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Critical Contact Residues That Mediate Polymerization of
Nematode Major Sperm Protein

Antonio del Castillo-Olivares and Harold E. Smith*

Center for Advanced Research in Biotechnology, University of Maryland Biotechnology Institute,
Rockville, Maryland 20850

Abstract The polymerization of protein filaments provides the motive force in a variety of cellular processes
involving cell motility and intracellular transport. Regulated assembly and disassembly of the major sperm protein (MSP)
underlies amoeboid movement in nematode sperm, and offers an attractive model system for characterizing the
biomechanical properties of filament formation and force generation. To that end, structure-function studies of MSP from
the nematode Caenorhabditis elegans have been performed. Recombinant MSP was purified from Escherichia coliusing a
novel affinity chromatography technique, and filament assembly was assessed by in vitro polymerization in the presence
of polyethylene glycol. Prior molecular studies and structure from X-ray crystallography have implicated specific residues
in protein—protein interactions necessary for filament assembly. Purified MSP containing substitutions in these residues
fails to form filaments in vitro. Short peptides based on predicted sites of interaction also effectively disrupt MSP
polymerization. These results confirm the structural determination of intermolecular contacts and demonstrate the

importance of these residues in MSP assembly. J. Cell. Biochem. 104: 477-487, 2008.  © 2007 Wiley-Liss, Inc.
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Dynamic modulation of protein polymeriza-
tion is a recurring motif in the mechanisms
mediating motility on the cellular and intra-
cellular level. In many instances, the directed
assembly of protein filaments is thought to
provide the motive force. Intracellular patho-
gens such as Listeria and Shigella possess cell
surface proteins that polymerize actin within
the host to propel themselves through the
cytosol [Stevens et al.,, 2005; Carlsson and
Brown, 2006]. Assembly of actin filaments also
drives diverse cellular processes like neuronal
growth cone migration, phagocytosis, and motil-
ity in crawling cells [Pollard and Borisy, 2003,
Disanza et al., 2005]. The dynamics of filament
assembly play a critical role even in those
functions (e.g., chromosome segregation) that
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are mediated primarily by motor proteins.
Therefore, analysis of the biomechanical proper-
ties of filament polymerization provides insights
into force generation at the molecular level.

The crawling movement of nematode sperm is
an appealing model for the study of cell motility
based on filament assembly. Sperm motility
does not depend upon the typical components
actin or tubulin (which are essentially absent
from the mature spermatozoa), but instead
employs the novel major sperm protein (MSP)
[Nelson et al., 1982; Roberts et al., 1989]. MSP,
a basic protein of ~14 kDa, is highly conserved
among nematodes and typically encoded by a
multigene family [Burke and Ward, 1983; Scott
et al., 1989]. Treadmilling of the sperm pseudo-
pod occurs by regulated polymerization of MSP
at its leading edge and disassembly at its base
[Roberts and Ward, 1982; Sepsenwol et al.,
1989]. Although MSP acts as an extracellular
signaling molecule to stimulate oocyte matura-
tion and egg-laying rate [Miller et al., 2001], its
only known role within the sperm is pseudopod
movement. Therefore, MSP-based motility can
be studied in isolation from other cellular
processes, whereas the myriad functions of
actin and tubulin greatly complicate the ana-
lysis of these components.
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MSP polymers assume different architec-
tures within the cell during the course of sperm
development. Detailed cytological studies of
nematode sperm have been reported for the
soil-dwelling Caenorhabditis elegans as well as
the intestinal parasite Ascaris suum [Ward
et al.,, 1981; Ward and Klass, 1982; Roberts
et al., 1986]. Differentiation of germ line stem
cells gives rise to primary spermatocytes that
separate from the syncytial cytoplasmic core. As
the primary spermatocyte initates meiosis,
MSP begins to assemble into paracrystalline
arrays called fibrous bodies. These structures
grow in size until the second meiotic division is
complete. The fibrous bodies then segregate into
the four haploid spermatids as they separate
from the residual body; at that point,
MSP depolymerizes and becomes distributed
throughout the cytosol. Spermatids remain as
spherical, immotile cells until an extracellular
signal induces spermiogenesis, or sperm acti-
vation. Activation promotes the reinitiation of
MSP polymerization, which drives the dynamic
formation of thin cell-surface projections called
spikes or filopodia [Shakes and Ward, 1989;
Rodriguez et al.,, 2005]. These structures
lengthen and retract rapidly, then are replaced
by a complex cytoskeletal assembly of MSP
within the pseudopod of the crawling sperma-
tozoon.

