; a,b,c,d,e,f,h,i
111-120; a,b,c,d,e,f,h,i
122-130; a,b,c,d,e f,g,h,i
123-130; a,b,c,d,e,f,g,h,i

MSP isoform; Gene ID; NCBI accession No
a) predicted MSP; Y59E9QAR.1; NP 500755
c) MSP-10; KO7F5.2; NP 501760

e) MSP-49; C34F11.6; NP 494970

g) MSP-77; F32B6.6; NP 501781

i) MSP-152; ZK5456.6; NP 494901

(MBT) Protein Workshop application [36], the
predicted phosphorylation sites are localized
outside the protein-protein interaction domain
and thus appear to be available for kinase phos-
phorylation (Figure 2A). Earlier attempts to la-
bel spermatids in vitro using [32P] orthophos-
phate (before or after activation with Trietha-
nolamine) failed to detect any phosphorylation
modifications associated with MSP, suggesting
that MSP is not directly phosphorylated during
pseudopod extension [9]. In this regard, it is
important to point out that MSP phosphorylation
by SPE-6 is necessary for filament formation
and proper segregation of membranous organ-
elles (MOs) into the developing spermatocyte
[33], thus, posttranslational modification must
occur prior to the differentiation of primary sper-
matocytes in the gonad, immediately after MSP
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b) MSP-3; F26G1.7; NP 494858
d) MSP-33; RO5F9.8; NP 494888
f) MSP-55; CO9B9.6; NP 500711
h) MSP-78; T13F2.11; NP 501742

synthesis [3]. In this scenario, the complete set
of posttranslationally modified MSP isoforms
must be packed into the Fibrous Body-
Membranous Organelle (FB-MO) complex that
ensures the delivery of membrane and cytoplas-
mic proteins into the developing spermatid and
their proper localization in the fully differenti-
ated spermatozoon [37]. Thus, the transcrip-
tionally inactive sperm of C. elegans [38] must
rely on posttranslational modifications of pro-
teins to coordinate proper acquisition of motility
and subsequent fertilization events, processes
that seems to be conserved among both amoe-
boid and flagellated sperm (for review see [39]).

Although the direct interaction between MSP

and SPE-6 has been previously hypothesized
during filament nucleation and assembly [33],
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from our results we cannot conclude whether
SPE-6 directly phosphorylates MSP in C. elegans
or if phosphorylation occurs exclusively at a spe-
cific amino acid residue. Thus, additional bio-
chemical assays will be necessary to elucidate
the role of accessory proteins and MSP phos-
phorylation in C. elegans sperm.

Comparative in silico analysis of MSP phos-
phorylation sites

In contrast to C. elegans, biochemical and struc-
tural studies performed in Ascaris sperm have
ruled out phosphorylation sites in MSP from this
nematode. Since MSPs from Ascaris and C. ele-
gans sperm share 83% amino acid identity [20,
29], we decided to screen MSP sequences from
these two nematodes to search for differences
in the pattern of predicted phosphorylation
sites. In Ascaris sperm only two isoforms of MSP
(alfa and beta) have been identified and, in con-
trast with results given for all C. elegans MSPs,
no phosphorylation sites were predicted for the
most abundant isoform, beta-MSP (accession
no. P27440), while the alfa-MSP amino acid
sequence (accession no. P27439) contained a
Protein Kinase C (PKC) phosphorylation site
(SgK) in amino acids 14-16 and a cGMP-
dependent protein kinase (PKA) phosphoryla-
tion site (RRIS) in amino acids 51-54 (Figure
2B). It is interesting to note that, according to
King et al. (1992), the two isoforms differ only in
four amino acid residues that render alfa-MSP
more basic and with properties that enable it to
form filaments in vitro at both lower and precipi-
tant concentrations. These characteristics are
thought to allow alfa-MSP to nucleate filament
assembly or to lengthen existing filaments rap-
idly in the plasmalemmal end of the fiber, mak-
ing it a good candidate for the hypothesized
activated MSP isoform (MSP*) responsible for
the rapid polymerization of filaments in the vi-
cinity of the plasma membrane [15]. Further-
more, PROSITE did not return any significant
Casein kinase phosphorylation domain for the
Ascaris MSP sequences; this is also in agree-
ment with the fact that MPAK phosphorylates
the accessory protein MFP2 (MSP Fiber Protein
2) and not MSP directly in Ascarsis sperm [14]
and would support a model in which subtle
changes in the amino acid composition of MSP
proteins leads to changes in their ability to un-
dergo posttranslational modifications with an
impact on their physiological role during fertili-
zation. Nevertheless, to further understand the
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evolutionary conserved processes that orches-
trate sperm motility and reproduction in nema-
todes, biochemical and proteomic comparative
analyses among parasitic and free-living species
with  different modes of reproduction
(gonochoristic, hermaphroditic and parthenoge-
netic) will be needed. Thus, we believe that the
use of this modified large-scale sperm isolation
method will enable us to follow up on the phos-
phorylation of MSP in nematode sperm and the
evolutionary conserved mechanisms that allow
for successful nematode sperm activation and
fertilization.

In summary, we have successfully standardized
a methodology to reproducibly obtain relative
high amounts of proteins from C. elegans sperm
extract that can be used in biochemical assays.
The use of this methodology (coupled to im-
munoblotting, Mass Spectrometry, and in silico
prediction of phosphorylation sites) indicates a
tyrosine dephosphorylation event (putatively in
cytoskeletal accessory proteins) that in turn
promotes the phosphorylation of serine and
threonine residues in a subfraction of MSP from
C. elegans sperm extract. These results together
with previous findings [35], raise the possibility
of differential posttranslational modifications in
MSP isoforms that would explain the multiple
roles of this protein both in sperm motility (by
differentially localizing MSP at the plasma mem-
brane for filament nucleation or in the cytosol
for filament elongation) and as a signaling mole-
cule that promotes oocyte maturation through
sperm vesicle budding [7]. The multifunctional
characteristics of MSP are in agreement with
the structural characteristics of MDPs as inte-
gral membrane proteins that provide a scaffold
for protein-protein interaction. Thus, future re-
search on this topic will also lead to a better
understanding of MDPs as proteins involved in
linking membrane and cytosolic components
during membrane fusion events.

Conclusions

Amoeboid cell motility has been extensively
studied in actin-based systems in vivo and in
vitro, and the molecular pathways that lead to
pseudopod extension have been fully dissected
[40]. Current proteomic approaches are provid-
ing new insights on a diverse range of cellular
functions (such as novel regulations and inter-
actions of signaling proteins with the actin cy-
toskeleton) based on the analysis of complex
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biological samples [41-43]. Recently, these ap-
proaches have also been used for the identifica-
tion of evolutionary conserved proteins in sper-
matozoa that may ultimately serve as putative
targets for male contraception [30, 44-47].
Thus, given the advantages that C. elegans of-
fers as a model organism (and complementing
the genetic information available with pro-
teomics, biochemistry, molecular biology and
imaging analysis) we believe there is an oppor-
tunity to elucidate both the role of MSP post-
translational modifications on the cytoskeletal
dynamics of amoeboid sperm and the analo-
gous signaling pathways that lead to the acqui-
sition of cell motility between MSP- and actin-
based system.
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