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Abstract

Form follows function, and this maxim holds particularly true for the nematode sperm cell. Matility is
essential for fertilization, and the process of spermatogenesis culminates in the production of a crawling
spermatozoon with an extended pseudopod. However, the morphological similarity to amoeboid cells of other
organisms is not conserved at the molecular level. Instead of utilizing the actin cytoskeleton and motor
proteins, the pseudopod moves via the regulated assembly and disassembly of filaments composed of the
major sperm protein (MSP). The current work reviews the structure and dynamics of MSP filament
formation, the critical role of pH in MSP assembly, and the components that regulate this process. The
combination of cytological, biochemical, and genetic approaches in this relatively simple system make
nematode sperm an attractive model for investigating the mechanics of amoeboid cell maotility.
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Nematode sperm motility

1. Spermatogenesis

Detailed descriptions of sperm development, or spermatogenesis, can be found in the WormBook chapter
Spermatogenesis and elsewhere (e.g., Chu and Shakes, 2013); however, a brief summary is included here and
illustrated in Figure 1 to emphasize the particulars of M SP assembly and segregation. Germline stem cells give rise
to primary spermatocytes. The first meiotic division produces two secondary spermatocytes, and the second meiosis
yields four haploid spermatids. The round, non-motile spermatids bud from the surface of the residual body, which
contains components that are not needed for further development or sperm function (Ward et al., 1981). An
extracellular signal induces the process of activation (detailed in Section 3) and causes pseudopod extension and
motility that is the hallmark of mature spermatozoa (Figures 2 and 3).

VMY
o% RB 8,
Meiosis | Meiosis II\ Cytokinesis\ Activation
' v : 4 I v
Primary Secondary Budding Spermatid Spermatozoon
spermatocyte spermatocyte division

Figure 1. MSP distribution during sperm cell development. Top, schematic diagram; bottom, photomicrographs of sperm labeled with M SP-specific
antibodies. In primary spermatocytes, MSP (green) begins to assemble as paracrystalline arrays in fibrous bodies associated with the membranous
organelles (FB-MOs). Assembly continues through the secondary spermatocyte stage. FB-MOs segregate into spermatids during the budding division.
After spermatids separate from the residual body (RB) during cytokinesis, MSP dissociates into the cytosol. Upon activation, MSP reassembles into
filamentous fibers in the pseudopod. Images by Chris Uyehara and Diane Shakes.

Figure 2. Scanning electron micrograph of spermatozoon. The cell body isto the right, and the numerous finger-like projections of the pseudopod to the
left. Image courtesy of Sam Ward.
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Figure 3. Video micrograph of pseudopod treadmilling during motility. The orientation is similar to Figure 2, with the pseudopod toward the upper
left. New projections form at the leading edge of the pseudopod and flow back toward the cell body. Video by Paul Muhirad.

MSP localization reflects the various stages of spermatogenesis (Ward and Klass, 1982; Roberts et a., 1986).
Monoclonal antibodies to MSP first detect the protein in primary spermatocytes within structures termed fibrous
body-membranous organelle (FB-MO) complexes (Figure 1). MSP accumulates in paracrystalline arrays of
filaments within the fibrous bodies. These FB-MO complexes segregate into the budding spermatids. Shortly after
the spermatids separate from the residual body, the fibrous bodies dissociate and MSP is distributed throughout the
cytoplasm. After activation, MSP becomes relocalized to the pseudopod. Ultrastructural analysis (described in
greater detail in Section 7) shows a complex network of MSP filaments within the pseudopod. In addition, secretion
of MSP serves as a signaling molecule for oocyte maturation and ovulation (Miller et a., 2001); for details of these
functions, the reader is directed to excellent reviews (WormBook chapter Control of oocyte meiotic maturation and
ovulation; Kim et a., 2013).

2. Motility and fertilization

The mechanics of fertilization in the nematode reproductive tract demonstrate the importance of sperm
motility in this process. Crawling spermatozoa accumulate in the sperm storage organ known as the spermatheca,
which is the site of fertilization. As each oocyte passes through the spermatheca, many spermatozoa are dislodged
into the uterus but quickly return to the spermatheca. The reproductive period spans several days, and virtually every
spermatozoon is successful at fertilizing an oocyte, so sperm motility must be maintained throughout this interval
(Hirsh et d., 1976; Klass et al., 1976; Ward and Carrel, 1979).