Polymerization is an intrinsic property of
MSP, as the addition of polyethylene glycol
(PEG) or water-miscible alcohol to purified
protein is sufficient to drive assembly [King
et al., 1992]. Polymerization in the presence of
PEG results in the formation of tiny, needle-like
crystals visible by light microscopy. Negatively
stained EM images of transverse sections reveal
sinusoidal striations with an axial repeat of
9 nm. This pattern is the product of parallel
arrays of helical polymers termed subfilaments.
Treatment with alcohol also generates helical
MSP subfilaments, which are further assembl-
ed into a variety of higher order structures
[King et al., 1994; Stewart et al., 1994]. Pairs of
subfilaments are entwined to form helical
filaments, multiple filaments (usually two or
three) are bundled to produce helical macro-
fibers, and fiber rafts or meshlike mats are built
from filaments and/or macrofibers. In vivo poly-
merization of MSP in the pseudopod exhibits a
similar hierarchy of helical assemblies. MSP
polymers within intact spermatozoa are stabi-
lized by PEG treatment, and negative staining

reveals the presence of subfilaments, filaments,
and fibers [King et al.,, 1992]. Although the
fibers appear to differ in some aspects, subfila-
ments and filaments produced either in vivo or
in vitro are indistinguishable from each other.

The structure of MSP has been determined at
atomic-level resolution. X-ray crystallographic
analyses of MSP from both A. suum [Bullock
et al., 1996] and C. elegans [Baker et al., 2002]
yield nearly identical structures, with the
monomer consisting of seven beta strands in
an immunoglobulin-type fold. These structures
also provide details of intermolecular contacts
thought to underlie polymerization. MSP with-
in the crystals formed symmetrical dimers,
consistent with earlier solution studies [Haaf
et al., 1996], and the dimers were assembled
into parallel arrays of helical subfilaments.
From these data, critical residues were identi-
fied at both the dimerization interface and the
subfilament assembly interface. Interhelical
contact residues were proposed as putative sites
of filament and/or fiber assembly.

Functional roles for the proposed dimer and
subfilament assembly interfaces are independ-
ently supported by mutational analyses. The
yeast two-hybrid system was employed to
identify random missense mutations that dis-
rupt MSP-MSP interaction [Smith and Ward,
1998]. These mutations were further charac-
terized biochemically for defects in dimer
formation. Size exclusion chromatography of
bacterially expressed protein revealed two
classes of mutations: those that abrogated
dimerization and those that, like wild type
MSP, formed stable dimers. The differences in
dimerization were readily interpretible in light
of the crystal structure. Dimer-defective muta-
tions all mapped to contact residues between
MSP monomers. The mutations that had no
effect on dimerization fell outside of that inter-
face, but were located near the site of sub-
filament assembly. The side chains of those
residues were mostly oriented toward the
interior of the protein, so the proposed mecha-
nism for the interaction defect was through
localized distortion of the subfilament assembly
interface.

An understanding of the interactions
involved in MSP polymerization is a critical
step in determining the mechanics of force
generation. We have used in vitro polymer-
ization of purified protein in the presence of
PEG to characterize MSP assembly. Functional
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sites were identified by specific missense mu-
tations that disrupt assembly or by peptides
that competitively inhibit polymerization.
These data confirm the predictions of earlier
structural studies, and the reagents generated
in this work will prove useful in dissecting the
mechanics of filament assembly that underlie
force generation in this model system.

RESULTS
Affinity Chromatography Purification of MSP

Prior studies [Smith and Ward, 1998] utilized
ion exchange chromatography to purify wild
type MSP expressed in Escherichia coli, but
protein from MSP genes containing missense
mutations exhibited different binding and elut-
ion characteristics during preliminary attempts
at purification. Therefore, a novel one-step
affinity chromatography system [Ruan et al.,
2004] was employed to eliminate the need
to optimize purification parameters for the
mutant MSPs. The technology consists of an
engineered variant of the protease subtilisin
that exhibits selective substrate specificity plus
regulated catalytic activity. DNA encoding the
prodomain of subtilisin is fused to the gene for
the protein of interest, and the fusion protein is
expressed in bacteria. Clarified cell lysate is
applied to the column-immobilized subtilisin,
which binds specifically and with high affinity
to the prodomain. The prodomain contains the
cleavage recognition site for subtilisin, and
proteolysis is activated by the addition of
fluoride ions to release the target protein. The
prodomain is retained on the column, so the
eluate contains only the purified protein of
interest.

