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ABSTRACT 
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Nematode sperm are asymmetric cells which exhibit an amoeboid motility similar to 

that seen in other actin-rich eukaryotic cells. However, the pseudopod of these cells is not 

packed with actin, but with 2-5 nm fine filaments of major sperm protein (MSP), a family 

of small, basic sperm-specific polypeptides which constitute -15% of the total cellular 

protein of the sperm. In Caenorhabditis elegans, the MSPs are encoded by a large 

multigene family of ~60 members which has made genetic analysis of MSP and its role in 

cell motility impossible. However, a large number of spermatogenesis mutants have been 

identified and several of these may interact with the MSP cytoskeleton. Detailed analysis of 

the potential interactions between these mutants and MSP has been hindered by the 

difficulty of obtaining biochemically useful amounts of MSP. 

In this work, C. elegans pMSP 56 has been synthesized at high levels using an E. 

coli expression vector. Two methods of pMSP 56 purification have been developed, one 

resulting in 60-70% pure MSP and the second resulting in 99% pure MSP. Both of these 

purified proteins are also capable of assembling into 2.5 ± 0.4 nm diameter filaments in the 

presence of 30% ethanol. These filaments seem to have a definite substructure, although 

detailed analysis of the substructure has not been carried out. The ability to produce large 

amounts of pure MSP and its ability to assemble into filaments represents a first step in 

developing an in vitro assay system for the MSP cytoskeleton and its interactions with 

other components of the crawling sperm cell. 
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INTRODUCTION 

Many types of eukaryotic cells are able to crawl using an amoeboid system of 

motility. Such motility is the result of a highly regulated and integrated system of 

molecular interactions. In many cells, the system of motility is centered around the 

cytoskeleton and this cytoskeleton is, in turn, usually based upon actin-myosin interactions 

with the plasma membrane (Bray, 1988; Heath, 1991; Bretscher, 1991). However, 

nematode sperm cells demonstrate the same type of motility without benefit of an actin 

cytoskeleton (Nelson, 1982). Instead, the cytoskeleton of these cells is composed of a 

unique protein known as the major sperm protein (MSP). Studies into the molecular 

interactions of nematode sperm motility should complement work being done in actin-rich 

crawling cells, thus allowing the basic mechanisms involved in cell motility to be more 

completely understood. This thesis is a first step toward establishing a way to study the 

MSP cytoskeleton and its interactions with other factors within the sperm in vitro. 

Spermatogenesis and MSP localization 

Spermatogenesis in the free-living soil nematode, Caenorhabditis elegans, is a 

linear process beginning with the spermatogonial cells at the distal end of the testis and 

ending with the mature spermatozoa at the vas deferens. Spermatogenesis begins with the 

formation of a tetraploid primary spermatocyte which buds off a central core of cytoplasm 

called the rachis (Fig. 1). In the primary spermatocyte a unique organelle, the membranous 

organelle (MO), forms from the Golgi apparatus. MSP is found associated with this 

organelle by antibody localization in the spermatocyte (Ward, 1982). As meiosis 

progresses, the amount of MSP increases and it assembles into a paracrystalline structure 

surrounded by a double membrane of the MO, creating the fibrous body-MO, which 

continues to enlarge. The first meiotic division of the primary spermatocyte is commonly 
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accompanied by an incomplete cytokinesis, resulting in the two secondary spermatocytes 

remaining linked by a cytoplasmic bridge. 

The secondary spermatocytes immediately enter the second meiotic division and the 

chromosomes and fibrous body-MO complexes, as well as all the mitochondria, migrate 

toward the poles. At this point, all four products of meiosis remain connected by a 

developing residual body (Fig. 1) which contains all the other membrane bound organelles 

of the cell such as the endoplasmic reticulum and the Golgi apparatus. The residual body 

also contains all the ribosomes and the cytoskeletal proteins actin and tubulin, thus 

explaining the absence of these proteins in the mature sperm cell (Ward, 1986a). 

Spermatids bud from the residual body and enclose the chromosomes, 

mitochondria and fibrous body-MO complexes (Ward, 1981; Roberts, 1986). Once the 

spermatid has successfully separated from the residual body, the fibrous body breaks down 

and MSP is released into the cytoplasm (Ward, 1982). The MO, however, remains intact 

and moves to the periphery of the spermatid. 

Spermatogenesis arrests in the male at the spermatid stage and further development 

into mature spermatozoa requires mating to provide the necessary signal. In Ascaris, this 

signal is a glycoprotein secreted by the vas deferens (Burghardt, 1978; Sepenswol, 1982), 

but in C. elegans the in vivo signal has not yet been identified. However, C. elegans 

spermiogenesis, the maturation of a spermatid into a spermatozoon, may be induced in 

vitro using ionophores such as monensin, weak bases, proteases or drugs which act on 

calmodulin in other systems (Nelson, 1980; Ward, 1983; Shakes, 1989). The ionophores 

and weak bases seem to act by increasing the intracellular pH from -7.1 to ~7.7. It is still 

unknown how proteases function to initiate spermiogenesis since treatment with these 

substances has no effect on intracellular pH. 

