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ABSTRACT 

C. elegcins spermatids contain large vesicles called membranous organelles (MOs) 

that fuse with the plasma membrane during maturation to spermatozoa. This fusion is 

essential since mutations in the gene fer-l block MO-plasma membrane fusion and result 

in abnormal spermatozoa. To determine the function of the/er-/ gene product during 

sperm maturation, I have cloned and sequenced the gene and several cDNAs. fer-l is 

approximately 8.6kb in length and encodes a 6..'^kh sperm-specific transcript. In sirti 

hybridization experiments have shown fer-l expression is limited to the primary 

spermatocytes, the cells in which the MOs are formed, fer-l is predicted to encode a 

235kD basic integral membrane protein (FER-1) that is highly charged and rich in lysine 

and glutamic acid. Database searches revealed FER-1 is similar to several predicted 

human proteins of unknown function. Mutations have been identified for four of the 

eleven fer-l alleles, all of which cause amino acid changes in this predicted protein. 

PER-1 contains no recognizable functional motifs other than a single transmembrane 

domain at the C-terminus, a feature common to viral membrane fusion proteins. 

Antibodies raised against FER-1 and used for immunolocalization and western blot 

experimenLs did not yield reliable results. 

The work presented in this dissertation gives some evidence for my hypothesis 

that reR-1 is a membrane fusion protein, although the membrane fusion defect observed 

could be an indirect result offer-1 mutations. 
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I. INTRODUCTION 

I.l Membrane fusion 

Membrane fusion is an essential process for organisms. It is required for basic 

cellular events such as exocytosis, endocytosis, and intracellular transport. During cell 

division, the endoplasmic reticulum. Golgi apparatus, and nuclear envelope are broken 

down into vesicles that must fuse to reassemble these structures in the daughter cells. 

Membrane fusion is also essential for specialized prcxesses such as fertilization, myotube 

formation, the ability of enveloped viruses to infect animal cells. Under physiological 

conditions, however, energetic barriers prevent membranes from spontaneously fusing. 

Repulsive hydration forces must be overcome to bring the membranes close enough for 

fusion to take place and involves removal of water molecules from between the two 

membranes. Then the hydrophobic interiors of the bilayers must be exposed to each 

other to allow for lipid mixing and fusion. Organisms have developed mechanisms to 

efficiently overcome these and other obstacles to fusion, but these mechanisms remain 

unclear. 

Many investigators have chosen to examine membrane fusion from a biophysical 

standpoint. Pure lipid bilayers or isolated cell membranes are induced to fuse by 

treatment with a number of different chemical agents, including surfactanis, organic 

solvents, and polyethylene glycol (Wilschut 1989; Burger and Verkleij 1990; White 

1992). The goal of these experiments is to determine the behavior of lipids during 

fusion. This information has been used to develop models and stmctures for possible 

fusion intermediates. One popular model is that the lipids form inverted micelles at the 

fusion site (Ellens, et al. 1989) (fig. 1.1 A). The hydrophobic tails are on the outside of 
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the micelles and can interact with one another. In this way, lipids from the two bilayers 

are tree to mix to form a continuous bilayer. Another model is thai membrane fusion 

proceeds through a stalk intermediate (Siegel 1993) (fig. I.IB). This structure is formed 

by local fusion of the two outer leaflets, followed by rupture of the inner leaflets and 

bilayer fusion. These and other models have been used to predict how biological 

membranes fuse. The conditions used for pure lipid fusion experiments are very 

different from those in which membranes fuse in cells, so care must be taken when using 

the results of these experiments to explain what is happening in vivo. 

Ll.l Viral fusion proteins 

Study of membrane fusion in biological systems has identified a number of 

proteins used to accomplish this task. Of all the membrane fusion proteins identified to 

date, only those of the enveloped animal viruses have been shown to he directly involved 

in membrane fusion. Entiy of an enveloped virus into a host cell requires fusion of the 

viral membrane with the plasma membrane or with the endosomal membrane of the target 

cells following receptor-mediated endocytosis. Viral binding and fusion is mediated by 

integral membrane glycoproteins on the viral surface. So far, proteins responsible for 

fusion have been identified for a large number of viruses, including influenza 

(orthomyxovirus), Sendai virus (paramyxovirus), and Semliki Forest virus (alphavirus) 

to name a few (While, er al. 1983; Benlz 1993). Comparison of these proteins shows 

they are highly conserved within a given viral family, but not between viral families. 

Despite this, there are some structural and functional features common to viral fusion 

proteins that suggest they mediate fusion via similar mechanisms. 

I.l.l.l Influenza hemagglutinin 
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The fusion protein that has been most studied is hemagglutinin (HA) from 

influenza. Influenza virus particles bmd to sialic acid residues on the surface of a target 

cell and are transported to the endosomes by receptor-mediated endocytosis. Fusion 

occurs in the endosomes in response to a drop in pH and is completed 3{)-9() seconds 

after exposure to low pH (White, et cil. 1983). HA has been shown to be necessary and 

sufficient for membrane fusion. In fact, when expressed on the surface of culture cells, 

HA induces fusion of the cells after exposure to low pH (White, et al. 1982). 

HA is an integral membrane protein complex composed of three heterodimers. 

Each heterodimer is composed of two glycoproteins, HAl and HA2, held together by 

disulfide bonds and anchored in the viral membrane by a single transmembrane domain at 

the C-terminus of HA2 (White, et al. 1983). HAl is responsible for virus binding to 

sialic acid residues on the cell surface (White, er al. 1983). Mutational analyses have 

mapped the fusogenicity of HA to the N-terminal 24 amino acids of HA2 (Daniels, er al. 

1985; Gething, et al. 1986). This stretch of amino acids, termed the fusion peptide, is 

very hydrophobic and is the most highly conserved part of orthomyxovirus HAs (While, 

et al. 1983). HAl and HA2 are derived from the proteolytic cleavage of a single 

proprotein (HAO). HA must be cleaved to be active, since mutations that block the 

cleavage block infectivity of influenza. Infectivity can be restored by treating these 

viruses with trypsin. Trypsin digestion is also necessary for fusion activity of HA 

expressed on the surface of culture cells (While, et al. 1982). 

The fusion peptides appear to mediate fusion by insertion into the target 

membrane (Harter, etal. 1989; Stegmann, et al. 1991), causing HA to transiently be an 

integral protein of both membranes. Based on the crystal stmcture of a soluble fragment 

of HA called BHA (for bromelain-released fragment of HA) at neutral pH. however, the 
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fusion peptides are buried within the trimer about 1(M)A from the target membrane 

(Wilson, ei al. 1981). How can they interact with the target membrane from this 

distance? Earlier studies had shown that HA undergoes an irreversible conformational 

change after exposure to low pH that exposes the fusion peptides (Skehel, et al. 1982; 

White, etal. 1983; White and Wilson 1987). Crystallization of the HA2 portion of BHA 

following exposure to acidic conditions and comparison to that of native BHA revealed a 

conformational change that would jackknife the fusion peptides > lOOA towards the 

target membrane and allow for insertion (Bullough. er al. 1994). There is also 

displacement of the C-terminus of HA2 toward the target membrane. When HA is 

anchored in die viral membrane, this displacement may bring the viral membrane clo.ser to 

the target membrane. When this happens, the HA molecules could bend and become 

parallel to the membranes, allowing insertion of some of the fusion peptides into the viral 

membrane. Fusion peptide insertion into the viral membrane has been observed (Weber, 

et al. 1994), although these experiments were done in the absence of target cells. 

Clearly, an important task is to determine the structures of intact HA anchored in a 

membrane before and after exposure to low pH. 

HA must be anchored in a membrane to be fusogenic. As stated above, HA 

expressed on the surface of cells can mediate fusion after cleavage with trypsin and 

exposure to low pH, but BHA, which is soluble, cannot (While, et al. 1982; Wharton, et 

al. 1986). Replacement of the transmembrane domain with glyco.sylpho.sphatidylinositol 

(GPI) anchors HA in the membrane but doesn't restore fusogenicity (Kemble, et al. 

1994). Previous studies with GPl-anchored HA (GPl-HA) found that it formed 

homotrimers on the cell surface facilitated binding to target cells, and exposed the fusion 

peptides after exposure to low pH (Kemble, et al. 199.3). When cells expressing GPl-

HA on their surface were mixed with nuore.scently-labeled red blood cells, mixing 
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between the membrane lipids but not the contents was observed. The conclusion was 

that the GPi-anchored HA promoted hemitusion, but not complete fusion, of the 

bilayers. Further evidence for this conclusion came from experimenLs showing that GPI-

HA-induced lipid mixing was confined to the outer leatlcLs only (Melikyan, etcil. 1995). 

GPI-induced hemifusion can be forced to completion by osmotic swelling of the labeled 

red blood cells, suggesting that hemifusion represents a normal intermediate in HA-

mediated membrane fusion (Melikyan, et al. 1995). GPI-HA is only anchored in the 

outer leaflet of the membrane, whereas the normal HA transmembrane domain penetrates 

the entire bilayer. Chimeric HAs that have transmembrane domains from other proteins 

are fusogenic (Roth, et al. 1986; Dong, et at. 1992). suggesting thai HA needs to be 

anchored in both leaflets to be fu.sogenic. The role of the membrane anchor is unclear, 

but it may act to stabilize the fusion pore or be a structural element of the pore itself 

(White 1992). It may also lower the energy needed for fusion by stabilizing the fusion 

intermediate or creating a defect in the viral membrane that allows this membrane to 

rupture during fu.sion pore formation (Siegel 199."^). 