The subtilisin prodomain proR8FKAM was
amplified from donor plasmid pG58 [Ruan et al.,
2004] and inserted into bacterial expression
vectors containing the gene encoding wild type
or missense mutations of MSP (pET-MSP
or pET-MSP*) [Smith and Ward, 1998]. The
resulting pET-PRO-MSP expression plasmids
were designed so that cleavage of the prodomain
would produce native MSP with no additional
residues. Prior work had identified optimal
growth conditions for expression of soluble
MSP; the same conditions were used for the
production of PRO-MSP fusion proteins. Solu-
ble cell lysates were examined by SDS/PAGE
and Coomassie blue staining and, after induc-

tion, contained a predominant band of the
expected molecular weight (see Fig. 1, lane 1).
Those lysates were fractionated by subtilisin
chromatography.

Figure 1 shows a typical purification profile
and SDS/PAGE/Coomassie staining of selected
fractions for wild type MSP. The elution
fractions (lanes 4-6) clearly indicate a single
protein of the correct molecular weight with
little contaminating material present. Western
blotting with monoclonal antibodies specific
for MSP confirmed the identity of the purified
protein (data not shown). Similar results were
obtained with MSPs containing the single
amino acid substitutions used in this study.
The purified proteins were characterized by
in vitro polymerization assays.

Assembly of MSP Subfilaments In Vitro

MSP assembly is not associated with con-
formational changes in either the monomer or
dimer structure [Bullock et al., 1996; Haafet al.,
1996, 1998], so polymerization is thought to be
regulated at the level of subfilament formation.
Since MSP subfilaments have the same struc-
ture whether produced in vivo or in vitro, we
chose the latter method to investigate this
critical step in polymerization. Prior work with
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Fig. 1. MSP purification by subtilisin affinity chromatography.
Soluble protein extract from Escherichia coliexpressing the PRO-
MSP fusion gene was fractionated as described in Materials and
Methods Section. Shown are various fractions separated by SDS/
PAGE and stained with Coomassie blue to visualize proteins.
Lane 1, total soluble extract; lane 2, column flowthrough; lane 3,
column wash; lanes 4-6, column elution fractions. Molecular
weights of protein standards are indicated on the left. Positions of
the PRO-MSP and cleaved MSP proteins are indicated on the
right.
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MSP from A. suum demonstrated that treat-
ment with PEG is sufficient to promote assem-
bly into needle-like crystals composed of
parallel arrays of subfilaments. These crystal-
line needles are readily visible by light micro-
scopy, so polymerization of wild type MSP from
C. elegans was characterized using this simple
and rapid technique.

Our initial filament assembly assay repli-
cated the same conditions reported for MSP
from A. suum (3 mg/ml protein, 15% PEG,
average MW 18,500) [King et al., 1992].
Figure 2A is a DIC Nomarski image of the
crystalline needles of MSP produced by PEG
treatment. Controls with BSA in lieu of MSP
(Fig. 2B) or with PEG alone (Fig. 2C) failed
to generate crystals. Polymerization of MSP is
nearly instantaneous upon addition of PEG,
as indicated by conversion of the clear protein
solution to an opaque suspension of crystals.
Attempts to observe the polymerization process
by mixing the MSP and PEG on the microscope
slide were unsuccessful because crystal forma-
tion was complete within the few seconds it took
to adjust the focal plane. MSP polymerization is
also rapidly reversible; when crystalline MSP
was resuspended in buffer lacking PEG, needles

Fig. 2. In vitro polymerization of MSP. Shown are Nomarski
differential interference contrast photomicrographs of filament
assembly assays in the presence of PEG. A: Experimental sample
with MSP. Note the large number of crystalline needles,
indicative of assembly. B: Control sample with bovine serum
albumin. C: Control with no protein. Scale bar, 10 um.

were no longer visible by microscopy. Likewise,
in vitro assembly of A. suum MSP is both rapid
and reversible [King et al., 1992]. Thus, the
ability to polymerize is an intrinsic property of
C. elegans MSP and shares many similarities
with that of A. suum.

Wild type MSP was tested for crystal for-
mation under various combinations of protein
concentration, PEG concentration, and PEG
molecular weight. The concentrations of both
PEG and MSP were the most critical variables
in promoting polymerization. For MSP at 5 mg/
ml, no crystals were observed at the lowest PEG
concentration of 5% (data not shown), while
crystals were obtained in 15% PEG and 10%
PEG at all molecular weights (Fig. 3, rows 1
and 2). When the MSP concentration was
reduced to 1 mg/ml, a minimum of 15% PEG
was required for crystal formation (Fig. 3, row
3). MSP polymerization was least affected by
the molecular weight of PEG; only the lowest
weight tested (MW 3,500) failed to produce
crystals under conditions (15% PEG and
1 mg/ml MSP) where those with higher molec-
ular weights succeeded. However, PEG molec-
ular weight had a more qualitative effect on
MSP assembly. In general, the lower MW
species produced fewer but larger (both
longer and wider) crystalline needles than
PEGs of higher MW (particularly evident in
Fig. 3, second row). Protein concentration also
affected crystal formation, with fewer but larger
crystals obtained at the lower protein concen-
tration (compare rows one and three in Fig. 3).
Taken together, the data indicate that polymer-
ization of MSP in the presence of PEG is robust
across a range of conditions.