Mutational screens for sperm-specific sterility, the Fer or Spe phenotype, have identified a large number of
loci necessary for proper sperm function (e.g., see Argon and Ward, 1980; L'Hernault et al., 1988). Mutations in a
number of the Spe/Fer genes produce apparently normal spermatids that fail to activate. These immotile cells
initially localize to the spermatheca. However, the passage of oocytes rapidly sweeps the mutant sperm into the
uterus, where they are unable to return to the spermatheca. Motility is not sufficient to insure functionality, since
mutations in several other Spe/Fer genes permit normal activation but not fertilization (e.g., Singson et al., 1998;
reviewed in Marcello et a., 2013); however, motility isin al likelihood a necessary prerequisite.

3. Acquisition of motility

The maturation of non-motile spermatids into crawling spermatozoa is called activation, or spermiogenesis.
Activation occurs differently in the two sexes, reflecting the mechanistic differences of self vs. cross-fertilization
(Hirsh et al., 1976; Klass et al., 1976; Ward and Carrel, 1979). In hermaphrodites, gametogenesis switches from
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sperm to oocyte production at the onset of adulthood. Spermatids are propelled ahead of the devel oping oocytes into
the spermatheca, where activation takes place. In males, spermatids are stored in the seminal vesicle until
insemination. The gaculation of spermatids into the hermaphrodite uterus leads to their rapid activation and
subsequent movement into the spermatheca.

Activation is mediated by two distinct pathways. Hermaphrodite spermiogenesis requires components of the
SPE-8 class, consisting of spe-8, spe-12, spe-19, spe-27, and spe-29, (L'Hernault et al., 1988; Minniti et al., 1996;
Nance et al., 2000; Geldziler et a., 2005). Mutations of the SPE-8 class block the activation of spermatids in
hermaphrodites but not males. As a consequence, hermaphrodites are self-sterile while males remain cross-fertile.
The SPE-8 genes are expressed in sperm, and their predicted molecular functions are consistent with a signal
transduction pathway. spe-12, spe-19, and spe-29 encode transmembrane proteins, while spe-8 encodes a putative
cytoplasmic tyrosine kinase (Paul Muhlrad and Craig LaMunyon, personal communication). The initiating signal for
activation of the SPE-8 pathway is currently unknown.

Evidence for a second, male-specific activation pathway was inferred from the phenomenon of
trans-activation. Spermatids from SPE-8 class mutant hermaphrodites can be activated by mating with males, even
ones that lack functional sperm (Shakes and Ward, 1989). These trans-activated hermaphrodite sperm become
motile and capable of fertilization (further demonstrating the importance of motility for sperm cell function).

Genetic screens for components of the male activation pathway identified try-5, which encodes a serine
protease that activates spermiogenesis (Smith and Stanfield, 2011). TRY-5 activity is held in check until
insemination by SWM-1, a serine protease inhibitor (Stanfield and Villeneuve, 2006). TRY-5 is a component of
male seminal fluid that, in conjunction with SWM-1, mediates the appropriate timing of spermatid activation. The
timing is critical for fertility, as precocious activation caused by loss of swm-1 results in male fertility defects.
TRY-5 activation is redundant with the SPE-8 program, as male-specific sterility requires inactivation of both
pathways. Although the substrate(s) for proteolytic cleavage has not been identified, this mechanism of activation is
evolutionarily conserved in the parasitic nematode Ascaris suum (Zhao et al., 2012).

Screens for suppressors of the hermaphrodite sterility caused by the SPE-8 class of mutations have identified
additional components of the signalling pathway: spe-6, which encodes a casein kinase | homolog; spe-4, a
presenilin; and spe-46, a seven-pass transmembrane protein (Muhlrad and Ward, 2002; Gosney et al., 2008; Liau et
al., 2013). These suppressors can bypass mutations in multiple components of the SPE-8 class, and lead to
precocious activation of male spermatids in an otherwise wild-type background. Whereas the suppressors are
presumed reduction-of-function mutations, spe-6 and spe-4 loss-of-function alleles cause sperm-specific sterility in
both sexes (L'Hernault and Arduengo, 1992; Varkey et al., 1993). Thus, the SPE-8 and TRY-5 pathways may
converge on these downstream components to promote spermatid activation. A summary of the sperm activation
pathways is diagrammed in Figure 4.
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Figure 4. Sperm activation pathway. Genetically defined components of the male (purple) and hermaphrodite (blue) activation pathways. See text for
details.