After insertion of the fusion peptides in the target membrane, there is a lag before 

membrane fusion occurs. During this time, it is believed that additional conformation 

changes occur along with lateral movements of HA trimers in the viral membrane (White 

1992). One of these changes may be insertion of a coiled-coil region adjacent to the 

fusion peptide into the target membrane (Yu, et al. 1994) During this lag there is 

aggregation of several HA trimers at the fusion site and possibly formation of a fusion 

pore within the interior of the aggregate. No one knows what the fusion pore looks like 

or what the nature of the fusion intermediate is. It is unlikely HA-induced fusion 

proceeds through an inverted micellar intermediate becau.se a) the energy required would 

be too high and b) HA can mediate fusion of bilayers composed of lipids that cannot form 
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inverted micelles (Stegmann 1993). Stegmann proposes the intermediate could be a 

modified stalk structure, which is less dependent on lipid composition (see (Siege! 1993) 

for greater detail) (fig. IB). Elucidation of the structure of the fusion pore is critical if we 

are to understand the mechanism of membrane fusion. 

1.1.1.2 Other viral fusion proteins 

Probably the most studied fusion protein after HA is the F-protein from Sendai 

virus, which shows many similarities to HA (White, er al. 1983; Yeagle 1993). F protein 

is synthesized as a precursor glycoprotein (FO) that is proteolytically cleaved into two 

fragments, F1 and F2, that remain associated by a single disulfide bond. The F1-F2 

heterodimer is held in the membrane via a transmembrane domain at the C-terminus of 

Fl. The cleavage of FO creates the N-terminus of FI and is essential for fusogenicity. 

The N-terminal 26 amino acids of Fl are very hydrophobic and comprise a putative 

fusion peptide. The F1-F2 heterodimer is necessary for fusion since reduction of the 

disulfide bond blocks fusion. Sendai virus fuses with the target cell plasma membrane 

and occurs at neutral pH. This is different from HA, which requires acidification to 

become fusogenic. F-protein-induced fusion is suggested to occur by insertion of the 

fusion peptide into the target membrane. Unlike HA, there is no direct evidence of this, 

but the fusion peptide, when isolated from the rest of Fl, can destabilize membranes. It 

is thought that this destabilization may allow for lipid mixing between the two 

membranes, ultimately leading to fusion. 

The fusogenic protein from respiratory syncitial virus (RSV) shows similarities to 

both HA and Sendai F protein (Walker and Downing 1993). It is also synthesized as a 

precursor that is cleaved into two fragments. These fragments, Fl and F2, are held 

together by a disulfide bond. Fl contains a transmembrane domain that anchors the 
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heterodimer in the viral membrane. It also possesses 10-12 amino acid hydrophobic 

stretch at its N-terminus. There is no direct evidence that this hydrophobic stretch has a 

role in fusion, however. RSV fusion occurs at pH7 - 7.5 and requires an intact F1-F2 

heterodimer. 

Another virus in which fusion has been studied is Semliki Forest virus (SFV). 

SFV enters host cells by endocytosis and fusion with the endosomal membrane in a low 

pH-dependent manner reminiscent of intluenza (While, f-r«/. 1983; Kielian 1993). The 

fusogenic properties of SFV have been assigned to two transmembrane glycoproteins. El 

and E2. EI is apparently the fusogenic protein and contains a 23 amino acid hydrophobic 

domain that is the most highly con.served region among alphaviruses El proteins. This 

suggests it is critical for the fusogenic function of El. Unlike in HA and Sendai F 

protein, the hydrophobic domain is not at the N-terminus. The mechanism of El-induced 

fusion is not understood, but studies have shown that both El and E2 undergo 

irreversible conformational changes when exposed to low pH. 

As can be seen from these and other examples, there is a common theme among 

many of the viral fusion proteins. All are glycoproteins and many are synthesized as 

precursors that must be proteolyucally cleaved to be active. Most contain a hydrophobic 

peptide, but the involvement of this peptide in fusion has only been demonstrated for 

some proteins. Enveloped viruses can be divided into two classes, those that are 

endocytosed prior to fusion and those that fu.se with the plasma membrane. Viruses that 

fuse after endocytosis likely require exposure to low pH to alter the conformation of the 

fusion protein, exposing regions of the protein that can interact with the target membrane. 

Such conformational changes have been described for HA and SFV E1-E2. For viru.ses 

that fuse with the plasma membrane, it is not known what activates the fusion proteins. 
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It is possible that binding to a cell receptor induces the necessary conformational changes. 

This has been demonstrated in HIV (Moore, erai. 1993), where binding to host ceil CD4 

causes the gpl20 protein to dissociate from the gp4l protein. This dissociation is 

hypothesized to expose a fusion peptide on gp41. Regardless of how fusion is triggered, 

the presence of fusion peptides in these different proteins suggests that they all mediate 

fusion in a similar manner. 

1.1.2 Eukaryotic membrane fusion studies 

The study of membrane fusion in eukaryotic cells has focused on dissection of 

intracellular transport and secretion. These processes involve formation of vesicles from 

one membrane, then transport and fusion with another membrane. Genetic studies in 

yeast and biochemical analyses in animal cells have identified a core set of cytoplasmic 

proteins involved in almost all vesicle fusion events in eukaryotic cells (Kaiser and 

Schekman 1990; Rothman and Orci 1992; Bennett and Scheller 1993). These proteins 

form complexes with receptors found on both the vesicle and the target membrane. 

These receptors confer the specificity of fusion, ensuring that the proper vesicles fuse 

with the proper membrane. This fusion mechanism is highly conserved among different 

cell types. 

1.1.2.1 NSF-dependent fusion 

In order to examine formation and fusion of vesicles, Rothman and colleagues 

successfully reconstituted intra-Golgi transport in vitro (Balch, et al. 1984). N-

ethylmaleimide treatment of this .system resulted in the accumulation of uncoated transpoii 

vesicles by preventing their fusion with the target membrane. Vesicle fusion was 

restored by addition of a N-ethylmaleimide-sensitive fusion (NSF) factor extracted from 

Golgi membranes with ATP and KCl. Purification and analysis have revealed that NSF 
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is a 76kD ATP-binding protein thai appears to function as a homoictramer in vivo (Block. 

er al. 1988). NSF is homologous to the yeasl protein SeclSp (Wilson, er al. 1989), 

which is involved in ER to Golgi transport, and the two proteins have been shown to be 

functionally equivalent in the in vitro Golgi transport assay (Wilson, et al. 1989). 

Biochemical data and sequence data show that NSF is a cytosolic protein. NSF cannot 

bind to Golgi or vesicle membranes alone, hut can do .so in the pre.sence of a group of 

related proteins called soluble NSF attachment proteins (SNAPs) (Clary, et al. 1990). 

Three SNAPs have been identified, a-, P-, and y-SNAP. fn vitro binding studies 

showed that a- and (3- SNAP compete for the same binding site on NSF. This, coupled 

with the similarities in size, specific activities, and partial proteolytic maps (Clary, et al. 

1990), suggests that a- and (3-SNAP are isoforms. y-SNAP binds to a different site than 

the other two and in vitro can cnhance the binding of a- or (3-SNAP to NSF (Wil.son, er 

al. 1992). The link between vesicle fusion in animal cells and yeast was strengthened 

when the yeast secretion gene Secl7p was found to encode a-SNAP (Clary, etal. 1990). 

Membrane association of NSF-SNAP is mediated by a family of integral 

membrane proteins called SNAREs (SNAP receptors) (Wilson, et al. 1992; Sollner, et al. 

1993). Becau.se of the abundance of secretory vesicles found in neurons, SNAREs were 

first isolated from brain extracts. Bovine brain membranes were detergent-solubilized 

and mixed with purified SNAPS and NSF tagged with a Myc epitope. ATP-yS, a non-

hydrolyzable analog of ATP, was included to stabilize the membrane-bound form of 

NSF-SNAP. This mixture was run over an anti-Myc antibody column and the proteins 

bound to NSF were eluted with ATP, which displaced the ATP-yS. Hydrolysis of the 

ATP is known to cause NSF to dissociate from membranes. The eluent consisted of the 

SNAPs and three previously identified membrane proteins, syntaxin, 

synaptobrevinA'^AMP, and SNAP-25 (synaptosome-associated protein of Mr 25kD) 



(Sollner, etal. 1993). Syntaxin and SNAP-25 are compDnenis of the plasma membrane 

and synaptobrevin/VAMP is localized to synaptic vesicles. These proteins have been 

shown to play a role in synaptic vesicle fusion based on being targets of bacterial toxins 

that block neurotransmitter release (Takizawa and Malhotra 1993). 

NSF is involved in numerous fusion events, including ER to Golgi transport, 

intra-Golgi transport, endosome-endosome fusion, and synaptic vesicle fusion 

(Whiteheart and Kubalek 1995). How do cells ensure that all vesicles are targeted and 

fuse with the correct membrane? The di.scovery of SNAREs may shed some light on 

this. The SNARE hypothesis (Sollner, et al. 1993) (fig. 1.2) suggests that a particular 

type of vesicle has a unique SNARE (called a v-SNARE) that can only interact with 

another SNARE (called a t-SNARE) found on the appropriate target membrane. Once the 

appropriate v-SNARE - t-SNARE interaction is made, NSF, SNAP.s, and other proteins 

involved in fusion (discussed below) are recruited. Work on vesicle trafficking in yeast 

lends support for this hypothesis. Multiple homologs of the .synaptic SNAREs have been 

identified in yeast (Bennett and Scheller 1993; Ferro-Novick and Jahn 1994). There are 

five genes encoding VAMP-related proteins {BOSI, SEC22, BETl, SNCl, SNC2), four 

encoding syntaxin-related proteins {SED5, PEPI2, SSOl, SS02), and a one encoding a 

SNAP-25-like protein {SEC9). Each protein acts al a specific .stage along the secretory 

pathway. For example, SNCI -and SNC2 encode related proteins neces.sary for post-

Golgi secretion associated with post-Golgi vesicles, as expected for v-SNAREs 

(Protopopov, et al. 1993). Sed5p plays a role in fusion of ER-derived vesicles with the 

Golgi. As expected for a t-SNARE, SedSp has been immunolocalized to Golgi 

membranes (Hardwick and Pelham 1992). 