Assembly Defects of MSP Mutations

The crystal structure of C. elegans MSP has
been determined at high resolution and reveals
multiple sites of interaction [Baker et al., 2002].
The protein exhibits an immunoglobulin-like
fold comprised of seven beta strands. The
dimerization interface (by published nomencla-
ture, D1) is symmetrical and consists of strands
as (residues 14-23; all positions in this study
are +1 to those used to describe the crystal
structure) and b (residues 25-33) and the
penultimate asparagine at position 126. The
assembly interface for the helical subfilament
(D2) is between extended g strands (residues
111-120) in antiparallel orientation. The pro-
tein crystallized as parallel but individual
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Fig. 3. In vitro polymerization of MSP under various conditions. Shown are Nomarski differential
interference contrast photomicrographs of filament assembly assays. Changes in MSP protein concentration,
percentage of PEG, and average molecular weight of PEG are indicated for each panel. Scale bar, 10 pm.

subfilaments rather the entwined pairs of
subfilaments thought to comprise filaments.
However, crystal contacts between the subfila-
ments were interpreted as likely interaction
sites for bona fide filaments. Those five sites of
contacts contained multiple residues distribut-
ed throughout the peptide chain and were
labeled H1 through H5.

Missense mutations that disrupt MSP-MSP
interaction were identified previously in a yeast
two-hybrid screen, and a subset were assayed
for MSP dimerization in solution by size exclu-
sion chromatography [Smith and Ward, 1998].
Four alleles from that screen were selected
for further characterization on the basis of
that work as well as the crystal structure of
C. elegans MSP. The positions of those amino
acid substitutions in the context of two MSP
dimers are diagramed in Figure 4. The aspar-
agine residue at position 126 (shown in red)
maps to the dimerization interface D1 (green)
and forms a hydrogen bond with lysine at
residue 17. Mutation of this residue to lysine
(abbreviated N126K) was shown to disrupt
dimer formation of bacterially expressed MSP.
Mutations K119E, I123N, and Y125H (indicated
in blue) fall within or adjacent to subfilament
assembly interface D2 (cyan). Those mutations
had no effect on dimerization when assessed by
size exclusion chromatography. Those residues
do not make intermolecular contacts in the MSP
crystal, and so were interpreted to disrupt
interaction through D2 by distortion of the
g strand.

For each of the four mutations, purified MSP
containing a single amino acid substitution was
assayed for PEG-promoted polymerization. The
assembly assay was first validated with the
dimerization-defective mutation N126K. Sub-
filaments are assembled from MSP dimers, so
disruption of dimerization is strongly predicted
to block polymerization. Initial trials consisted
of 5 mg/ml protein and 15% PEG 18,500,
conditions that produce abundant crystalline
needles for wild type MSP from A. suum and
C. elegans. As expected, the N126K mutation
produced no crystals; only disordered protein

Dimer A Dimer B

Fig. 4. Structure of MSP assembly interfaces and amino acid
substitutions. Four monomers of MSP (A1, A2, B1, and B2) are
illustrated. Relevant intermolecular contacts are highlighted only
in subunit A2 for the sake of clarity. The dimerization interface
between A1 and A2 is shown in green. The subfilament assembly
interface between A2 and B1 is shown in cyan. The amino acid
substitution N126K is shown in red; amino acid substitutions
K119E, 1123N, and Y125H are shown in blue. The figure was
generated from coordinates 1GRW deposited at the RCSB
Protein Data Bank [Berman et al., 2000] using the UCSF Chimera
package [Pettersen et al., 2004].
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TABLE I. Amino Acid Substitions That Disrupt MSP Assembly

Amino acid change®

Defective interaction®

Polymerization?®

N126K Dimerization No (aggregates)
K119E Subfilament assembly No
1123N Subfilament assembly No
Y125H Subfilament assembly No

Summary of the single amino acid substitutions tested for their effect on MSP polymerization. Mutations
encoding these substitutions were isolated in a previous screen for interaction-defective MSPs [Smith and

Ward, 1998].

#Amino acids are denoted by conventional one-letter nomenclature. Substitutions are indicated by the wild
type residue, position within MSP, and substituted residue.
Assignment of interaction interface is predicted from the crystal structure of Caenorhabditis elegans MSP

[Baker et al., 2002].