Following any of these treatments, the spermatid undergoes a rearrangement of 

surface membranes accompanied by fusion of the MOs with the plasma membrane, 
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pseudopod extension and the commencement of crawling (Fig. 1). The extending 

pseudopod includes MSP which is assembled into fine filaments and probably becomes 

connected, either directly or indirectly, to the pseudopod membrane. The resulting 

spermatozoon is ~4.5 x 7.0 |im and has a rounded cell body and the extended pseudopod. 

The cell body contains the mitochondria, a pair of centrioles which are embedded in an 

RNA halo surrounding the chromosomes and a few unfused MOs. The chromosomes are 

not separated from the rest of the cytoplasm by any nuclear membrane. The pseudopod is 

packed with fine filaments of 2-3 nm composed of MSP (Nelson, 1980; Ward, 1983; 

Roberts, 1989). These filaments have been best studied in Ascaris where they form large 

bundles which splay out radially and intermesh into the pseudopodial projections (Pawley, 

1987; Sepsenwol, 1989). This linear progression of spermatogenesis in the gonad allows 

for morphogenesis of the sperm to be easily studied at all stages using light or electron 

microscopic techniques (Wolf, 1978; Nelson, 1980; Ward, 1981; Ward, 1983; Wood, 

1988). 

Motility of C. elegans sperm 

Motility of C. elegans spermatozoa in vitro has been studied using Nomarski 

microscopy and time lapse video recording (Nelson, 1982). These cells are highly motile, 

able to propel themselves at a rate of >20 |i.m/min. (Nelson, 1982; Roberts, 1984; Wood, 

1988). This rate is much higher than other metazoan crawling cells such as Fundulus deep 

cells (6-12 |im/min) or Dictyostelium mucoroides (6-14 |0.m/min) (Nelson, 1982 for rate 

comparisons). Motility is achieved by attaching the pseudopod to the substrate and pulling 

the cell forward. As the cell moves forward, there are sweeping rearward movements of 

pseudopodial projections. These projections are formed at the tip of the pseudopod, travel 

back toward the cell body and disappear at the junction of pseudopod and cell body 

(Roberts, 1989; Nelson, 1982). Movement of these projections is a direct reflection of 



membrane flow on the pseudopod as demonstrated using latex beads (Roberts, 1982a) or 

other membrane markers such as fluorescently labeled lectins (Roberts, 1982b) and anti-

membrane antibodies (Pavalko, 1987). This motility can also be inhibited by the anti-

membrane monoclonal antibody SP56 (Pavalko, 1988; Ward, 1986b for antibody 

characterization). 

When the cell is motile, only the pseudopod is in contact with the substrate, while 

the cell body is either dragged on the trailing edge of the pseudopod or carried slightly 

elevated at the rear of the cell. The pseudopod of the cell reaches forward and makes 

discrete focal adhesions with the substrate which remain anchored as the cell continues to 

move forward (Roberts, 1984). Therefore, the rearward movement of membrane 

components is maintained under the pseudopod in a fashion similar to that seen on the 

exposed membrane surfaces. The motility of C. elegans sperm could be based on 

centripetal membrane flow since actin and tubulin are not found in these cells. However, 

while actin and tubulin may be missing, MSP is present at very high concentrations in the 

pseudopod and forms filaments (Roberts, 1986; Ward, 1982) which are probably linked to 

the inner surface of the plasma membrane and so may play a role in the locomotion of the 

sperm cell. Sepenswol et. al. (1989) demonstrated that in Ascaris sperm cells both 

membrane flow and cytoskeletal interactions are involved in motility and that MSP filament 

complexes treadmill rearward in the pseudopod with the membrane components at a rate 

consistent with the forward motility of the cell. Even more recently, Roberts and King 

(1991) have shown that treating Ascaris sperm with agents such as protonophores and 

weak acids, which lower intracellular pH, causes rapid disassembly of the MSP filament 

complexes, halts the motility of the cell and causes a rounding of the pseudopod. When 

these agents are removed, the cytoskeleton begins reassembling at the periphery of the 

pseudopod and within 30-60 s the cell begins crawling again. Due to the similarities in 
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motility and protein composition between C. elegans and Ascaris sperm cells, it seems 

likely that the method of locomotion employed by Ascaris sperm is also used in C. elegans. 