Additional modes of signaling have also been reported. Mutation of cil-1, a phosphoinositide (PI)-5
phosphatase, prevents activation, whereas exposure to the Pl 3-kinase inhibitor wortmannin promotes activation of
wild-type spermatids (Bae et a., 2009). Similarly, treatment with calmodulin inhibitors such as trifluoperazine can
promote spermatid activation (Shakes and Ward, 1989). Currently, it is unclear how either of these signaling
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systems might interact with the SPE-8 and/or TRY-5 pathways. Treatment with zinc is also able to activate
spermatids in vitro, and zinc is enriched in the tissues associated with activation in vivo (spermatheca in
hermaphrodites, gonadal secretory cells in males). The mechanism of zinc activation is unknown, but it requires
components of the SPE-8 class (Liu et al., 2013).

4. Cytoskeletal restructuring

Activation occurs in the absence of new protein synthesis, and produces rapid and dynamic rearrangements of
cellular morphology (Nelson and Ward, 1980; Shakes and Ward, 1989). One of the earliest hallmarks of activation
isthe fusion of specialized vesicles known as membranous organelles (MOs) with the plasma membrane. This event
coincides with the formation of spiky projections of the cell surface, driven by the assembly of MSP filaments.
These spikes coalesce into the pseudopod that provides motility. During activation, different components are
partitioned into the cell body and pseudopod, and the two compartments are separated by a series of laminar
membranes in mature sperm. Constituents of the cell body include the nucleus, centriole pair, and mitochondria,
while the motile apparatus is localized to the pseudopod.

MO fusion during activation appears to be essential for establishing normal cell asymmetry with a fully
functional pseudopod. The MOs persist as stable membrane pores that are restricted to the cell body in mature
spermatozoa. FER-1 is a membrane component of the MOs that promotes their fusion in a calcium-dependent
manner (Washington and Ward, 2006). The failure of MO fusion in fer-1 mutants is accompanied by the formation
of a short pseudopod with limited motility (Argon and Ward, 1980; Achanzar and Ward, 1997). Cholesterol also
plays a critical role in spermatid activation and cell asymmetry. Manipulation of cholesterol levels is sufficient to
promote or prevent activation, and naturally occuring cholesterol-enriched microdomains become localized to the
cell body during pseudopod extension (Dou et al., 2012; Fraire-Zamora et al., 2012).

5. Motility and MSP

Video microscopy of crawling sperm (Figure 3) reveals the critical role of MSP polymerization in cell motility
(Roberts and Ward, 1982; Sepsenwol et a., 1989). Much of this work is on the large sperm from A. suum, but the
same features hold true for C. elegans. Movement occurs by extension of the leading edge of the pseudopod,
attachment to the substrate, and retraction at the cell body. A meshwork of fibers extends throughout the pseudopod.
Assembly of new fibers at the leading edge of the pseudopod and disassembly at its base produce a treadmilling
motion, and the rate of treadmilling correlates precisely with the rate of crawling (Roberts and King, 1991).
Manipulation of the rates of assembly and disassembly by pH (see following section) clearly demonstrates that the
motive force is coupled to the combination of these two opposing processes (Italiano et al., 1999). In other types of
amoeboid cells, matility is based on the actin cytoskeleton. However, nematode spermatozoa contain virtualy no
actin (Nelson et al., 1982), but instead employ MSP filamentsin thisrole.

6. pH regulation

Intact spermatids can be obtained from malesin bulk, and a variety of agents are able to promote activation in
vitro. These experiments reveal a critica role for pH in regulating spermiogenesis. Agents that increase the
intracellular pH (e.g., the weak base triethanolamine or the ionophore monensin at basic pH) induce spermatid
activation (Ward et al., 1983). The molecular mechanism of this activation is unknown; however, it is likely
physiologically relevant, since in vitro activation by triethanolamine produces mature spermatozoa capable of
oocyte fertilization upon artificial insemination (LaMunyon and Ward, 1994). Indeed, initiation of the
spermiogenesis pathway might culminate in elevated pH, since activation by triethanolamine or monensin bypasses
the regquirement for the SPE-8 class signaling components (Shakes and Ward, 1989).