23 

Additional specificity of vesicle-target membrane fusion is confeired by members 

of the rab protein family. Rab proteins are small GTP-binding proteins related to ras and 

found to be involved in numerous fusion events in yeast and in mammalian cells (Bennett 

and Scheller 1993; Ferro-Novick and Novick 1993; Pfeffer 1994). Greater than 30 

members of this protein family have been identified so far, each apparently involved in a 

particular fusion event. The most studied members of this family are Sec4p and Yptlp 

from S. cerevisiae and rab3 from mammals. Sec4p is involved in docking and fusion of 

secretory vesicles with the plasma membrane (Salminen and Novick 19S7). Sec4p exisLs 

in both cytosolic and membrane-bound forms and the latter localizes to the cytoplasmic 

faces of the plasma membrane and secretory vesicles (Goud, er al. 1988). Yptlp is 

necessary for fusion of ER vesicles with the Golgi and has been immunlocalized to Golgi 

membrane (Segev, eral. 1988). 

These observations led to formation of a model for how GTP-binding proteins 

could regulate vesicle fusion (Bourne 1988). The protein (ie. Sec4p or Yptlp) would 

bind to vesicles when GTP was bound and promote docking and fusion with the 

appropriate target membrane. After fusion, GTP hydrolysis would release the protein 

from the target membrane and, after exchange of GDP for GTP. the protein would repeat 

the cycle. Support for this model comes from mutational analyses suggesting thai Scc4p 

does indeed cycle between cytosolic and membrane bound forms . Further support 

comes from work on the Sec4p-related mammalian protein rab3. Rab3 is a neural-

specific protein localized to synaptic vesicles. Like Sec4p, it cycles between membrane-

bound and cytosolic forms. This cycling is regulated by proteins that control GTP 

hydrolysis and nucleotide exchange. 
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Taken together, studies in yeast and mammalian cells have converged on a fusion 

mechanism strategy where a common core of proteins (N'SF and SNAPs) mediates a 

variety of vesicle fusion events. The SNAREs, rahs, and Seel-like proteins are used to 

confer the specificity necessary to make sure that the proper vesicles fuse with the proper 

target membrane. This has allowed for modification of the NSF-dependent fusion 

mechanism to suit the needs of the cell. There are, however, fusion events that are NSF-

independent, some of which may involve mechanisms and proteins similar to the viral 

fusion proteins discussed above. 

1.1.2.2 NSF-independent fusion 

NSF is not the only protein mediating fusion in eukaryotic cells, however. 

Studies in yeast and animal cells have converged on another fusion mechanism that is 

independent of NSF, SNAP, and rahs hut requires an NSF-like ATPase (Mellman 

1995). This protein, called p97, was found to be involved in Golgi stack reassembly in 

vitro in an NSF-SNAP independent manner (Acharya, er at. 1995; Rabouille, et al. 

1995). At the same time, the yeast homolog of p97, encoded by the CDC48 gene, was 

found to be necessary for ER-membrane fusion in S. cerevisiae (Latterich, ei al. 1995). 

p97 activity is NEM-sensitive and requires ATP, but does not require SNAPs. It is not 

affected by non-hydrolyzable analogs of GTP, indicating that rab family members are 

also not required. Why have two unique mechanisms for fusing membranes evolved? 

One model is that membrane fusion events in eukai7otes can be divided into two classes, 

homotypic and heterotypic (Latterich, etal. 1995). NSF is involved in heterotypic fusion 

events, where the two membranes are from different sources (ie. fusion of ER-derived 

vesicles with the cis-Golgi). p97/Cdc48p is necessary for homotypic fusion events, such 

as fusion of vesicles during ER and Golgi reassembly and nuclear membrane fusion. 
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Some eukaryotic fusion events may involve mechanisms similar to those mediated 

by viral fusion proteins. Evidence for this comes i'rom the identification of eukaryotic 

fusion proteins that share similarities with viral fusion proteins. Tlie first such protein 

identified is PH-3()/fertiIin, the protein responsible for sperm-egg fusion in guinea pigs 

(Glabe, et al. 1990). PH-3() is composed of two subuniLs, a and p, both of which are 

integral membrane proteins. The genes encoding each subunit have been sequenced, 

revealing presence of an internal hydrophobic strctch of amino acids which resembles 

those found in viral fusion proteins in the a-subunit (Blobel, er al. 1992). The N-

terminus of PH-3()P possesses a disintegrin domain that may be involved in binding of 

the sperm to the egg surface. A homologue of PH-3() has been identified in C. elegcins. 

Called ADM-1, this protein is suggested to be involved in fusion of hypodermal cells 

during hypodermal syncitium formation (B. Podbilewicz, pers. comm.). 

1.2 C. elegans sperm as a model system 

The study of membrane fusion in different systems has led to rapid progress 

toward understanding the mechanisms underlying this phenomenon. This is best 

illustrated by the biochemical analysis of vesicle fusion in mammalian cells and the 

genetic dissection of secretion in yeast. Combining the discoveries in each of these 

systems revealed the commonality of the NSF-SNAP fusion machinery and provided 

strong evidence for the SNARE hypothesis. Re.search in these systems has also 

converged on another fusion mechanism independent of NSF and SNAPs. With this in 

mind, I have attempted to develop vesicle-plasma membrane fusion during sperm 

maturation in the nematode Caennrhahdiris elefians as a new system for studying 

membrane fusion. Sperm can be readily isolated and maturation can be efficiently 

stimulated in vitro, meaning fusion can be preci.sely controlled. This should allow 

pharmacological and kinetic studies of fusion to be performed. This system is also 
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excellent tor studying the staicture of fusion pores since vesicle fusion is incompleted 

and stable tusion pores are formed. The most valuable asset of this system is its 

amenability to genetic analysis. As will be discussed in greater detail below, mutations 

have been isolated that specifically block vesicle fusion in the sperm, all of which are in a 

single gene. Since much of the fusion machinery isolated in other eukaryotic systems is 

used for many fusion events, it is possible that this gene encodes a sperm-specific 

SNARE. It is also possible that this gene represents another viral-like fusion protein. 

Regardless, study of membrane fusion in C. ele^ans sperm will complement research in 

other systems and further our understanding of membrane fusion in general. 

1.2.1 Introduction to C. elegans 

Caenorhabditis elegans is a small free-living soil nematode first introduced as a 

model organism by Sydney Brenner (Brenner 1974; Wood 1988). This worm is about 1 

mm in length and has a life cycle of approximately ?>.5 days at 2()'^^C (Wood 1988). It 

feeds on bacteria, is easily maintained in the laboratory on solid media and in liquid 

culture, and can easily be handled in large numbers. There are two sexes, 

hermaphrodites and males (fig. 1.3), determined by the number of X chromosomes 

present. Hermaphrodites are XX and produce both sperm and oocytes, which result in 

about 300 self-progeny per worm. Males are XO and arise spontaneously by X 

chromosomal nondisjunction at a frequency of 1 per 500 worms (Wood 1988). Besides 

its small size and short life cycle, C. elef^ans has some other advantages that make it an 

ideal organism for study. It has a small number of somatic cells that is invariant from 

worm to worm. Hermaphrodites have 959 somatic cells and males have 1031 (Wood 

1988). The positions and lineage of each of these cells in the adults is known (Sulston 

1988). C. elegans is transparent, so cells can be visualized in living worms and subtle 

mutations that affect cell position or fate can be identified. It is amenable to genetic 
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analysis and an extensive genetic map has been constructed. There is also an almost 

complete physical map that correlates very well with the genetic map. This makes it 

possible to clone genes that have been identified genetically. More recently, the C. 

elegans genome project has succeeded in sequencing over 30 megabases of the genome 

and should have the entire lOO megabase genome sequenced by 1998 (Hodgkin, er al. 

1995). This further facilitates molecular identification of genes and allows more time to 

be spent on elucidating the function of their products. 

1.2.2 C. elegans sperm development 

C.elegans spermatozoa, like those of other nematodes, are amoeboid cells 

approximately 7|im long and 4.5|im wide (Ward, et al. 19X2; Kimble and Ward 1988) 

(fig. 1.4). They are asymmetric, with a hemispherical cell body and a long pseudopod 

that extends from one side. TEM sections show that the pseudopod cytoplasm is devoid 

of any organelles and is separated from that of the cell body by laminar membranes (fig. 

1.5). The pseudopod is covered with small projections that are u.sed for attachment to a 

substrate. These projections move backward on the p.seudopod as a result of bulk 

retrograde flow of the pseudopod membrane. This is accomplished by insertion of new 

membrane at the tip of the pseudopod projections and reuptake of membrane at the base 

of the pseudopod and was demonstrated in a series of elegant experiments using latex 

beads, fluorescent lectins, and horseradish peroxida.se to follow membrane movements 

(Roberts and Ward 1982a). Latex beads attached to the p.seudopod always moved 

backwards toward the base of the pseudopod, then stopped. Beads attached to the cell 

body never moved. Insertion of new membrane at the pseudopod tip was demonstrated 

by soaking spermatozoa in unlabeled wheat germ agglutinin (WGA) to block all lectin 

binding sites, then pulse labeled with fiuorescent WGA. WGA binds to glycoproteins 

present on the cell surface (Ward, er al. 1982). Initially, only the tip of the pseudopod 
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was stained. Later, the fluorescence was seen to move backward along the pseudopod 

and eventually disappear. Tnis latter result suggested that the membrane was being 

internalized at the base of the pseudopod and this was confirmed by experimenLs which 

showed that horseradish peroxidase bound to the sperm membrane is later found in the 

internal laminar membranes concentrated at the pseudopod-cell body boundary (Ward, et 

ai 1982). 