MSP genetics and biochemistry in C. elegans 

MSP is a family of small, basic, sperm-specific proteins, each consisting of a single 

polypeptide chain of 127 amino acids with a molecular weight of -14 kD and isoelectric 

point of 8.0-8.5 (Roberts, 1989; Ward, 1986b; Ward, 1986c; Wood, 1988). MSP was 

first identified biochemically by Klass and Hirsch (1981) who described methods of 

isolating sperm from male worms. Ward and Klass (1982) then showed that MSP mRNA 

is found only in the male gonad, thus demonstrating the sperm-specific expression of 

MSP. Burke and Ward (1983) found that, in fact, MSP is encoded by a very large 

multigene family. Currently, the MSP gene family includes ~60 members and 

approximately half of these are transcriptionally active (Ward, 1988; Ammons, 1990; 

Ammons, Fox and Ward, in preparation). Thus far, 42 cDNAs from this gene family have 

been sequenced (Ward, 1988; Ammons, 1990; Ammons, Fox and Ward, in preparation). 

As of July 1992, computer databank searches using either nucleotide or amino acid 

sequences reveal no similarity between MSP and any other known proteins or functional 

protein domains. In C. elegans, the MSP genes also appear to be clustered in the genome 

into six groups of 3 to 13 genes each, localized to three chromosomal regions. One of 

these regions is on the left arm of chromosome II and two others are near the center of 

chromosome IV. In addition, several other sperm-specific genes have been localized to one 

of these regions on chromosome IV (Ward, 1988). Since MSP is only produced during 

spermatogenesis, large amounts of protein need to be synthesized in a relatively short 

amount of time. Two ways of doing this would be to amplify a few MSP genes to very 

high levels, or, as seems to be the case in C. elegans, duplicate the MSP genes to provide a 

larger number of transcriptionally active members. Klass et. al. (1988), using gene-
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specific probes, showed that there seems to be no transcriptional preference for any of the 

individual MSP genes, since all those tested contributed no more than 3% to the total pool 

of MSP mRNA in the cell and the 5' flanking sequences of the transcribed genes also 

contain highly conserved ribosome binding sites, TATA boxes, ten conserved nucleotides 

adjacent to the site of transcriptional initiation and a six nucleotide palindromic sequence 

located 65 nucleotides upstream of the transcriptional start site. Due to the large size of the 

gene family and the equal contribution by each transcribed member, mutational analysis of 

the MSP genes has been impossible. Biochemically, isolation of large amounts of MSP 

from worms is technically laborious and time consuming since large liquid cultures must be 

grown, males separated and then sperm removed (Burke, 1983). 

The predicted peptide sequence of several of the C. elegans genes, as well as one of 

the Ascaris (Bennett, 1986) and Onchocerca volvulus genes (Scott, 1989a; Scott, 1989b), 

are compared in Fig. 2. Within C. elegans, there is greater than 95% similarity between the 

proteins and this conservation only drops to 90% when compared to the MSPs of other 

nematodes. The close relative of C. elegans, Ascaris lumbricoides var. suum, has proved 

useful for biochemical studies due to its larger size. Much has been learned in recent years 

concerning MSP organization and function in Ascaris sperm motility (Pawley, 1987; 

Pavalko, 1988; Sepsenwol, 1989; Roberts, 1991; King, 1992). Most recently, Kinget. al. 

(1992) have isolated MSP from Acaris sperm and shown that it is possible to assemble the 

protein into filaments in vitro using alcohols and other dehydrating agents and these 

filaments resemble those seen in vivo. They are also pursuing X-ray crystallographic 

studies to determine the exact structure of MSP and MSP filaments. This should now 

allow for further biochemical analyses to be performed which may identify other proteins 

important for MSP cytoskeletal function. 

Unlike C. elegans, Ascaris contains only two MSP genes, but it is an obligate 

porcine parasite making any genetic analysis of MSP just as difficult as it is in C. elegans. 



13 

In addition, C. elegans has been used to isolate a number of spermatogenesis mutants 

(Ward, 1978; Argon, 1980; Ward, 1981; L'Hernault, 1988) which may involve 

interactions with MSP. 

In order to better understand the molecular interactions involved in the motility of 

nematode sperm, a connection must be created between the genetic analysis of 

spermatogenesis being carried out in C. elegans and the biochemical analysis of the MSP 

cytoskeleton of Ascaris. One direct approach to this problem is to perform biochemical 

analysis on C. elegans MSPs. Unfortunately, as has been mentioned previously, isolating 

biochemically useful amounts of MSP is an extremely time consuming and laborious 

activity. Therefore, an easy way of synthesizing and purifying large amounts of MSP is 

needed. Using molecular biological techniques, combined with protein biochemistry, it is 

currently possible to produce and purify such quantities of protein using E. coli 

transformed with a plasmid that contains the gene encoding the protein of interest. One 

caveat of the procedure is that E. coli, being a prokaryote, will not carry out any of the 

post-translational modifications often found on eukaryotic proteins such as glycosylation or 

phosphorylation. There is also no guarantee that the foreign protein will be folded properly 

in the E. coli cell. However, it has been shown that C. elegans MSPs have no post 

translational modifications (Burke, 1983), and are, therefore, likely candidates for 

expression of a biologically active protein in E. coli. 