“MSP polymerization was assessed by the appearance of crystalline needles in 15% PEG (MW, 18,500) at

5 mg/ml protein concentration.

aggregates were observed. The assay was then
repeated for the three mutations in the putative
subfilament assembly interface; the results
were indistinguishable from controls that
lacked MSP (summarized in Table I). Different
protein concentrations (1 and 5 mg/ml), PEG
concentrations (5%, 10%, and 15%), and PEG
molecular weights (3,500, 10,000, 18,500, and
35,000) were tested in all possible combinations
in an effort to facilitate MSP assembly (data not
shown). No conditions were identified that
promoted needle formation for any of the four
mutant MSPs examined. Therefore, mutations
that disrupted MSP—MSP interaction in the
two-hybrid screen also block in vitro assembly
ofthe protein. Furthermore, the results indicate
that both the D1 and D2 sites of interaction are
necessary for MSP polymerization in this assay.

Peptide Inhibitors of MSP Assembly

Molecules that bind to sites of MSP inter-
action are predicted to interfere with in vitro
polymerization and inhibit the formation of
needles in the presence of PEG. Small molecule
inhibitors of MSP assembly have yet to be

identified, but a fragment of MSP containing
an interaction domain might function in the
same manner. This same strategy was employ-
ed successfully to identify a 10 residue peptide
from HIV reverse transcriptase that blocks
enzyme dimerization in vitro and viral repli-
cation in infected cell culture [Morris et al.,
1999]. Therefore, peptides based on the various
sites of MSP—MSP interaction (described in
Table II and Fig. 5) were screened for the ability
to block in vitro polymerization of wild type
protein.

The analysis of mutant MSPs described above
demonstrates that defects in either dimer
formation or subfilament assembly are suffi-
cient to disrupt in vitro polymerization. There-
fore, peptides were designed that contain much
of the dimerization interface D1 between MSP
monomers (peptide PI-1; green in Fig. 5) or that
span the entire subfilament assembly site D2
(peptide PI-2; cyan in Fig. 5). HPLC analysis
revealed a predominant peak for each peptide
tested, and mass spectrometry was consistent
with the predicted molecular weight (data not
shown). Purified wild type MSP was mixed with

TABLE II. Peptide Inhibition of MSP Polymerization in PEG

d

Concentration
Peptide  Target interface® Peptide sequence® Residues® (mM)
PI-1 D1 QTQPGTKIVFNAPYDD 11-26 6.6
PI-2 D2 QGDGMVRRKNLPIEYN 111-126 1.25
PI-3 H1, H2, H5 NTPDGAAKQFRREWF 96-110 3.3
PI-4 H2, H3, H4 DAFAFGQEDTNNDRI 76-90 3.3
C1 None SIPPEVKFNKPFVFLMIEQNTKSPLFMGKVVNPTQK N/A N/A

List of peptides tested for inhibition of MSP polymerization in the presence of PEG. The concentration of peptide used in each assay is

described in Figure 6.

ATarget interface employs the nomenclature used to describe sites of interaction in the crystal structure of C. elegans MSP [Baker et al.,
2002]. D1, dimerization interface; D2, subfilament assembly interface; H1-H5, filament assembly contacts.

PPeptide sequence is shown in NH, to COOH orientation. Control peptide C1 is from human «-1-antitrypsin.

‘Residue positions of the indicated peptide within MSP; positions are +1 relative to those listed in the crystal structure [Baker et al.,

2002]. N/A, not applicable.

dMinimum effective concentration at which peptide inhibitor completely eliminates MSP polymerization. N/A, not applicable.
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Fig. 5. Structural location of MSP peptide inhibitors. One
monomer of MSP is illustrated. The diagram on the left is in the
same orientation as subunit A2 in Figure 4. The diagram to
the right is rotated 180° about the Y-axis. Peptide PI-1 is shown
ingreen, peptide PI-2 in cyan, peptide PI-3 in yellow, and peptide
Pl-4 in orange. Amino acid sequences of the peptides, and their
residue positions in MSP, are listed in Table II.

peptide at different concentrations and tested to
identify the minimum concentration necessary
to abolish filament formation in PEG (Fig. 6).
Both peptides PI-1 and PI-2 interfered with
MSP needle assembly, though to varying
degrees. The effective concentration of peptide
inhibitor PI-1 was fivefold greater than that of
PI-2 (6.6 mM vs. 1.25 mM) and the assay still
contained a small number of tiny crystals. In
contrast, peptide PI-2 completely abolished
needle formation at the lower concentration.
Reducing the concentration of peptide inhibitor
by 50% had the same qualitative effect as
reducing the concentration of MSP, producing
fewer but larger crystals (data not shown). A
control peptide unrelated to MSP (C-1) failed to

no peptide

Pl-1

control C-1 Pl-2

PI-3

Pl-4
Fig. 6. Peptide inhibition of in vitro polymerization of MSP.
Shown are Nomarski differential interference contrast photo-
micrographs of filament assembly assays. Peptide inhibitors
(described in Table 1) were mixed with purified MSP prior to
the addition of PEG. The final concentration of peptides PI-1

and control C-1 is 6.6 mM; peptides PI-3 and PI-4, 3.3 mM; and
peptide PI-2, 1.25 mM.

block crystal formation, demonstrating that the
inhibition of polymerization by PI-1 and PI-2 is
specific to the peptide sequence.