The rate of membrane flow on the pseudopod is similar to the rate of sperm 

translocation over a surface, suggesting this membrane How is u.sed to propel the cells. 

Surprisingly, these cells contain little actin, no myosin, and no tubulin except for that 

contained in the centriole (Nelson, et al. 1982). The cytoskeleton is composed of a small 

basic protein called major sperm protein (MSP) that makes up -15% of the total cellular 

protein (Klass and Hirsh 1981; Nelson and Ward 1981; Ward and Klass 1982). Work in 

C. elegans (I. Caldicott, unpublished observations) and the pig parasitic nematode 

Ascaris suum (Sepsenwol, et cil. 1989; King, et cil. 1992; Italiano. et al. 1996) has 

revealed MSP forms .3-5nm diameter filaments that then form thicker bundles both in 

vivo and in vitro. The current model is that motility is driven by polymerization of MSP 

in the tips of the pseudopod projections and depolymerization at the base of the 

pseudopod (Roberts and Stewart 1995). Strong evidence for this model comes from 

observations in vivo (King, et al. 1994) and reconstruction of MSP-driven motility in 

vitro (Italiano, et al. 1996). Current work is focusing on the line structure of MSP 

filaments and identification of interacting proteins that are necessary for MSP a.ssembly 

and MSP-mediated motility. 

Spermatogenesis occurs in hermaphrodites late in the L4 stage and ceases just 

prior to the L4/adult molt, when the gonad switches to oogenesis. In males. 
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spermatogenesis occurs throughout adult life (Kimble and Ward 1988). Spermatogenesis 

can be divided into two major steps, meiosis and spermiogenesis. Meiosis proceeds 

linearly along the gonad, with the primary spermatocytes located distally and the haploid 

spermatids at the proximal end, with the cells in between at various stages. During this 

time, all of the componenLs needed by the sperm are synthesized and segregated to the 

developing spermatids. Unnecessary components, including the endoplasmic reticulum. 

Golgi apparatus, ribosomes, and spindle are sequestered in an anucleate cytoplast called 

the residual body. This is sloughed off during the final division and reabsorbed. 

The spermatids are stored until they are signaled to undergo spermiogenesis. 

This is the maturation of the round immotile spermatids to the amoeboid crawling 

spermatozoa and takes place in hermaphrodites during and just after the L4/adult molt and 

in males upon mating. Genetic evidence suggests that there are two distinct signaling 

pathways in sperm, one being hermaphrodite-specific and the other male-specific (Shakes 

and Ward 1989; Minnid, et al. 1996). Work in Ascaris has shown that the male signal in 

this species is a component of the seminal lluid, probably a glycoprotein (Sepsenwol and 

Taft 1990). No such signal has been identified in C. elciians, but it is also presumed to 

be a component of the seminal fluid. 

1.2.3 Genetic analysis of C. elegans spermatogenesis 

For over twenty years, spermatogenesis in C. elegans has been used as a model 

system for studying numerous cellular proces.ses. including cellular differentiation and 

morphogenesis, cell motility, cytoskeletal proteins and their function, signal transduction, 

and sperm competition (Ward 1986; Kimble and Ward 1988; L'Hernault and Robert 

1995). The major advantages of this system are the ability to select for mutations that 

specifically affect spermatogenesis and isolation of spenn away from other tissues t"or 
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biochemical analysis and in vitro manipulation. Much of sperm development can occur in 

vitro and has been examined in great detail. For example, spermiogenesis is normally 

induced in hermaphrodites when they mature to adults and in males upon mating with a 

hermaphrodite. This process can be triggered in vitro using a number of agents, 

including proteases, the weak ba.se triethanolamine (TEA), and the proton/sodium 

ionophore monensin. Wild-type sperm activated in this manner look identical to sperm 

activated in vivo. TEA-activated sperm are fertilization competent as shown by artificial 

insemination (LaMunyon and Ward 1994), so the in vitro process accurately mimics 

maturation in vivo. Pronase-activated sperm cannot fertilize oocytes, probably due to 

protease-induced loss of cell surface molecules necessary for fertilization. 

Genes specifically involved in sperm production can be identified by screening 

for mutations that disrupt the proce.ss. This is done by mutagenizing worms and 

selecting hermaphrodites that lay unfertilized oocytes, but produce viable progeny when 

mated to wild-type males. This indicates that the sperm of the mutant worms are 

defective. Using this approach, approximately 60 genes involved in spermatogenesis 

have been identified. The phenotype of these mutations (termed fer for/trtilization-

defective or spe for .vpermatogenesis-defective) have allowed us to genetically dissect this 

process into distinct steps, (fig. 1.6). 

Fourteen/er and spe genes have been cloned and .sequenced and found to encode 

mostly novel proteins (Burke and Ward 1983; Kla.ss, et al. 1984; L'Hernauli and 

Arduegno 1992; L'Hemault, f'r«/. 1993; Varkey, era/. 1995: Minniti,«-/"«/. 1996). This 

is exciting, given the unique nature of the sperm, but makes determining the function of 

the gene producLs difficult because they are unlike anything else seen before. Recently, a 

number of the cloned spe genes have been found to be similar to genes from other 
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organisms. The protein encoded by spe-26 shows similarity to a number ot" proteins, 

including the proteins scruin, a component of Umuius acrosomal filaments, and kelch, a 

component of ring canals in Drosnphila melanopaster egg chambers. Both of these 

proteins appear to be involved in bundling microfilaments. Interestingly, mutations in 

spe-26 disrupt chromosome segregation and cytoplasmic rearrangements normally .seen 

in spermatocytes (Varkey, er al. 1995). MSP shows similarity to the VAMP binding 

protein VAP-33 from Aplysia (Skehel, er al. 1995) as well as a number of expre.s.sed 

sequence tags (ESTs) from human brain and liver cDNA libraries (S. Ward, unpublished 

observations). 

The most fascinating similarity was discovered to be between the protein encoded 

by spe-4 (L'Hernault and Arduegno 1992) and thai encoded by a gene called ADS found 

to be involved in an early onset form of Alzheimer's disease (Sherrington, et al. 1995). 

In fact, the only initial match to AD3 found in the database was lo spe-4, although 

similarity to another C. elegans gene, sel-l2 has subsequently been found (Levitan and 

Greenwald 1995). The di.scovery of similarities between gene products involved in C. 

elegans sperm development and those of higher organisms, besides aiding our analyses, 

offers the opportunity to study the.sc gene pri)ducLs in a more tractable system. 

1.3 Membranous organelle development in C. elegans 

C. elegans spermatids contain specialized vesicles called membranous organelles 

(MOs) (fig. 1.7). The MOs are large, bi-lobed staictures derived from the Golgi 

apparatus, with some evidence that they can contain components derived from the 

endoplasmic reticulum as well. They are compri.sed of a small head and a large body 

separated by a constriction that is surrounded by an electron-dense collar of unknown 

composition. Although MOs are composed of one continuous membrane, the two lobes 
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are distinct in composition and contents. ABY SP56, a monoclonal antibody that 

recognizes a group of eight sperm-specitlc proteins on western blots, labels the lumen, 

but not the membrane, of the heads and the membrane, but not the lumen, of the bodies 

(Roberts, etal. 1986). 

There is some debate as to how the MOs develop in C. elei^ans. Wolf, er al. 

(1978), using electron microscopy to follow spermatogenesis at an ultrastruciural level, 

found that the MOs first appear early in spermatogenesis and begin as enlargements of 

Golgi vesicles surrounded by cup-shaped cisternae of ER. As the MOs form, another set 

of structures, called fibrous bodies (FBs), form adjacent to the Golgi apparatus. The 

FBs are bundles of tllamenis surrounded by a double membrane. As the spermatocytes 

mature, the MOs become bi-lobed, with a .small lobe and a larger lobe separated by the 

electron-dense collar. The larger lobe has numerous linger-like projections that appear to 

fuse with the membrane of a nearby FB to form a composite structure. An opening 

forms in the double membrane surrounding the FB so that the space containing the 

tlbrous material is connected to the cytoplasm. 

Roberts, er al. (1986) also .saw MOs first appearing in primary spermatocytes. 

However, labeling of EM sections with anti-MSP antibodies suggests that the FBs and 

MOs form as a single structure called an FB-MO complex. They explain the apparent 

contradiction between their observations and those of Wolf, et al. by suggesting that die 

separate appearance of the FBs and MOs is an artifact of the plane of section. Their 

interpretation of MO development is illustrated in fig. 1.8. The immature MOs, derived 

from the Golgi, have two lobes, a body and a head, separated by an electron-dense 

collar. The FBs, composed of MSP, first ari.se in the folds of the body lobe as seen by 

labeling with anti-MSP antibodies. As the FBs enlarge, the body lobes of the associated 
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MOs begin to envelope them. It is important to note that the FBs are not inside the MOs. 

but rather surrounded by them so that they remain part of the cytoplasm. The mature FB-

MO complexes consist of FBs almost completely surrounded by a double membrane 

formed from the MO (Fig. I.9G). 

One aspect of MO development that remains unclear is how the MO membrane 

grows. The growing MOs are often associated with Golgi stacks that could supply the 

necessary membrane (S. Ward, unpublished observations). It is also possible that MO 

growth is supported by fusion with vesicles that bud from the Golgi, although no 

obvious vesicles have been observed. Examination of sperm from spe-I7 mutants gives 

evidence that some of the membrane may come directly from the endoplasmic reticulum. 