The ability to produce large quantities of MSP in bacterial cells and then purify it 

from these cells will allow for more complete analysis of the MSP cytoskeleton. Studies 

on the 3-D structure of MSP monomers and filaments may be done, mutational analysis of 

MSP may be carried out in vitro to determine which portions of the molecule are required 

for filament assembly, interacting proteins may be identified and isolated, the products of 

genes that have been mutated in the spermatogenesis pathway which possibly interact with 

MSP may be studied to determine their wild type function and mutational defect, and 
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motility assays may be carried out using any potential motor proteins. This thesis is a first 

step toward building the in vitro tools necessary to pursue the molecular basis of cell 

motility in C. elegans sperm. In this work, I have shown that MSP is an appropriate 

protein for expression in E. coli, worked out purification procedures for the protein and 

demonstrated filament assembly in vitro. Future work along this avenue should produce a 

very valuable system in which to elucidate the workings of the MSP cytoskeleton and the 

underlying mechanisms of cell motility in general. 
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Figure 1: Spermatogenesis pathway of Caenorhabditis elegans showing various mutatns 
with the resulting phenotype. 
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Figure 2: Comparison of various MSP peptide sequences from three different species of 
nematodes. 

All amino acids which differ from the consensus are shown as lower case letters, 

x = ambiguous amino acid (not yet resolved on DNA sequencing gels); 

Ce = Caenorhabditis elegans peptide; Ov = Onchocerca volvulus peptide; 

A1 = Ascaris lumbricoides var. suum peptide. 
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METHODS AND MATERIALS 

pMSP 56 expression from BL21 (?iDE3VdPM 1309 cells 

pMSP 56 (hereafter referred to as MSP 56), which has a molecular weight of 14.2 

kD and an isoelectric point of 8.1, was produced using E. coli strain BL21(ADE3) 

transformed with the expression plasmid pPM1309. This plasmid was constructed by Paul 

Muhlrad and Shaun Kirkpatrick by inserting a wild type C. elegans msp 56 cDNA into the 

Ncol site of pETl Id (Novagen Inc.). Overnight cultures of BL21 (X.DE3)-pPM1309 were 

used to inoculate expression cultures in standard LB medium plus 150 flg/ml ampicillin. 

Cultures were grown to AKlett of 40-50 units and IPTG (isopropylthio-p-D-galactoside) 

was added to a final concentration of 1.0 mM to induce MSP 56 synthesis. Cells were 

harvested 90-120 min. post-induction by centrifugation at 1800 g for 15 min. at 4°C and 

resuspended in 1/50 volume of 50 mM Tris-HCl pH 8.0,200 mM NaCl, 5 mM EDTA, 5% 

glycerol. SDS-PAGE samples were collected by removing 12/AKlett ml of cells, pelleting, 

resuspending in IX SDS Sample Buffer and boiling. 

MSP 56 purification - method #1 

The first method of purification is a modification of the procedure described for 

MSP isolation from worms by Burke and Ward (1983). Following resuspension, DTT 

(dithiothreitol) was added to a final concentration of 1.0 mM and the protease inhibitors 

antipain, pepstatin A, leupeptin and aprotinin were each added to final concentrations of 1 

jig/ml each. The cell suspension was sonicated one min. on ice at 35% power using a 

microtip-equipped Fischer Sonic Dismembrator Model 300. Sonicated cells were then 

frozen, thawed on ice and resonicated. This was repeated an additional 3x to ensure 

complete lysis. Cellular debris was pelleted at 12,000 g, 30 min. at 4°C in a Sorvall SS34 

rotor. The supernatant was treated with 10% polyethylenimine (Polymin P - Sigma) to 
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remove nucleic acids. Polymin P was added dropwise until the supernatant turned 

extremely cloudy and then cleared. Nucleic acids were pelleted at 1200 g, 10 min. at 4°C 

in a Beckman J6B centrifuge, JS4.2 rotor. The supernatant was dialyzed 12-16 h. at 4°C 

against 50 mM acetate pH 4.5, the acid insoluble material was removed by centrifugation 

and the resulting supernatant was dialyzed 12-16 h. at 4°C against MSP Isolation Buffer 

(10 mM HEPES pH 7.4,150 mM NaCl, 1.0 mM EDTA). Following dialysis, samples 

were concentrated by either laying the dialysis bag in powdered polyethylene glycol (PEG) 

or by vacuum dialysis to bring the total protein concentration to ~10 mg/ml. MSP 56 was 

then separated by gel filtration column chromatography using a 1 cm x 50 cm column of 

Sephadex G-75 equilibrated with MSP Isolation Buffer. The resulting fractions were 

analyzed by SDS-PAGE and Western blotting to determine MSP 56 elution. MSP 56 

typically eluted at 17-22 ml. MSP 56 fractions were pooled together and concentrated 

again by PEG or vacuum dialysis to a final protein concentration of ~18 mg/ml. This 

protein was then used for filament assembly. 