Peptides derived from higher-order sites of
MSP assembly might also suffice to inhibit
in vitro polymerization, so two additional
peptides were designed based on the predicted
sites of interaction between subfilaments to
form filaments and/or fibers [Baker et al., 2002].
Peptide PI-3 (Fig. 5, shown in yellow) overlaps
residues in the filament assembly sites H1, H2,
and H5, and peptide PI-4 (Fig. 5, in orange)
contains residues from filament assembly sites
H2, H3, and H4. Each of these peptides was able
to disrupt the formation of crystalline needles at
a concentration intermediate between those of
PI-1 and PI-2 (Fig. 6). The residues of MSP
contained in PI-3 and PI-4 are not implicated in
either dimerization or subfilament assembly,
which suggests that the contacts required for
assembly in this assay are the same as those
utilized for filament and/or fiber formation.

DISCUSSION

The present work utilizes in vitro polymer-
ization of MSP to demonstrate the functional
significance of residues of the protein needed for
assembly. A novel affinity purification system
allowed one-step isolation of recombinant pro-
teins for polymerization assays. Addition of
PEG promoted assembly of wild type MSP into
needle-like crystals, and assembly was robust
across a variety of conditions. Missense muta-
tions known to disrupt MSP—MSP interaction
also abrogated in vitro polymerization, and
peptides derived from small segments of MSP
likewise blocked assembly. These results iden-
tify residues that serve as sites of interaction
critical for the polymerization of MSP, informa-
tion that is a necessary prerequisite for under-
standing the properties of force generation that
drive motility in this system.

PEG treatment provides a simple and rapid
technique for qualitative assessment of MSP
polymerization, and the results obtained in
these experiments are consistent with inde-
pendent methods used to identify the sites of
interaction. The evidence for the D1 dimeriza-
tion and D2 subfilament assembly interfaces is
particularly compelling. The missense alleles
used in this study were originally isolated by
random mutagenesis in a functional screen for
interaction-defective MSPs in a yeast two-hybrid
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screen, and the majority of mutations recovered
in that screen mapped to the dimerization or
subfilament assembly regions. The same muta-
tions disrupted needle formation by PEG addi-
tion, which indicates the functional importance
of those residues for MSP polymerization.
Therefore, PEG-promoted assembly in vitro
occurs via those same intermolecular interac-
tions thought to mediate MSP polymerization in
vivo.

Inhibition of needle formation by short pep-
tides was used as a second method to define
surfaces critical for MSP assembly. Peptides
that are conformationally similar to assembly
interfaces are predicted to bind to and disrupt
sites of protein—protein interaction. Potential
peptide inhibitors were based on intermolecular
contacts predicted from the X-ray crystal struc-
ture of C. elegans MSP. These peptides were
tested for the ability to block in vitro polymer-
ization of MSP.

Peptides composed of the dimerization or
subfilament interfaces (PI-1 and PI-2, respec-
tively) effectively interfered with MSP needle
assembly, demonstrating the role of these
interfaces in polymerization. Disruption of
needle formation was sequence-specific, as an
unrelated peptide had no effect. The two
peptides differed in their ability to disrupt
assembly. The relative inefficiency of inhibition
by PI-1 might arise from a difference in the
peptide conformation outside the context of
MSP, or may reflect the importance of residues
that comprise the dimerization interface but are
absent in this peptide. Specifically, missense
mutations indicate that asparagine 126 is
critical for dimer formation, but this residue is
not contained in peptide PI-1. Alternatively, the
stability (Kq <5 x 10~%) of MSP—MSP dimers in
solution [Haaf et al., 1996] might reduce the
accessibility of this interface to peptide PI-1. If
so, extended preincubation with the peptide
prior to addition of PEG would be predicted to
increase assembly inhibition in a time-depend-
ent manner.

Peptide inhibitors based on structural pre-
dictions of filament/fiber assembly interfaces
(PI-3 and PI-4) also disrupted needle formation.
The assignments of these sites are more spec-
ulative, as the crystals used for X-ray diffraction
assembled as parallel arrays of individual
subfilaments rather than the entwined pairs
that comprise native filaments. These residues
might reflect crystal contacts instead of fila-

ment assembly sites, although the authors
favored the latter explanation. If MSP polymer-
ization by PEG mimics crystal formation proc-
esses, as seems likely, then peptides that block
crystal contacts would be expected to disrupt
needle assembly. Future studies of bona fide
filaments and fibers will be needed to resolve
this issue.