The FB-MO complex membranes in spe-l7 mutant sperm are studded with ribosomes 

(Shakes and Ward 1989; L'Hemault, cr al. 1993). This phenotype is not due to a general 

defect in ribosome binding to membranes because the Golgi, mitochondrial, and nuclear 

membranes are devoid of ribosomes. 

The function of these complexes appears to be to transport materials to the 

spermatids. The FB-MO complexes are segregated to the spermatids during the second 

meiotic division along with the mitochondria and nuclei. The ER, Golgi, and ribosomes 

are left behind in an aniicleate cytoplast called the residual body. The FB-MO complexes 

remain intact until the spermatids have completely separated from the residual body. The 

MO membranes retract from the FBs, which begin to rapidly disassemble, and the MOs 

move to the periphery of the cell (fig. I.9D-F). When completely separated, the 

membranes of the body lobes are highly convoluted. In cross section, the folds resemble 

the fingers of a glove. 
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Based on morphometric analysis of EM sections, there are approximately 26 MOs 

per spermatid (Roberts, et al. 1986). The Mt)s are arranged around the periphery ot' the 

spermatid with the heads abutting their plasma membrane (figs. 1.7 and I.9F). They 

remain like this until the cell undergoes spermiogenesis. One of the earliest events in 

spermiogenesis is that most (-70% ba.sed on morphometry of membranes from EM 

sections) of the MOs fuse with the plasma membrane (Roberts, er al. 1986). The fusion 

is incomplete, with only the heads disappearing into the plasma membrane, and results in 

formation of stable fusion pores surrounded by the collars (fig. 1.9g). The body lobes 

become permanent invaginations in the cell surface, although some of the body 

membrane is lost. The fusion releases the contents of the MOs, which are mostly 

glycoprotein based on their binding of lectins (Ward, er al. 1983) and inserts new 

components into the plasma membrane (Roberts, er al. 1986). Transmission electron 

micrographs of spermatozoa activated in vitro with either TEA or monensin reveal the cell 

body is surrounded by an electron dense material, presumably the MO contents (tig. 1.5). 

Sections through the fusion pores show fibrous material that extends from the interior of 

the MO into the extracellular space (rig.9g). 

1.4 Membranous organelles in other nematode sperm 

Membranous organelles have been found in the sperm of all nematodes examined, 

with the exception ot Aspiculuhs terrarera and Diocrnphynm renale (Ugwunna and Poor 

1982), and have been referred to by a variety of names, including special vesicles (Wolf, 

et al. 1978), c-bodies and v-bodies (Pasternak and Samoiloff 1972), and alpha bodies 

(Lee 1971). While the MOs in all species (where they have been found) appear to be 

derived from the Golgi, there are different interpretations of how they develop. The 

results of ultrastructural studies of MO development in various nematode species are 

discussed below. 
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The membranous organelles of the dog parasite Ancylostoma caninum most 

closely resemble those of C. eiegans in appearance. Similar to the interpretations of 

Wolf, et al. (1978) in C. elegans, Ugwunna and Foor (1982) describe the MOs being 

created from two separate components. One is a cup-shaped membrane structure arising 

from the Golgi that partially envelopes a fibrous matrix. The second component is an 

electron-dense sphere, also of Golgi origin. These two structures are located near each 

other, with the electron-dense sphere associated with the ends of the cup-shaped 

membrane. The membrane of the sphere then fuses with one end of the cup-shaped 

membrane, forming an asymmetrical structure similar to the FB-MO complexes seen in 

C- eleganx. The MOs increase in number and size as the spermatocytes mature, tilling up 

with more of the fibrous material. After the second meiotic division, the MOs and 

mitochondria are segregated to one end of the elongated spermatid with the chromatin, 

ER, Golgi, and ribosomes at the other end. The fibrous material di.s.sociates from the 

MOs and becomes scattered throughout the cytoplasm. An anucleate cytoplast containing 

the ER, Golgi, and ribosomes sloughs off of the spermatid. The MOs become more 

electron dense and have two lobes separated by a constriction but, unlike C. eleguns 

MOs, there is no evidence of a collar surrounding the constriction. The larger lobes take 

on a highly folded appearance similar to the body lobes of C. elegans MOs. The MOs 

move to the periphery of the cell and the smaller lobes fuse with the plasma membrane 

after mating. The fusion is incomplete and the plasma membrane has numerous 

invaginations. 

The membranous organelles of the free-living nematode Panagrellus silusiae are 

very different from those of C. elegans in both appearance and formation. Pasternak and 

Samoiloff (1972) observed thai early spermatocytes contain structures called crystalline 

bodies (c-bodies), which are presumably like the fibrous bodies. These are bundles of 
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five to seven nm thick filamenLs of unknown composition, although they are likely to be 

composed at least partially of MSP as they are in C. elegans, Ascaris, and the marine 

nematode Sphaerolaimiis hirsutus (Noury-Srairi, et al. 1993) (FBs in the latter also 

reportedly contain actin). These fiber bundles are bounded by two membranes, often 

with inflated regions between the two membranes that fill with electron dense material. 

As the spermatocytes mature, the c-body membranes break down and the filamenLs 

disappear. This is unlike C. elegans F^s, which persist until after the second meiotic 

division. At the same time, vesicle-filled organelles (v-bodies) are observed. These 

vesicles probably represent cross-sections of folds in the v-body membrane. There is 

often a small knob protruding from the v-body, with the area underneath the knob, unlike 

the rest of the organelle, free of vesicular material. There is no detectable collar between 

the knob and the rest of the v-body. In spermatids that have reached the ejaculatory duct, 

the v-bodies are arranged around the periphery of the cell and have begun to fuse with the 

plasma membrane, leaving stable invaginations in the sperm surface. The knobs are 

absent from all v-bodies, probably because they are involved in v-body-plasma 

membrane fusion. There is not much lo.ss of the v-body contenLs after fusion. 

Analysis of spermatogenesis in Dipetahmema vitae (McLaren 1973) suggests that 

the membranous organelles and fibrous bodies develop as a single entity in this species. 

MOs first appear in primary spermatocytes, each starting as a large vacuole surrounded 

by Golgi-derived cistemae, with a large dense granule (apparently from the ER) forming 

at the terminal sac of one of the cisiemae. The other cistemae are then arranged lo form a 

hollow cylinder that is closed at both ends. Fibrous material forms inside the cylinder 

and is attached to the ends. The MOs then begin to elongate and flatten out. In the 

secondary spermatocytes, the wall of the membrane cylinder break down, leaving the 

fibrous material attached to two disk-shaped double membranes. These are attached to 
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each other via a long cistema containing 6-8 membrane-bound tubules and the large dense 

granule, which now has a crystalline appearance. The MOs and associated tlber bundles 

are segregated to the spermatids, where they are originally arranged around the 

chromosomes. The fibers elongate and dissociate from the membranes and the cistemae 

of the MOs begin to swell and the organelles round up. The MOs then migrate to the 

posterior of the cell along with the chromosomes. In the mature spermatozoa, the MOs 

have fused with the plasma membrane, forming pits in the cell surface. 

Lastly, examination of spermatogenesis in the chicken parasite Heterukis 

gallinanim (Lee 1971) gives a different view of membranous organelle formation and 

development. Lee observed large vesicles in primary spermatocytes that formed by 

fusion of Golgi- and ER-derived vesicles. These large vesicles, called alpha bodies, then 

form finger-like projections at one end. Ribosomes were observed to be associated with 

the inner surface of the alpha bodies, which supports the notion that at least pan of these 

organelles is ER-derived. Fiber bundles were seen to be associated with the growing 

alpha bodies and, although the bundles were reported to be inside the vesicles, the 

published electron micrographs suggest that they are surrounded by the alpha body 

membranes. When fully-formed, the alpha bodies, which look much like C. elegans FB-

MO complexes, are segregated to the spermatids during the second meiotic division, 

where they are arranged around the periphery. The fiber bundles elongate and stretch the 

membranes of the alpha bodies. During maturation into spermatozoa, the finger-like 

projections of the alpha body membranes become enlarged and the fibrous material 

dissociates from the membrane and becomes dispersed around the periphery of the cell, 

often accumulating at one pole. The alpha bodies, along with the mitochondria and 

nuclei, become more closely associated in the main body of the cell. The alpha bodies are 

round and dense at this point. The spermatozoa stay like this until after mating. In the 
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female reproductive tract, tiie alpha bodies are highly vesiculated and sometimes fuse 

with the plasma membrane. When they fuse, it is mcomplete and invaginations in the cell 

surface are formed. 

1.5 MOs in sperm from other organisms 

Examination of the sperm from the diplopod Polyxenus la^urus (Baccetti, et cil. 

1974) suggests that membranous organelles may not be unique Lo nematode sperm. The 

spermatids contain multi-lobed structures called plurilocular vestibules that are arranged 

around the periphery of the cell. These structures appear lo originate from the Golgi and 

are associated with other structures called spongy chambers. In the spermatozoa, the 

membranes of the plurilocular vestibules and the plasma membrane fuse and form stable 

fusion pores connecting the interior of the vestibules with the extracellular space. The 

vestibule lobes are bordered by a glycoprotein material. This material extends through 

the pore to border the plasma membrane as well. This same phenomenon is seen during 

MO fusion in C. elegans, where the fibrous glycoprotein contents remain associated with 

the fusion pore after they are released. 

The study of membrane fusion in multiple systems has greatly enhanced our 

understanding of this phenomenon. MO fusion offers a new system for studying 

membrane fusion that is amenable to genetic, pharmacological, and stnictural analyses. 