MSP 56 purification - method #2 

Alternatively, following the final round of freezing and thawing, the lysed cells 

were spun at 200,000 g for 30 min. at 4°C using a Beckman TL-100 tabletop 

ultracentrifuge equipped with a TLA-100.3 fixed angle rotor. The supernatant was then 

loaded onto a Waters SP-5PW 7.5 mm x 75 mm HPLC cation exchange column. The 

column was equilibrated at least 20 min. with 5 mM NaH2PC>4, pH 6.0 at a flow rate of 1 

ml/min. Typically 5-6 mg of total protein were loaded and the column was washed with 

equilibration buffer at the rate of 1 ml/min. for 15 min. MSP 56 was eluted using a 

1%/min. linear gradient of 100 mM Na2HPC>4/NaH2P04, pH 7.0. HPLC conditions 

were modelled after King et. al. (1992). MSP eluted at -36 min., 21 min. after the start of 

the gradient. Fractions were collected by hand and concentrated by vacuum dialysis to 10 



mg/ml. Purity was checked by SDS-PAGE and Coomassie or silver staining and the 

protein was then used for filament assembly. 

21 

Gel electrophoresis and Western blotting 

SDS-PAGE was performed according to Laemmli (1970) on 15% polyacrylamide 

slabs with 3% stacking gels. Gels were silver stained, stained with Coomassie brilliant 

blue or blotted onto nitrocellulose as described by Towbin et. al. (1979). Blots were 

probed with anti-MSP monoclonal antibody TR20 (Ward, 1986b) followed by horseradish 

peroxidase (HRP) conjugated anti-mouse IgG (Amersham International). Labelled bands 

were visualized using the luminol-based ECL Western blotting detection system 

(Amersham International). 

In vitro assembly of MSP filaments 

All assembly experiments were performed on purified samples in MSP Isolation 

Buffer. Initially, MSP 56 from purification method #1 was used for assembly 

experiments. Samples were mixed with ethanol (EtOH) resulting in a final protein 

concentration of 10 mg/ml in 20% EtOH. Later experiments were done using MSP 56 

from purification method #2 with a final protein concentration of 7 mg/ml in 30% EtOH. 

Once the proteins were mixed with EtOH, they were incubated 15 min. at room temperature 

and then a 3-4 jul sample was pipetted onto a freshly carbon-coated, formvar-coated EM 

grid. After 60 s, grids were negatively stained either by inverting the grid and floating it on 

a drop of 1% uranyl acetate (UA) or by washing the grid with 4-5 drops of 1% UA. Grids 

were examined using a Philips 420 TEM operating at 80 kV. 
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RESULTS 

Bacterial expression of MSP 56 

Biochemical analysis of the MSP cytoskeleton requires large quantities of pure 

protein. Expression of proteins in E. coli produces such quantities in a relatively short time 

span. Induction of the msp 56 gene in BL21(ADE3) cells by addition of IPTG results in 

rapid synthesis of MSP 56 while cell growth and division are almost entirely shut down. 

Cells are induced during the log phase of growth but production of proteins driven by T7 

RNA polymerase specific promoters causes normal cellular functions to be drastically 

reduced, as judged by the levelling of the growth curve in Fig. 3. By 30 minutes following 

induction, synthesis of MSP 56 has reached almost peak levels. Cells were harvested 90-

120 minutes following induction, just prior to the recommencement of cell division, but 

MSP 56 remains stable in the cells to at least four hours post-induction (Fig. 3). 

Despite being in SDS sample buffer and having been boiled, the Western blot 

(Fig. 3) shows the major MSP band at ~14 kD and an additional band near 28 kD. This 

second band is often seen in bacterial preparations as well as in worm sperm samples and it 

is believed this may represent a dimerized form of MSP. It has been suggested that the 

natural state of MSP in the cell is as a dimer; however, this has not yet been proven. 

Several liters of E. coli can easily be grown (starting from small overnight 

cultures), induced and harvested within one day. This rapid synthesis of large amounts of 

MSP 56 by E. coli should allow for isolation of biochemically useful amounts of protein 

with much less labor than is necessary for isolation of MSPs from worms. 

MSP 56 purification from E. coli 

Obviously, production of large amounts of protein is worthless unless it can be 

highly purified in the native form. First of all, the protein must be released from the cells 
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by lysis. A common method of lysing bacterial cells, treatment with lysozyme, was 

avoided during the purification of MSP 56 due to the similarities of both size and isoelectric 

point between MSP 56 and lysozyme. These similarities would have made later separation 

of the two proteins difficult, so freeze/thaw and sonication techniques were used instead. 

Initially, freeze/thaw was used without the sonication steps, but small amounts of 

MSP were left in the cellular debris, probably as inclusion bodies. Overexpression of 

foreign proteins in E. coli often results in the formation of dense inclusion bodies which 

are difficult to disrupt using gender lysis techniques. In order to maximize the amount of 

MSP 56 recovered from the cells, sonication was added which seems to release the MSP 

56 completely into the soluble fraction. 