Changes in intracellular pH appear to control not just activation but also MSP polymerization throughout
spermatogenesis (King et al., 1994a). Experimentsin A. suum show that intracellular pH is highest in spermatocytes,
when MSP is assembled into paracrystaline arrays in fibrous bodies, and lowest in spermatids, when MSP
disassembles into the cytosol. Spermiogenesis induces an increase in pH and the assembly of MSP macrofibers.
Remarkably, a pH gradient forms within the pseudopod of the spermatozoon; a higher pH is observed at the leading
edge, where new filaments assemble, than at the base, where disassembly occurs. Decreasing the pH by buffer
treatment can either slow or halt MSP polymerization at the leading edge of the pseudopod without affecting
disassembly. A return to physiological buffer rapidly restores MSP assembly, pseudopod extension, and motility
(Italiano et a., 1999). Thus, MSP assembly in all cases is accompanied by an increase in intracellular pH. In vitro
filament assembly occurs across a wide range of pH, so direct regulation of MSP polymerization by pH is unlikely
(King et a., 1992); rather, pH appears to alter the activity of components that control the assembly of MSP
filaments.
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7. MSP assembly and structure

MSP polymerization occurs through a series of increasingly higher-order interactions (King et al., 1994b).
Pairs of MSP monomers produce dimers, dimers assemble into helical subfilaments, pairs of subfilaments entwine
to form helical filaments, and filaments associate into larger structures called fibers, macrofibers, or bundles. MSP
dimers are extremely stable in solution (Kd <5x 10'8) and exhibit the same structure as in the filamentous form
(Haaf et al., 1996); therefore, the polymerization of MSP islikely regulated at the level of subfilament assembly.

Structural studies have provided insights into the mechanics of MSP assembly that generate the motive force.
X-ray diffractions of MSP crystals from both A. suum (Bullock et a., 1996) and C. elegans (Baker et al., 2002)
reveal an immunoglobulin-like fold comprised of a seven-stranded 3 sandwich (Figure 5A). MSP forms symmetrical
dimers through [ strands a_ and b plus the penultimate asparagine residue (Figure 5B). The assembly of dimersinto
subfilaments occurs througzh hydrogen bonding between residues within strand g (Figure 5C). Filament formation
between subfilaments is mediated through multiple sites of interaction, and the same sites might function in filament
bundling as well. Mutational and biochemical analyses of recombinant MSP have confirmed the importance of
residues critical for the immunoglobulin fold, the dimerization interface, and subfilament assembly (Smith and
Ward, 1998; del Castillo-Olivares and Smith, 2008).

Figure 5. Structure of C. elegans M SP. (A) MSP monomer. Backbone trace demonstrates the seven-stranded immunoglobulin-like fold. (B) MSP dimer.
Sidechains involved in dimer formation are shown in red. (C) MSP subfilament. Sidechains involved in subfilament interaction between two dimers are
shown in green. The leftmost monomer in B and C is the same size and orientation as in A. Structure coordinates are available as entry 1GRW from the
Protein Data Bank.

Purified MSP exists as a dimer under most buffer conditions; however, polymerization occurs in the presence
of polyethylene glycol or water-miscible alcohols (King et al., 1992). Transmission electron micrographs of these
negatively stained filaments are indistinguishable from those obtained from fixed spermatozoa, suggesting that
filament formation is an intrinsic property of MSP even in the absence of additional proteins.

8. Reconstituted MSP polymerization system

A crucia advance in our understanding of MSP-based motility has been permitted by the development of a
reconstituted cell-free filament assembly system (ltaliano et al., 1996). Addition of ATP to lysate from A. suum
sperm causes the assembly of MSP into fibers. Fractionation of the lysate demonstrates that both membrane and
cytosolic components, in addition to MSP and ATP, are necessary for fiber formation. Phase-contrast video
microscopy reveals that each MSP fiber is nucleated by a membrane vesicle, and that the vesicle is propelled
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forward by the growing fiber. Furthermore, only the subset of vesicles that are derived from the leading edge of the
pseudopod, the site of MSP polymerization in vivo, can promote MSP filament assembly in vitro. The maximum
observed rate of fiber growth is similar to the rate of sperm crawling, suggesting that all of the relevant components
are present.