Isolation of spermatogenesis-defective mutants should allow for genetic analysis of MO 

fusion analogous to the study of secretion in yeast. The ability to stimulate 

spermiogenesis in vitro means fusion can he controlled. This, coupled with the ability to 

isolate large numbers of sperm (up to , makes pharmacological and kinetic studies of 

fusion relatively easy. Lastly, structural study of the stable pore formed by fusion of the 
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MOs may shed light on the nature of the transient pores formed during other fusion 

events. 

Parasitic nematodes affect over 30 million people worldwide and are significant 

parasites of livestock and crops (Ward 1988). The presence of MOs in the sperm of 

almost all nematodes examined suggests that they may be an excellent target for 

developing chemotherapeutic agents to combat parasitic nematodes. As described below, 

C. elegans mutations blocking MO fusion render the sperm fertilization incompetent. 

Agents which can block MO fusion could therefore be used to curb the proliferation of 

parasitic nematodes by preventing reproduction. 

1.6 fer-1 mutant phenotype 

In 1977, while examining chemotactic mutants of C. ele};ans. Ward and Miwa 

(1978) discovered a mutation that caused hermaphrodites to be sterile at 25"C, but fertile 

at 16^0. This mutation, hclts, and two other temperature-sensitive sterile mutations, 

hclSts and hc24ts, were found to be alleles of a single gene called/er-/. Ward and Miwa 

showed that sterile hermaphrodites could produce progeny when mated to normal males, 

indicating these mutations affected speitn function. Since then, 8 additional alleles oifer-

I have been isolated (Argon and Ward 1980; Ward, ct al. 1981; L'Hernault, er cil. 1988) 

(Table II. 1 - see p.). There are 6 temperature sensitive alleles {halts, hclSts, hc24ts, 

hc82t.s, hc9lts, b232ts) and 5 non-conditional alleles (hc47, hc80, hcl36, eh?, eb31) all 

of which are recessive. All of these mutants have the same phenotype: the spermatids 

look normal, but the spermatozoa have short stubby pseudopods and are incapable of 

fertilization (fig. 1.10b & 1.11). 



40 

Transmission EM of halts and hc24rs mulani sperm show that ihey are defective 

for MO fusion. Wiiere ~7()% of the MOs fuse with the plasma membfane in wild-lype 

cells, no fused MOs were ever observed in thousands o(fer-l mutant sperm examined, 

although they abut the plasma membrane normally (Argon and Ward 1980; Ward, eral. 

1981; L'Hemault, et al. 1988)(Fig. I.llb and c). There is some indication that this 

represents the null phenotype since EM analysis of spermatozoa from fer-1 (heIrs)/nDf23 

worms {nD}23 is a deficiency that deletes/fr-/) showed they were indisunguishable from 

spermatozoa fer-1(hclts) homozygotes. fer-I mutant spermatozoa also show 

defects in surface membrane flow (Roberts and Ward 1982b, Roberts and Ward 1982c). 

Upon initiation of spermiogenesis, latex beads attached to the surface of wild-type,/fr-

1 (halts), -Cind fer-1(ha24ts) mutant spermatids begin moving randomly over the cell. 

When wild-type cells begin pseudopod extension, this random movement stops. Beads 

attached to the pseudopod move back toward the cell body and stop at the posterior end 

of the pseudopod. Beads on the cell body stop moving altogether. Presumably, this 

establishment of directed membrane flow is necessary for cell motility. Beads on the fer-

l mutant sperm continue moving randomly on both the cell body and the pseudopod even 

after the pseudopod has been extended. Interestingly, the interior polarity of the cell 

appears normal (fig. I lb and c). The pseudopod cytoplasm is devoid of organelles and 

separated from the cell body cytoplasm by laminar membranes as in wild-iype cells. This 

suggests that fer-I mutations cause separation of cell surface polarity from cytoplasmic 

polarity. 

1.7 Hypothesis for role of fer-l gene product in MO fusion 

In vitro analysis of/cr-/ mutant spermatozoa has shown that they fail to crawl 

over a substrate although they move their pseudopodial projections (Nelson, et al. 1982). 

This is likely due to the lack of normal membrane How patterns on the cell surface. As 
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described earlier, the retrograde membrane movements seen on wild-type spermatozoa 

has been hypothesized to be the force used to propel the cells. Tlie/fr-/ niutunt 

phenotype is consistent with this hypothesis since cells lacking this membrane movement 

are immotile. 

The question that remains to be answered is: what is the primary detect infer-I 

mutant sperm? Knowing this will aid greatly in detemining the function of the fer-I gene 

product. It will also give us greater insight into the relationship between MO fusion, 

membrane surface movements, and motility. 

My hypothesis is that/er-/ mutations di.srupt MO fusion, which in turn leads to 

the other phenotypes observed. This hypothesis predicts that MO fusion should precede 

establishment of polarized surface membrane How, which occurs at the lime of 

pseudopod extension. We do not know what the order of events is in vivo, so this has 

been examined using sperm activated in vitro. MO fusion precedes pseudopod extension 

in sperm activated with either TEA (Ward, etal. 1983) or monensin (Nelson and Ward 

1980), but the two events are simultaneous in sperm activated with pronase (Ward, et al. 

1983). The TEA-activated sperm may he more relevant to what is happening in vivo 

since these sperm are capable of fertilizing oocyte.s while prona.se-aciivated sperm cannot. 

Analysis of two other spe mutations, spe-IO and spe-I7, give circumstantial 

evidence for my hypothesis (Shakes and Ward 1989). spe-I7 and spe-lO mutations both 

block MO fusion, but this is apparently due to problems in development and localization 

of these organelles. Some of the MOs fu.se in spe-17, but not in spe-10, mutant 

spermatozoa. Similarly, some spe-l7 mutant spermatozoa can crawl in vitro, though 

they still have short p.seudopodia, while spe-IO mutant spermatozoa are immotile. There 
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is also evidence o'Cspe-l? mulant sperm motility in vivo (L'Hemault. et al. 1993). These 

observations suggest a iink between MO fusion and motility. If motility is dependent on 

proper membrane flow, then they further suggest that MO fusion is necessary for 

establishing the surface movements observed on wild-type sperm. Surface membrane 

flow has not been examined on spe-lO and spe-l7 mutant sperm (S. L'Hemault, pers. 

comm.). 

An alternative hypothesis is that the/fr-/ gene product is a component of the 

plasma membrane involved in establishment of the polarized membrane flow and this 

allows MO fusion and pseudopod extension to take place. \v\fer-I mutants, failure to set 

up this membrane flow leads to the other defects seen. This hypothesis predicts that 

establishment of polarized membrane flow should precede MO fusion. 

In this dissertation, I will describe my attempts to elucidate the function of the fer-

1 gene product during spermiogenesis. I will discuss cloning and characterization of the 

fer-1 gene as well as analysis of its expression pattern. My attempts to raise useful 

antibodies against i\\cfer-l gene product will also be discussed. 
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Figure I.l: Diagramatic representations of two proposed membrane fusion 

intermediates. A. Inverted miceliar intermediate. B. Moditled staik intermediate. 

Adapted from Siegel, 1994). 
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Figure 1.2: The SNARE hypothesis. A) Interaction between the v-SNARE (in this 

case VAMP) and the t-SNARE (syntaxin) docks the vesicle to tiie target membrane. B) 

(X/p and Y SNAPs bind to the SNARE complex, which allows NSF to bind. Hydrolysis 

of ATP by NSF then drives fusion (not shown). 
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Figure 1.3: Photomicrographs of an adult C elegans hermaphrodite (top) and male 

(bottom). 
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Figure 1.4: Scanning electron micrograph of C. elegans sperm in various stages of 

maturation. The cell in the lower right comer had just begun to extend a pseudopod 

while the cell in the lower left comer was crawling on the substrate at the time of fixation. 

(From Ward, et al., 1981, with permission). 
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Figure 1.5: Transmission electron micrograph of a wild-type C. elegans spermatozoon. 

Tlie pseudopod (P) is devoid ot organelles and separated Irom the cell body by laminar 

membranes (asterisk). The membranous organelles (MOs) have fused with the plasma 

membrane. The MO contents remain associated with the fusion pores (arrowheads) and 

surround the cell body. N: nucleus, M: mitochondrion. Bar = 0.5|im. (From Ward, et 

ai, 1981, with permission). 
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Figure 1.7: Transmission electron micrograph of a wild-type C elegans spermatid. 

The membranous organeiies (MOs) are arranged around the ceii periphery with their 

heads abutting the plasma membrane. N; nucleus, M: mitochondrion. (Photo courtesy 

of S, Ward). 
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Figure 1.8: Diagramatic representation of membranous organelle (MO) development in 

C. elegans. Fibrous bodies (FBs) composed of MSP begin assembly at the immature 

MO membrane (1). As the ras grow, the double membranes of the MOs begin to 

envelope them (2) until the TOs are completely surrounded (3). After segregation to the 

spermatids, the MO membranes begin to retract from the FBs and the fibers disassemble 

(4). The MOs assume their mature bi-lobed structure and migrate to the periphery of the 

cell with their head lobes abutting the plasma membrane (5). When spermiogenesis is 

initiated, the MOs fuse with the plasma membrane and release their contents, which 

remain associated with the fusion pore (6). Fibrous glycoprotein material of unknown 

composition extends from the MO interior out into the exu^acellular space. (Figure based 

on Roberts, etai, 1986). 
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Figure 1.9: Transmission electron micrographs showing the various stages of MO 

development, a) Fibrous bodies (FB) begin assembly in the primary spermatocytes near 

the Golgi apparatus (G) surrounded by the membranous organelle membranes, b) The 

FB-MO complexes enlarge in the secondary spermatocytes, c) Mature TO-MO complex, 

d) In the spermatids, the FB-MO complexes disassemble and the MOs assume a bi-lobed 

structure, e) Two spermatids (Sd) budded from a residual body (RB). The asterisk 

indicates an increase in elecu-on density associated with FB breakdown. The MOs are at 

the periphery of the spermatids and f) abut the plasma membrane, g) During 

spermiogenesis, the MOs fuse with the plasma membrane. The fibrous contents can be 

seen to extend through the fusion pore. N: nucleus, a-d) Bar = ().5|im. e) Bar = 

0.5(j.m. f and g) Bar = 0.7|j.m. 
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Figure 1.10: Light micrographs of spermatozoa from him-5(eI49()) males raised at 