Once the cells were lysed, two separate schemes of purification were employed. 

The first method to be tried was based on the MSP purification scheme from worms used 

by Burke and Ward (1983). This method is based almost entirely on size exclusion 

techniques - dialysis and gel filtration chromatography - and only one chemical attribute, 

weak acid solubility, is exploited (see Methods and Materials). Although this method 

works adequately for the sperm proteins where MSP constitutes 15% of the initial cellular 

protein, I found it unsatisfactoiy for the purification of MSP 56 from bacterial cells 

(Fig. 4), resulting in only ~60-70% purity. 

A second method of purification was developed employing cation exchange HPLC 

techniques similar to those used by King et. al. (1992) to take advantage of the basic pi of 

the protein. This proved to be a much cleaner and faster way of purifying MSP 56 

(Fig. 4), resulting in -99% final purity as assayed on an overloaded, silver stained gel 

(data not shown). 

Using the second purification method, it is now possible to produce and isolate 

large quantities of MSP 56 quickly and easily. This should make any biochemical studies 

involving C. elegans MSPs much easier to pursue. Since the major interest in MSP centers 
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around its role as a cytoskeletal protein, the ability of MSP to form filaments in vitro will 

provide the basis for many future experiments. 

Assembly of MSP filaments in vitro 

MSP 56 was purified 60-70% by the first purification method. Despite the 

presence of contaminating bacterial proteins, assembly experiments were performed using 

this protein. King et al. (1992) were able to assemble the Ascaris MSPs into filaments in 

the presence of protein precipitants such as ethanol, other water-miscible alcohols or 2-

methyl-2,4-pentanediol. Based on this observation, I tried to form filaments using ethanol 

in MSP isolation buffer. MSP 56 from purification method #1 is able to form filaments in 

20% EtOH at a total protein concentration of 10 mg/ml. Based on the 60-70% purity 

estimate, MSP 56 is approximately 6-7 mg/ml of the total. Of several grids viewed, the 

filamentous structures were present on 60-70% of the grid squares. These filaments had 

no visible substructure and their diameter measured ~6-8 nm. Based on later experiments, 

the lack of substructure was probably due to problems of staining and grid hydrophobicity. 

Since this original MSP 56 was only 60-70% pure, it was possible that the 

filaments viewed were not, in fact, MSP, but some other bacterial protein present in the 

samples. In order to demonstrate that the filaments were composed of MSP 56, attempts 

were made to label them with anti-MSP antibodies. Unfortunately, a polyclonal anti-MSP 

antibody cross-reacted with numerous bands on a Western blot of bacterial cell extracts 

(data not shown), so it was not used. All attempts to decorate the filaments with the 

monoclonal anti-MSP antibody TR20 failed. Initial attempts to label MSP 56 filaments 

were done without prior fixation of the structure. When this was done, no filaments were 

seen on EM grids, apparently due to the instability of the filaments when removed from 

EtOH. King et. al. (1992) reported that filaments formed using purified Ascaris MSP are 

very unstable and disassemble within 5 seconds after removal of the EtOH. In an attempt 
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to stabilize the structures for antibody labelling, various fixation conditions were tried, 

including: 1% paraformaldehyde (pFA), 1% glutaraldehyde (GA) in SM salts (50 mM 

HEPES pH 7.0, 50 mM NaCl, 25 mM KC1, 5 mM CaCl2,1 mM MgSC>4); 1% GA in SM 

salts; 1% pFA, 1% GA in MSP Isolation Buffer; 1% GA in MSP Isolation Buffer; 1% 

pFA, 1% GA in PBS; and 1% GA in PBS. While the fixatives maintained filament 

structure, no labelling by the monoclonal antibody was seen. One potential explanation for 

this is that when MSP assembles into filaments, the region of the protein recognized by the 

antibody is blocked, thereby preventing decoration of the filament. Of course, it is also 

possible that the proper conditions for labelling were not found and further work is 

necessary. 

Since antibody labelling was unsuccessful, another control was to test for filament 

formation using only those bacterial proteins which were still present in the purified MSP 

56. Bacterial cells were induced which contained the pETl Id expression vector without 

the msp 56 cDNA and the resulting proteins were carried through purification method #1. 

These proteins were concentrated and tested for filament formation at protein concentrations 

of 1.0,1.75 and 2.0 mg/ml using 20% EtOH. A total of 213 grid squares were examined 

for filamentous structures and none were found. Although this is not direct evidence that 

the filaments seen previously were MSP 56, it does argue against the filaments being 

composed of a bacterial protein. 