The disassembly of MSP fibers can be promoted in the same cell-free system (Miao et al., 2003). Following
fiber growth from reconstituted components, removal of ATP and addition of a tyrosine phosphatase to sperm
extracts causes fiber retraction. A bead attached to the non-vesicle end of the MSP fiber is drawn toward the vesicle
end as the fiber shortens. The phosphatase controls the activity of a disassembly factor, since MSP itself does not
appear to be phosphorylated (although see Fraire-Zamora et a., 2011). Thus, the reconstituted system exhibits the
primary hallmarks of in vivo motility: the assembly of MSP fibers at the leading edge of the pseudopod membrane
generates a mative force that propels the membrane forward, and disassembly causes fiber retraction at the trailing
edge.

9. Components that control MSP assembly

Investigators have used the reconstituted system from A. suum to identify proteins that regulate the assembly
of MSP. One critical component from the vesicle fraction is a 48kDa integral membrane protein with the unwieldy
name major sperm protein polymerization organizing protein or, more simply, MPOP (LeClaire et al., 2003).
Phosphorylation of tyrosine residues appears to regulate the activity of MPOP. Whereas the protein is evenly
distributed throughout the sperm plasma membrane, anti-phosphotyrosine labeling of the membrane is restricted to
the leading edge of the pseudopod. Purified phosphorylated MPOP, when combined with cytosol and ATP, is
sufficient to promote M SP filament assembly in the absence of other vesicle components. Intriguingly, lowering the
pH blocks both tyrosine phosphorylation of MPOP and the in vivo assembly of MSP in a similar manner. This
observation suggests an appealing mechanism for the regulation of motility by pH, whereby an as-yet-unidentified,
pH-sensitive tyrosine kinase phosphorylates MPOP at the tip of the pseudopod to nucleate the polymerization of
MSP fibers.

A primary function of MPOP is the recruitment of MSP polymerization activating kinase (MPAK) to the site
of MSP assembly. MPAK is a cytosolic serine/threonine kinase of the casein kinase | family that co-localizes with
phosphorylated MPOP in vivo and in vitro, and its activity is required for MSP fiber formation in the reconstituted
system (Yi et a., 2007). MPAK phosphorylates a structural component of the MSP cytoskeleton called MFP2 (for
MSP fiber protein). MFP2 appears to be essential for fiber formation (Buttery et al., 2003). Anti-MFP2 antibodies
abrogate M SP filament assembly in the reconstituted system, and addition of purified MFP2 stimulates fiber growth.
Phospho-MFP2 is incorporated into MSP fibers, and its crystal structure combined with its role in promoting
polymerization suggests a role analogous to forminsin actin assembly (Grant et al., 2005).

A family of small (15-16 kDa) cytosolic proteins plays the opposite role in MSP assembly, as a negative
regulator of fiber growth. Members include MFP1 a, 3, and y, which were identified biochemically as components
of MSP fibers (Buttery et a., 2003). Subsequently, MDP-1 and MDP-6 were identified by molecular methods (Tarr
and Scott, 2005a; Tarr and Scott, 2005b). Anti-MFP1 antibodies promote fiber formation in the reconstituted
system, while addition of purified MFP1 inhibits MSP polymerization. Homologs in C. elegans comprise a larger
gene family of sperm-specific proteins. The crystal structure of one member, encoded by ssp-19, is remarkably
similar to M SP despite having less than 20% amino acid sequence identity (Schormann et a., 2004). This structural
similarity implies arole as either a capping protein or a competitive inhibitor of M SP polymerization.

MSP disassembly and fiber retraction is mediated by another cytoskeletal protein called MFP3.
Threonine-phosphorylated MFP3 is a stabilizing component of MSP filaments (Yi et al, 2009). Dephosphorylation
of MFP3 causes dissociation from the fibers and their subsequent disassembly. Protein phosphatase 2A (PP2A) is
responsible for MFP3 dephosphorylation in vitro, and its activity in turn is promoted by tyrosine dephosphorylation.
PP2A from sperm extracts is phosphorylated; the promotion of fiber retraction in the reconstituted system by
addition of exogenous tyrosine phosphatase presumably reflects the activation of PP2A (Miao et al., 2003). In vivo,
PP2A is concentrated at the base of the pseudopod, the site of M SP depolymerization and retraction (Yi et al, 2009).
The endogenous tyrosine kinase and phosphatase that regulate PP2A are currently unidentified. A summary of the
factors that regulate M SP polymerization is diagrammed in Figure 6.
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Figure 6. Regulation of M SP assembly. Components identified by reconstituted M SP polymerization assay. Polymerization-enhancing steps indicated by
green arrows; depolymerization steps in red. Phosphorylation of MPOP by an unidentified protein tyrosine kinase (PYK) at the tip of the pseudopod
promotes MPAK recruitment. MPAK phosphorylates MFP2, which stimulates M SP assembly, while MFP1 antagonizes M SP assembly. Phosphorylation
of MFP3 by an unidentified protein threonine kinase (PTK) stabilizes MSP filaments. Dephosphorylation of MFP3 by PP2A at the base of the pseudopod
destabilizes the filament and drives disassembly of MSP.