PEG-promoted polymerization offers multi-
ple advantages as a simple and qualitative test
for MSP assembly. The current study demon-
strates its suitability for assessing inhibitors of
MSP polymerization, and the assay could be
readily adapted for high-throughput screening
of molecular compound libraries. Inhibition of
crystal formation would be detectable by light
spectrometry as a decrease in light scattering,
or by light microscopy and automated image
analysis of needle formation. Small molecule
inhibitors would allow in vivo dissection of
MSP assembly and pseudopod dynamics in the
crawling sperm. This in vitro assay also pro-
vides a means of characterizing missense
mutations with defects in MSP assembly. Such
mutations cannot be assessed in vivo, because
MSP is encoded by a multigene family (in the
case of C. elegans, a total of 28 nearly identical
genes) [Burke and Ward, 1983; Klass et al.,
1984; Ward et al.,, 1988]. The presence of
multiple wild type copies precludes the detec-
tion of interaction-defective mutations by clas-
sical genetic screens.

Although in vitro assembly of MSP is suit-
able for some applications, it does not reproduce
in vivo dynamics or polymer ultrastructure
beyond the level of subfilament formation. As
is true for actin and other filament proteins, in
vivo polymerization of MSP and formation of the
resulting cytoskeletal architecture is controlled
by additional protein components. A reconsti-
tuted cell-free MSP assembly system derived
from A. suum sperm lysate has been developed
that accurately replicates in vivo motility
[Ttaliano et al., 1996]. Critical components (in
addition to MSP) include membrane vesicles
derived from the leading edge of the pseudopod,
a cytosolic fraction, and ATP. Video microscopy
indicates that the vesicles nucleate MSP
polymerization, producing fibers that propel
the vesicles forward at rates approaching those
observed for pseudopod movement. More
recently, a similar system has been reported
that replicates filopodia formation [Miao et al.,
2007].
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Individual proteins that regulate MSP
assembly have been identified in the cell-free
system. MPOP, a 48 kDa integral membrane
protein, is the only vesicle-derived constituent
essential for MSP polymerization, and its
activity appears to be regulated by tyrosine
phosphorylation [LeClaire et al., 2003]. Two of
the cytosolic components are MFP2, a 38 kDa
protein that promotes MSP assembly, and
MFP1, a complex of three related 15-16 kDa
proteins that inhibits MSP polymerization
[Buttery et al.,, 2003]. MFP1 and/or MFP2
cannot replace the cytosolic fraction to recon-
stitute assembly, so additional factors (e.g., the
kinase and phosphatase that regulate MPOP
phosphorylation) remain to be identified.

The reconstituted system complements the
PEG polymerization assay; although it repli-
cates in vivo motility, it is not suitable for
inhibitor or mutational screens. To combine the
advantages of the two assays, peptides based on
A. suum MSP but comprising the identical
regions as the current study could be assayed
in the reconstituted system for effects on
parameters such as assembly rates, vesicle
motility, and fiber architecture. Such inhibitory
peptides are likely to alter MSP polymerization
properties much like effects reported for the
MFP1 protein complex [Buttery et al., 2003].
Addition of purified MFP1 to the reconstituted
system slowed the rate of fiber growth and also
decreased density and diameter of the growing
fiber. MFP1 colocalized with MSP fibers,
although the site of interaction was not deter-
mined. An advantage of inhibitory peptides is
that assembly can be modulated at a particular
site of interaction without disrupting the other
contacts. Such tools might prove useful in
determining if specific assembly steps occur
sequentially or concurrently, as well as identi-
fying which interaction(s) is rate-limiting for
MSP polymerization.

The analysis of interaction-defective muta-
tions necessitated the use of C. elegans MSP in
the current study, because no such mutants are
available for A. suum. A reconstituted motility
system has not yet been developed for C. elegans
but, given the high degree of conservation
between MSPs from the two species, it might
be possible to replace the A. suum MSP with
that of C. elegans and have it function properly.
Alternatively, the mutations identified in
C. elegans MSP could be engineered into the
A. suum gene, expressed and purified as above,

then tested in the reconstituted system. All of
the mutations are predicted to disrupt motility
in this assay, but one or more combinations of
wild type and mutant MSPs might modulate
specific aspects of filament formation. For
example, incorporation of MSP defective in
subfilament assembly into the growing fiber
might function in a manner analogous to
capping protein during actin polymerization.
Decreasing the mean chain length of the MSP
subfilament might alter one or more of the
properties, such as fiber density, that contribute
to force generation and motility.