25®C dnd fer-l(he 13tsjl;him-5(el490)V malts raised at 16®C and 25®C. 'nirn-5(e 1490) 

has no effect on sperm function and is used because it produces males at a high 

frequency. fer-l(hcl3ts) is a temperature-sensitive mutation where sperm produced at 

160C are normal, but sperm produced at 25^0 are defective. Spermiogenesis was 

initiated in vitro using 6()mM TEA. As can be seen in the bottom panel, the fer-1(hcISts) 

mutant sperm produced at 25®C have much shorter pseudopodia than either the wild-type 

sperm (top panel) produced at 25*^0 ovfer-l(hcl3ts) mutant sperm raised at 16'^C. 
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Figure 1.11: Electron micrographs of/er-/ mutant spermatozoa. A) Scanning electron 

micrograph showing short, stubby pseuuopodia covered with normal pseudopodial 

projections. Bar= l|im. B) Transmission electron micrograph showing normal internal 

polarity of cells, with the organelles confined to the cell body. Arrows indicate unfused 

MOs. No fused MOs were ever observed in hundreds of/£;r-/ mutant spermatozoa 

examined. Bar = l|im. C) Higher magnification view showing MO heads (asterisks) 

abutting the plasma membrane but not fusing. Laminar membranes (LM) can be seen 

between the pseudopod and cell body. Bar = l|im. (From Ward, ei al., 1981, with 

permission). 
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n. MATERIALS AND METHODS 

ILl. Worm strain handling 

C elegans var. Bristol, strain N2, was used as the wild-type. him-5(eI49()) was 

often used as a source of wild-type sperm. This mutation increases the frequency of 

males in the population but has no effect on the sperm. All strains were maintained on 

agar plates seeded with E. coli strain OP50 and manipulated as described by Brenner 

(1974). Mutant strains and temperatures used are described in Table n. 1. 

II.2 Microinjection transformations 

All transformations to identify the DNA fragment containing the fer-l gene were 

done using BA576: fer-l(hcl3ts)I;him-5(e 149())V hermaphrodites. hcl3ts is a 

temperature sensitive mutant that is completely sterile at 25°C, but has wild-type fertility 

at I6°C or 20°C. Cosmids and plasmids were isolated from bacteria using Qiagen 

maxiprep and midiprep kits (Qiagen, Inc.) and resuspended in filtered TE, pH7.6. 

Restriction enzyme digests to be injected were phenol-chloroform extracted, ethanol 

precipitated, and resuspended in filtered TE, pH7.6. 

Microinjections were performed following published procedures (Mello, et til. 

1991) and are summarized briefly here. Three to five homozygous mutant 

hermaphrodites raised at 16°C were picked as young adults and immobilized under 

mineral oil on a dry agarose pad. The DNA preparation being tested was injected into 

one or both gonadal arms and could be visualized as a wave that moved away from the 

needle tip. Test DNAs were injected either in the presence or absence of the dominant 

marker plasmid pRF4 (kindly provided by C. Mello). This plasmid confers a roller 

phenotype to worms which is easily recognized by worms rolling as they crawl. Total 
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concentration of DNA injected was l00-40()ng/|xl in filtered TE, pH 7.6. When used, the 

marker plasmid concentration was 50-l00ng/|iI. After injection, worms were rehydrated 

in M9 buffer, uransferred to agar plates seeded with 0P-5(), and scored for rescue offer-1 

sterility in either the F1 or F2 generation. 

For the F2 screen, the injected worms were each transferred to a separate 3()mm 

NGM agar plate seeded with OP-50. The worms were incubated at 2{)"C and allowed to 

lay eggs. The worms were transferred to fresh dishes daily and the eggs (Fls) 

maintained at 2(PC. The FI progeny were screened for the roller phenotype, indicating 

the presence of the marker plasmid. Roller worms were picked to individual plates and 

treated as the parents were. Eggs (F2s) were shifted to 25'^C and scored for the roller 

phenotype (indicating stable transformation of the injected DNA) and restoration of self 

fertility. Eggs from mutant worms injected with only pRF4 were used as negative 

controls and treated as those from worms injected with test DNAs. Eggs from uninjected 

mutant worms were used as controls to make sure that any fertility seen was not due to 

artifacts such as a drop in incubator temperature. 

For the Fl screen, all of the injected worms from a single agarose pad were 

transferred to a l(X)mm NGMYT agar plate (NGM agar supplemented with 5mg/ml yeast 

extract and 8mg/ml tryptone) containing a lawn of 0P-5() and maintained at 2()"C. This 

enriched medium was used to ensure that there was enough food for the worms and 

subsequent generations. The worms were transferred daily to fresh plates and the eggs 

were shifted to 25"C. Self-fertility was scored by presence of eggs and larvae on the 

plates 2-4 days after their transfer to 25"C. Since all of the Fl worms were 

approximately the same age, any eggs must have been laid by the Fls. Plates were 
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maintained at 25<^C to select for stably transformed worms. Eggs from uninjected mutant 

worms were used as controls. 

11.3 cDNA library screening 

A C.elegans male-enriched UniZap libraiy (Stratagene) was plated out with £. 

coli strain BB4 on NZY agar and incubated overnight at 37*^0. Plaques were lifted onto 

Magnagraph nylon filters (MSI) and the DNA was UV crosslinked to the filters using a 

Stratalinker (Stratagene). Filters were hybridized with a digoxygenin-labeled probe 

against a 2.1kb Pacl-Spel fragment from the/er-/ genomic clone. Probe synthesis, 

hybridization, and detection were performed using the Genius system (Boehringer 

Mannheim). cDNAs were excised from the phage by incubation with VSV helper phage 

and subsequent transformation into E. coli XLl Blue cells (Stratagene). The resulting 

plasmids contained the cDNAs in the pBluescript SK* vector (Stratagene). 

11.4 Differential northern blots 

Total RNA was isolated from him-5(e 1490} males (Klass and Hirsh 1981),/em-/ 

{hcllts} hermaphrodites raised at 25^C (produce oocytes but no sperm) (Nelson, et al. 

1978; Doniach and Hodgkin 1984), and fem-3(cj23tx) hermaphrodites raised at 25^C 

(produce sperm but no oocytes) (Barton, et al. 1987) using Trizol (Gibco-BRL). 3()|J.g 

of total tlNA from each strain was electrophoresed on an agarose gel containing 1.4% 

formaldehyde for 18 hours at 40V. The electrophoresed RNAs were visualized by 

staining the gel with ethidium bromide, then transferred to positively-charged nylon 

(Boehringer Mannheim) overnight by capillary transfer (ref)- After transfer, the RNAs 

were UV crosslinked to the filter using a Stratalinker (Stratagene). 
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Digoxigenin-Iabeled probes to fer-1 and actin were synthesized by random primer 

synthesis using the Genius I kit (Boehringer Mannheim). The template totfer-i probe 

synthesis was a l.lkb BamHI-EcoRI fragment from the plasmid pCDWAlOS and for the 

actin probe a l.lkb actin cDNA (kindly provided by J. Waddle) excised from the vector 

using EcoRI. The restriction fragments were puritled from preparatory agarose gels 

using Qiaex resin (Qiagen). lOOng of each fragment was used for probe synthesis. 

Probe yield was estimated according to the manufacturers instructions. 

Hybridization and probe detection were performed according to the Genius 

protocol (Boehringer Mannheim). Briefly, the blot was incubated in prehybridization 

buffer (5X SSC, 50% formamide, {).()2% SDS. 0.1% sarcosyl, 2%(w/v) blocking 

reagent) for 2 hrs at 42"C in a shaking water bath. This buffer was removed and blot 

was incubated overnight at 42*^0 in fresh buffer containing lOng/ml each of the/er-/ and 

actin digoxigenin-labeled probes (the actin probe was used as a loading control). After 

hybridization, the blot was washed 2x5 minutes in 2X SSC, 0.1% SDS at room 

temperature, then 2 x 15 minutes in 0.5X SSC, 0.1% SDS at 65^C. Probes were 

detected using an anti-digoxigenin antibody conjugated to alkaline phosphatase (AP) and 

a chemiluminescent AP substrate (Lumi-Phos 540, B-M) followed by exposure to X-ray 

tllm. 

n.5 5' RACE PGR 

Two rounds of 5' rapid amplification of cDNA ends (RACE) PCR were 

performed using the 5' RACE kit from Gibco-BRL. Brietly, a/er-/-specific primer was 

used to reverse transcribe using l|ig of total RNA (romfem-3(q23) hermaphrodites as 

template. The first strand cDNA was oligo(d)C tailed using terminal transferase and PCR 

performed using a nested/er-Z-specific primer and an anchor primer provided with the 
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kit. PGR products were digested with Spel and Kpnl (1st round) or Spel only (2nd 

round), tlien ligaled into pBIuescripl. II SK"'" (Slralagene) cut with the same enzymes. 

The ligated DNAs were transformed into ultracompetent XL-1 Blue MRF' cells and 

transformed cells were plated on LB agar containing l()()(ig/ml ampicillin , X-gal, and 

IPTG to allow for selection of recombinant plasmids by blue-white selection. 

Transformants were screened by colony lift and PGR for those with appropriate size 

RACE products. 