Although the proteins that direct MSP assembly in C. elegans are largely unknown, sequence conservation
suggests that the same components are likely to be involved. Homologs of all components excepting MPOP (whose
complete sequence has not been determined) are present in C. elegans, and microarray analyses indicate that these
genes are expressed in the germline during spermatogenesis (Reinke et a., 2000; Reinke et a., 2004). Furthermore,
afunctional equivalence is found between PP2A in A. suum and the PP1-class protein phosphatases GSP-3/4 in C.
elegans. Mutations in gsp-3/4 cause sperm-specific sterility due to defectsin motility, and localization of GSP-3/4 at
the base of the pseudopod strongly implies arole in M SP disassembly analogous to PP2A (Wu et al., 2012).

10. Directionality and force generation

Filamentous actin and microtubules possess an inherent orientation due to the asymmetry of their constituent
molecules. However, MSP filaments are composed of symmetrical dimers that, like train tracks, lack an intrinsic
polarity. The directionality of filament assembly and disassembly must be imposed externally by the asymmetric
distribution of the proteins responsible for these processes. Phosphorylated MPOP is restricted to the leading edge of
the pseudopod membrane, where it directs MSP assembly via MPAK recruitment/MFP2 phosphorylation. At the
base of the pseudopod, the locaization of active PP2A dephosphorylates MFP3, which promotes MSP
depolymerization. This distribution of components ensures that MSP assembly drives protrusion at the tip of the
pseudopod, while disassembly at the base pulls the cell body forward.

Components common to other examples of cell motility—actin, motor proteins, and microtubules (with the
exception of the centrioles)—segregate into the residual body and are excluded from the spermatid. Therefore, the
motive force in nematode spermatozoa appears to be driven solely by the assembly of MSP. Propulsion by
polymerization poses a physical challenge, since the filament end must abut the plasma membrane to generate
protrusion while simultaneously being accessible for growth by subunit addition. One might predict that MSP
assembly and sperm motility would be opposed by membrane tension, but the opposite phenomenon is observed.
The degree of membrane tension correlates positively with the rate of cell motility, which reflects an increase in
both the length of MSP fibers and their orientation relative to the direction of movement (Batchelder et al., 2011).
Cell speed increases with elongation of the pseudopod (Zajac et a., 2008), which would aso increase membrane
tension. Mathematical modeling of this relationship between speed and elongation requires elastic anisotropy, i.e.,
increased stiffness of the cytoskeleton in the direction of movement.

The standard theoretical model for polymerization-based matility is an ‘elastic Brownian ratchet', in which
thermal fluctuations of the flexible filament provide transient access for the incorporation of new subunits (Mogilner
and Oster, 1996). However, ultrastructural studies of MSP fibers reveal a previously unappreciated contribution of
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filament-packing dynamics to the generation of force (Miao et al., 2008). The region immediately contacting the
membrane contains a high-density meshwork of short, elongating fibers. Fiber length increases with distance from
the membrane, but these longer fibers cannot pack as densely as shorter fibers. Decreased fiber-packing density
produces a concomitant increase in the volume of the fiber meshwork, which generates force through the elongating
fibers to produce membrane expansion. Similarly, filament packing contributes to force generation during retraction
(Shimabukuro et al., 2011). As some of the filaments undergo depolymerization at the base of the fiber, the
remaining filaments repack into a smaller volume. This contraction of the fiber meshwork pulls the base forward
(Figure 7).

Figure 7. Force generation by filament packing. Schematic diagram of MSP filament dynamics. Nucleation of MSP assembly at the leading edge of the
pseudopod (head of arrow) produces numerous short, densely packed filaments. Increasing filament length behind the leading edge reduces packing
density, thereby increasing filament volume and generating force. MSP disassembly at the trailing edge of the pseudopod (tail of arrow) allows filament
repacking at higher density, which decreases volume and propels the cell body forward.