MATERIALS AND METHODS
Plasmids

The pET-MSP plasmids for T7-inducible
expression of MSP (wild type and mutant) have
been described previously [Smith and Ward,
1998]. The subtilisin prodomain variant pro-
R8FKAM was amplified by PCR from plasmid
pG58 [Ruan et al., 2004] with sequence-specific
primers R8-5 (5'-AAACCATGGGAGGGAAA-
TCAAACGG-3) and R8-3' (5-TTTCCATGG-
CTTTAAATACTTTGTCTTC-3). Primers were
designed to introduce Ncol restriction sites (in
bold) overlapping either the prodomain start
codon (underlined in R8-5') or the terminal
methionine codon (underlined in R8-3') of the
subtilisin cleavage recognition sequence Phe-
Lys-Ala-Met. Following amplification, the PCR
product was digested with Ncol and ligated
into the corresponding pET-MSP plasmids
digested with Ncol to generate wild type or
mutant pET-PRO-MSP plasmids. Diagnostic
restriction digests followed by automated cycle
sequencing were used to confirm the desired
constructs.

Bacterial Expression of MSP

Optimal conditions for pET-MSP induction
had been determined previously [Smith and
Ward, 1998], and the same conditions were
employed in this study. Briefly, each pET-PRO-
MSP plasmid was transformed into E. coli
strain BL21(DE3) that also contained plasmid
pLysS to minimize background expression
[Studier, 1991]. Cultures were grown at 37°C
for wild type MSP or 25°C for mutant MSPs in
LB medium until Aggg=0.5-0.6, then protein
expression was induced with IPTG at 1 mM
final concentration. Cells were harvested 6 h
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post-induction by centrifugation, and PRO-
MSP accumulation assessed by SDS/PAGE
and Coomassie blue staining. Cell pellets were
resuspended in 100 mM KPO, buffer, pH 7.2/
0.1 mM EDTA. Efficient lysis was attained by
two freeze-thaw cycles, treatment with lyso-
zyme and DNase I, and sonication. Lysates were
clarified by two rounds of centrifugation (15 min
at 10,000g, then 1 h at 100,000g).

Protein Purification of MSP

PRO-MSP proteins were fractionated by
subtilisin affinity chromatography (affinity col-
umn graciously provided by Philip Bryan).
Engineered subtilisin variant S189 [Ruan
et al., 2004] had been covalently coupled to a
5 ml N-hydroxysuccinimide-Sepharose HiTrap
column (Amersham Biosciences). Clarified
lysate was loaded onto the affinity column pre-
equilibrated in 100 mM KPO, buffer, pH 7.2/
0.1 mM EDTA (buffer A), then washed with five
column volumes of the same buffer, three
volumes of 1 M KPO4, pH 7.2, and five volumes
buffer A to remove unbound proteins. Subtilisin
cleavage of bound PRO-MSP was triggered by
one volume of buffer A containing 100 mM KF,
which was allowed to remain on the column for
10 min. Purified MSP was eluted with buffer A
(collected in three individual column volumes).
The column was stripped of bound prodomain
with 0.1 N HsPO, and immediately regenerated
with buffer A. Elution fractions containing MSP
were pooled and dialyzed against buffer A, then
concentrated to between 15 and 20 mg/ml via
Centricon-10 (Millipore). Some samples were
supplemented with Triton X-100 at 0.1% final
concentration to minimize aggregation at high
concentrations.

In Vitro MSP Assembly

Wild type or mutant MSP was diluted in
buffer A so that mixture with PEG would yield 5
or 1 mg/ml protein final concentration. PEG was
likewise prepared in buffer A to produce final
concentrations of 5%, 10%, or 15% after addition
to MSP. Peptides used for inhibition assays
(prepared by Bio-Synthesis, Inc., Lewisville,
TX) were resuspended in water (control C-1,
and inhibitors PI-1, -2, and -3) or DMSO
(inhibitor PI-4) and tested at various dilutions
to determine the minimum concentration that
effectively abolished needle assembly. Samples
were mixed by pipet, incubated at room temper-
ature for 5 min, then a 3 ul aliquot transferred to

a microscope slide and topped with a cover slip
to minimize evaporation. Samples were visual-
ized on an Olympus BX51 or Zeiss Axio Imager
microscope equipped with Nomarski differen-
tial interference contrast optics. All micro-
graphs were taken under similar illumination
at 100x or 200 x magnification.

Numbering of Residues

The numbering of residues in the crystal
structures is derived from the protein sequence,
which lacks the initiating methionine. Residue
positions cited in the mutational study and the
current work are based on the open reading
frame of the gene sequence, including the initial
methionine, and are +1 relative to those
reported for the crystal structures.
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