Since direct evidence of MSP 56 filament formation was not obtained, MSP 

purification method #2 was developed which brings MSP 56 to 99% purity. When this 

protein was used for assembly experiments, filaments were visible on only 10-15% of grid 

squares viewed when 20% EtOH was used, but they were found on 70-80% of grid 

squares when 30% EtOH was used. Final protein concentration in these experiments was 

7 mg/ml, which fits well with predictions from the first set of assembly experiments. The 

necessity for increased EtOH concentration when MSP 56 is 99% pure as opposed to only 
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60-70% pure could possibly be due to the absence of the other proteins in the solution. In 

the 60-70% pure preparations, many other bacterial proteins were present which could have 

helped to stabilize the filament structure in some way. Once those other contaminating 

proteins were removed, higher EtOH concentrations are needed to maintain the structures in 

solution. 

The filaments formed using the purer MSP and placed on freshly carbon coated 

grids also showed some definite substructure and were all found as bundles ranging from 3 

or 4 filaments associated with each other to the extremely large bundle seen in Fig. 4. The 

individual filaments within these bundles have a diameter of 2.5 — 0.4 nm when measured 

from the edges of the negative stain (based on measurements of 50 separate filaments). 

Since negative stain can pile around a cylindrical filament and potentially obscure the widest 

section, the actual diameter is probably slightly larger. However, either measurement is 

still well within the range of filament diameters observed in vivo (Nelson, 1980; Ward, 

1983; Roberts, 1987) and those assembled in vitro using purified Ascaris MSP (King, 

1992). The helical structure noticed in the Ascaris preparations is not immediately apparent 

in the filaments formed using MSP 56, although there are hints of possible helicity. 

Increases in resolution are necessary to truly interpret the possible substructure of these 

filaments. The ability to form filaments from MSP 56 alone also indicates that, despite the 

size of the MSP family, most of the members probably represent redundancy and not vital 

differences necessary for formation of a filament containing several different MSPs. This 

ability to form filaments in vitro represents the first step toward establishing a biochemical 

system for the study of the MSP cytoskeleton of C. elegans. 
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Figure 3: MSP 56 is stable in BL21 (XDE3)-pPM 1309 cells to at least 4 h. 

(a) Growth curve of BL21(XDE3)-pPM1309 cells following induction of MSP 56 
synthesis by the addition of 1.0 mM IPTG 

(b) Western blot illustrating the stability of the MSP 56 protein over a period of four 
hours post induction. 
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Figure 4: MSP 56 purification from BL21(lDE3)-pPM1309 cells. 

(A) Lanes a-d are Coomassie stained gels of uninduced BL21(ADE3)-pPM1309 
cells (lane a), induced BL21 (XDE3)-pPM 1309 cells (lane b), MSP 56 purified by 
method #1 (lane c) and MSP 56 purified by method #2 (overloaded sample - lane 
d). Lanes e and f are Western blots of MSP 56 purified by method #1 (lane e) and 
method #2 (lane f). 

(B) Chromatogram of MSP 56 HPLC purification (method #2) showing MSP 56 
elution at approximately 36 min. 
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Figure 5: In vitro assembled filaments of purified MSP 56. 

(a) Large bundle of MSP 56 filaments, each with a diameter of 2.5 ± 0.4 nm. 
150,000 x magnification, bar =100 nm. 

(b) Higher magnification of a region of (a). 385,700 x magnification, bar = 50 nm. 
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DISCUSSION 

Because of the similarity in motility between nematode sperm and actin-rich 

crawling cells, these sperm provide an excellent complementary system in which to study 

cell locomotion at the molecular level. However, the lack of connection between the 

genetics of spermatogenesis studied in C. elegans and the biochemical work proceeding in 

Ascaris, the system has not yet been exploited to the fullest potential. An in vitro system of 

MSP filament assembly could be capable of bridging that gap and bringing new 

understanding of the basic molecular mechanisms involved in cell locomotion. The work 

presented here is a step in that direction, but much work concerning in vitro filament 

assembly remains. 

MSP 56 in vitro filament formation is obviously not being conducted under 

physiological conditions. Also, the filaments are very unstable if ethanol is removed. 

Since it seems likely that conditions of 20-30% ethanol could interfere with proper 

functioning of many cellular components, including those that interact with MSP, there is 

an immediate problem. A method for stabilizing the filament structure in the absence of 

alcohol while maintaining the integrity of those domains important for other interactions 

must be developed. One potential way of doing this is to try cross-linking the filaments 

using either chemical or photo crosslinking methods. Thus far, no chemicals have been 

found which stabilize the MSP cytoskeleton in vivo, however, little work has been done in 

this area. Many chemicals are currently available which can crosslink proteins using 

different side-groups and at specific distances. A number of these could be tried to 

determine which ones are most effective in maintaining stability of the filaments without 

reducing the potential for interaction. With an assembly system in hand, a more direct 

approach may now be taken to find as suitable crosslinking agent. 
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As mentioned, the work presented here represents only the preliminary steps 

needed to set up an in vitro assay system for MSP interactions. Analysis of the parameters 

of MSP filament assembly still needs to be carried out to determine optimal conditions for 

assembly in terms of protein concentration, optimal protein precipitants and concentrations 

which may be used, pH and temperature. It is known, for instance, that MSP assembly 

and disassembly in vivo can be controlled by changing the intracellular pH (Nelson, 1980). 