11. Guidance cues

Spermatozoa relocalize efficiently to the spermatheca after displacement by passing oocytes, suggesting the
presence of an attractant cue. Similarly, male spermatozoa migrate rapidly from the vulva to the spermatheca after
insemination. Tracking assays with fluorescently labeled male sperm indicate that oocytes are the source of an
attractant(s), and that the signal is derived from polyunsaturated fatty acids, or PUFAs (Kubagawa et al., 2006).
Mutations that disrupt PUFA synthesis (fat-2 and fat-3) or PUFA import into oocytes (rme-2) cause sperm migration
defects with reduced brood sizes, which can be rescued by dietary supplementation of PUFASs. Subsequent analysis
identified a mixture of F-series prostaglandins synthesized from PUFAs in the oocytes as an attractant for sperm
guidance (Hoang et al., 2013). Additional components of this pathway include the FOXO transcription factor
DAF-16, which regulates targets necessary for PUFA import into oocytes (Edmonds et al., 2010), and the gap
junction protein INX-14, which functions downstream of prostaglandin synthesis (Whitten and Miller, 2007;
Edmonds et al., 2011).

12. Evolution of the MSP gene family

M SP-based sperm motility appears to be conserved among nematodes. Crawling spermatozoa are rare among
metazoans, but they are a characteristic feature of this phylum. In C. elegans, MSP is encoded by a family of 28
genes (not including several additional pseudogenes) that produce isoforms that are 97-100% identical (Burke and
Ward, 1983; Klass et al., 1984; Ward et a., 1988). MSP genes have been identified across widely diverged
nematode species (e.g., see Scott et al., 1989) and M SP gene expression is restricted to the sperm (Klass et al., 1982;
Ward, 1987). MSPs from al nematodes are greater than 60% identical, with particularly high sequence conservation
in the dimerization interface as well as 3 strands f and g (the proposed site of subfilament assembly). Mutational
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studies indicate a functional conservation. Missense mutations that abolish MSP-MSP interaction in the yeast
two-hybrid system map almost exclusively to the conserved regions (Smith and Ward, 1998), and these mutations
also disrupt MSP filament assembly in vitro (del Castillo-Olivares and Smith, 2008). However, conservation might
reflect the role(s) of MSP in oocyte maturation and/or ovulation signaling rather than motility (Miller et al., 2001).

MSP seems to be restricted to nematodes, so how did this unique mechanism of cell motility arise? Although
homologs have not been found in other phyla, proteins with limited sequence similarity have been identified in
species from plants to mammals. The first of these, VAP-33, was identified from Aplysia californica as a
V AMP/synaptobrevin-interacting protein involved in neurotransmitter release from synaptic vesicles (Skehel et al.,
1995). Subsequent studies in other organisms indicate a more genera role for VAP proteins in vesicle fusion,
trafficking, and cell signaling (Skehel et a., 2000). All of the VAP homologs are predicted to share a similar
architecture: an amino-termina  MSP-like domain, a central coiled-coil region, and a carboxy-terminal
transmembrane domain (Laurent et a., 2000). VAP homologs with the same structure are also present in C. elegans.
Thus, it appears that the small, cytosolic MSP arose from alarger, membrane-tethered protein.

Likewise, the function of MSP as a cytoskeletal protein underlying sperm cell motility is undoubtedly a
derived property. The human VAPB/ALS8 gene encodes a VAP whose M SP-like domain is cleaved and secreted,
where it functions as an extracellular ligand for Eph receptors (Tsuda et a., 2008). An identical role is observed for
MSP in C. elegans. the protein is secreted from sperm and binds to the VAB-1 Eph receptor to promote oocyte
meaturation (Miller et a., 2003). This activity of the MSP domain as a ligand for Eph receptors likely reflects its
ancestral function.

13. Conclusion

Despite the apparent novelty of MSP and sperm motility, the system can offer insights into canonical,
actin-based mechanisms of cell movement. The generation of force and membrane protrusion by protein
polymerization is a common feature of both systems. Actin is required for multiple cellular processes, which greatly
complicates the analysis of its role in motility. In contrast, the relative simplicity of sperm motility offers an
attractive model for investigation, and the combination of genetic and biochemical approaches will continue to
advance our understanding of the underlying biomechanical properties of amoeboid cell movement.
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