King et al. (1992) have performed these analyses on the Ascaris MSP and found that 

filament formation in vitro occurs from pH 5.7 to 9.5, at temperatures from 2-39°C and in 

several water miscible alcohols and other protein precipitants. Critical concentration for 

assembly has also been determined to be 0.2 mM MSP. Although conditions of C. elegans 

MSP filament formation should be reasonably close to those for Ascaris, simply based on 

sequence similarities, these analyses must still be conducted in order to confirm this 

assumption, or possibly to identify ways in which formation conditions differ between 

MSPs from the two organisms. Once the optimal conditions for assembly are determined, 

then work may progress toward greater understanding of the MSP cytoskeleton. 

Techniques used for the study of actin could be applied to MSP 

Based on sequence and initial biochemical analysis, actin and MSP are very far 

removed. Although both are filamentous, cytoskeletal proteins involved in cell locomotion, 

actin polymerization is regulated by ATP hydrolysis while the MSP sequence data suggests 

no nucleotide binding domains. Actin also forms filaments in vitro at much lower 

concentrations than MSP and these filaments are larger than MSP filaments. However, 

there are also some similarities. Both actin and MSP are dynamic cytoskeletal elements 

demonstrating rapid polymerization and depolymerization. Also, this system of 

polymerization/depolymerization seems to be directly related to the motility of the cells 

involved. Based on these functional similarities, I propose that many of the assays used 
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for the study of actin and its interacting proteins may be modified for use in the study of the 

MSP cytoskeleton. 

Early work which should be done on the MSP cytoskeleton is 3-D structural 

analysis, which has begun on the Ascaris MSPs (Roberts, pers. comm.) and mutational 

analysis to determine the important domains for filament assembly. One method for 

carrying out this analysis is an alanine screen where charged residues of the protein are 

replaced singly, or in combination, with alanine. This approach has been used by 

Wertman, Drubin and Botstein (1992, in press) to study actin and they have created several 

new alleles of actin in yeast which have been characterized by their resulting phenotype. 

Such an analysis, in combination with the 3-D structure allows for a detailed map of the 

protein to be constructed in which important regions can be identified structurally. With the 

ability to now synthesize, purify and assemble MSP in vitro rapidly and easily, such an 

analysis could be performed. Mutant MSPs could be synthesized and then tested for 

filament formation to determine necessary domains for assembly. Later, these could also 

be tested for their ability to interact with other proteins from the sperm. The C-terminal end 

of MSP is the most highly conserved region of the protein and may be involved in filament 

assembly, therefore, this should be the first region targeted for such an analysis. 

A major advantage of an in vitro assay system is the ability to identify and 

characterize proteins which interact with the cytoskeleton. One way of identifying proteins 

which interact with F-actin is affinity chromatography using columns constructed of F-actin 

(Miller, 1989). Cell extracts are passed over columns of stabilized actin filaments and can 

then be eluted just as proteins are eluted from other affinity columns. Once a method of 

stabilizing MSP filaments has been found, similar columns of MSP filaments could be 

constructed and crude sperm extracts passed over them to identify binding proteins. These 

proteins could then be characterized in a number of ways such as falling ball viscometry, 
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sedimentation assays or nucleation assays (Cooper, 1992 for review), all methods which 

have been employed in the study of actin binding proteins. 

Motility assays used to study microtubule motor proteins mav be adapted for use with MSP 

Since MSP has no apparent nucleotide binding domains, the force driving sperm 

cell motility must come from other proteins interacting with the MSP cytoskeleton, the 

motor proteins. Several motor proteins which interact with microtubules have been 

identified in recent years including kinesin, dynein and others. In order to study these 

motor proteins, in vitro motility assays have been developed and these assays could 

probably also be adapted for any potential MSP motors (Sloboda, 1992 for review). In 

these assays, either the microtubules or the motors are attached to a coverslip and then 

movement of the other component is observed microscopically. Due to the small size of 

MSP filaments, probably the best approach would be to place the MSP filaments on the 

coverslip and then attach the motor protein to either latex beads or membrane bound 

vesicles. 

The rapid synthesis and isolation of pure MSPs will enable many of the studies 

which are conducted using microfilaments or microtubules to be modified for in vitro 

analysis of the MSP cytoskeletal machinery as well. By developing a system of producing 

large quantities of pure MSPs which are able to assemble into filaments, this thesis 

represents the first step toward the creation of a valuable in vitro assay system which can be 

used to study the MSP filament and organization, as well as many of the components of 

nematode sperm which may interact with it. 3-D structural analysis, mutational analysis 

and interactive analysis will all add to our understanding of nematode sperm motility and 

work on the MSP cytoskeleton should complement work being done on actin based 

motility so that general mechanisms for cell locomotion can be determined. 
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