II.6 DNA sequencing 

The/er-/ cDNA sequence was determined manually using Sequenase v2.() 

(USB-Amersham). Primers to the pBluescripL polylinker were used to sequence the ends 

of all cDNAs. Internal sequence was obtained by primer walking or by making nested 

deletions with exonuclease III (Ausubel, et al. 1996)and using vector primers. 

Sequencing templates were prepared in two ways: STETL minipreps for nested deletion 

products and Qiagen midipreps for intact clones. Qiagen midipreps were performed 

following the manufacturer's protocol. Minipreps were performed as follows: 1.5ml of 

an overnight culture was transferred to a l.5ml microfuge tube, centrifuged at 16,()()()xg 

for 30 seconds, and the cell pellet was resuspended in .3()()|il STETL buffer (8^ sucrose, 

5% Triton X-l()(), 5()mM EDTA pH 8.0, 5()mM Tris pH 8.0, Img/ml lysosyme). The 

prep was boiled for 90 seconds, then centrifuged for 10 minutes at I6,000xg at room 

temperature. The supernatant was transferred to a fresh 1.5ml microfuge tube and the 

DNA was precipitated by adding an equal volume of isopropanol. The pellet was air-

dried for 10 minutes, resuspended in I00|il distilled water, and [2|il of this was used for 

sequencing. Sequencing reactions were performed according to the protocol provided 

with the Sequenase kit and electrophoresed on 5% acrylamide, 1% urea gels, dried onto 

Whatman 3MM paper without fixations, and exposed to X-ray film. 
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fer-1 genomic sequencing was performed by Skip Vaught at the Macromolecular 

Struture Facility (MSFj of me Arizona Research Laboratories, Division of Biotechnology 

at the University of Arizona using an ABI373 automated sequencer. The template 

plasmid was prepared using a Qiagen midiprep column and resuspended in distilled water 

to 2mg/ml. Template was diluted to 0.2mg/ml in distilled water for sequencing. 

Sequencing was performed \xs,\ngfer-l specific primers (5fiM in disulled water) designed 

by me and synthesized at the MSF. 

Sequencing data was analyzed and edited on a Macintosh Centris 650 equipped 

with the MacVector and Assemblylign sequence analysis programs (Kodak). Database 

searches were performed using the BLAST search tool (AlLschul, et cil. 1990). 

n.7 fer-l mutation identiflcation 

Genomic DNA corresponding to fer-I was directly amplified by PCR from wild-

type and homozygous/er-7 mutant worms (Williams 1992)- Five worms from each 

strain were transferred to the lid of a ().5ml microfuge tube containing 2.5ml of worm 

lysis buffer and kept on ice. When all the tubes were prepared, the worms and buffer 

were transferred to the bottom of the tubes by brief centrifugation, overlayed with mineral 

oil, and transferred to -8(PC for at least 10 minutes. The tubes were then transferred to a 

Perkin-Elmer 480 thermocycler and incubated for 60 minutes at 65"C, 15 minutes at 

950c, and 5 minutes at 85^C. During the 85<^C incubation, a cocktail containing the 

following was added to each tube: 2.25|il lOx Taq polymerase buffer, 1.25p.l dNTP mix 

(1.25mM each dNTP), 0.5^1 of a 20|iM stock of each primer, ().5|il Taq polymerase 

(5U/|il) (Fisher Biotech), and 17.5|il distilled water. The PCR products were examined 

by agarose gel electrophoresis and sequenced directly using the Sequenase PCR product 

sequencing kit (USB-Amersham). Sequencing reactions were run out on 57f- acrylamide 
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gels containing 7% urea. All like termination reactions (ie all T reactions, all G reactions, 

etc.) were run side by side to help m detection ot smgle base changes. 

II.8 in situ hybridizations 

In situ hybridizations were performed using the protocol of Seydoux and Fire 

(1995). N2 males were dissected in phosphate-buffered saline (PBS) on poly-lysine-

subbed slides to expose testes. Samples were then dehydrated, permeabilized, and fixed 

according to the published protocol (Seydoux and Fire 1995). After prehybridization, 

single-stranded digoxigenin-labeled antisense or sense fer-I probes were hybridized to 

the samples overnight at 48f'C. Probes were synthesized as described by Seydoux and 

Fire (1995) using the/er-/ cDNA clone pCDWAl05 as a template. The slides were 

washed according to the published protocol. The probes were detected colorimetrically 

by incubation with an alkaline phosphatase-conjugated anti-digoxigenein antibody 

(diluted 1:2500 in PBS + 0.1% BSA, 0.1% Triton X-IOO) fur 2 hours at room 

temperature, then with 4.5|il/ml NBT and 3.5|il/ml X-phosphate (Boehringer-Mannheim) 

in staining solution (see Seydoux and Fire, 1995) until color development was 

satisfactory. Nuclei were counterstained with DAPI added to the staining solution 

(l(ig/ml). The slides were examined on a Zeiss Universal microscope equipped for 

Nomarski and fluorescence microscopy. 

IL9 Production of antibodies against FER-1 peptides 

Two 15 amino acid peptides predicted to be on the surface of FER-1 using the 

PEPTIDESTRUCTURE and PLOTSTRUCTURE programs (Devereux, et al. 1984) 

were synthesized by the Macromolecular Structures Facility in the division of 

Biotechnology of Arizona Research Laboratories. The peptides were conjugated to 

Imject maleimide activated keyhole limpet hemocyanin according to the manufacturer's 
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instructions (Pierce). Conjugates were sent to Cocalico Bioiogicals, Incorporated 

(Reamstown, Pennsylvania) and used tor antiserum production in female New Zealand 

rabbits. All bleeds were screened by ELISA for reactivity with the unconjugated 

peptides, total sperm protein, and worm protein using a commercially available kit 

(Gibco-BRL). 

11.10 Production of antibodies against bacterially-expressed FER-1 

A 2.4kb cDNA representing the 3' third of \hcfer-l message was inserted into die 

pET-15b bacterial expression vector (Novagen) and this construct, called 

pCDWAl()5exp, was transformed into BL21(A.DE3) cells. The cells were grown to 

OD600 0.6-0.8 in LB broth + 2(K)|ig/ml ampicillin at 3()"C, then FER-1 production was 

induced by addition of IPTG to ImM and continued growth for 90 minutes. After 

induction, a single band of ~8()kD was present in the protein from cells containing 

pCDWAlOSexp, but not in untransformed cells or cell containing only the pET-15b 

vector. This band was confirmed to be FER-1 since it was specifically recognized by the 

anti-peptide antibodies. The cells were harvested by centrifugation at 4000g for 20 

minutes at 4*^0 and resuspended in 5mls of 8M urea, 0.IM NaH2P04, O.OIM Tris, pH 

8.0 + 0.1% NP-40 per gram of cells. Cells were lysed by rocking overnight at room 

temperature. Lysis solution was centrifuged at l(),()()()g for 15 minutes at room 

temperature, the supernatant was removed, and the pellet resuspended in 5mls of 6M 

guanidine hydrochloride, pH 8.0 + 8mM P-mercaptoethanol. This was incubated 

overnight at room temperature with gentle rocking and centrifuged at 10,0()()g for 15 

minutes at room temperature. Tlie supernatant was removed and the pellet, containing the 

FER-1, was resuspended in 3ml of 2% SDS, 62.5mM Tris HCl, pH 6.8, 0. IM DTT and 

dialyzed overnight at room temperature twice against 500mls of the same buffer to 

remove any residual GuHCl. The solution was centrifuged and the pellet and supernatant 
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were analyzed on analytical 8% SDS PAGE minigels. The FER-1 was found in the 

supernatant and estimated by Coomassie brilliant blue staining tu be 80-90% pure. ~ Img 

of FER-1 was run out on a preparative 8% SDS PAGE gel and excised following 

Coomassie brilliant blue staining. The gel slice was equilibrated in 2X 50mls of PBS, 

pH 7.4 and frozen at -2()^C. The frozen gel slice was sent to Cocalico Biologicals, 

Incorporated (Reamstown, Pennsylvania) for antiserum production. 

11.11 Afflnity purification of anti-peptide antibodies 

In preparation for affinity purification, a 33-50% ammonium sulfate cut was 

performed on the crude serum (Harlow and Lane 1988). 2.5ml saturated ammonium 

sulfate was slowly added to 5ml crude serum while stirring slowly, then the serum was 

transferred to 4°C and stirred overnight. The next day, the sampled was centrifuged at 

3000xg and the supernatant transferred to a clean tlask. 2.5ml saturated ammonium 

sulfate added as before and seaim stiired overnight at 4"C. The sample was centrifuged 

at 3()()()xg and the supernatant removed. The pellet was resuspended in 2ml PBS and 

dialyzed against 2L PBS at 4'^C with I change. Final sample was stored at 4*^C. 

The peptide used for immunization was coupled to a SulfoLink affinity column 

(Pierce) according to the manufacturer's instructions. The column was drained and 

equilibrated with 6ml PBS. 1ml of the 33-50% ammonium sulfate cut was applied to the 

column and incubated at room temperature for 1 hour. The column was drained and 

washed with 16ml PBS. The flowthrough and wash solutions were saved at 4"C. The 

antibodies were eluted with 8ml ImmunoPure IgG elution buffer (Pierce) and the column 

was regenerated according to manufacturer's instructions. 1ml fractions were collected 

and those containing protein were identified by measuring A280- The protein-containing 

were pooled and dialyzed against two liters PBS at 4"C with one change. 



Table II.1 fer-I  mutant strains 

Strain Genotype Permissive Restrictive Mutagen used Allele originally 
temperature temperature isolated by 

BAOOl fer •1 (he Its)! 160C.20OC 250c EMS Sam Ward and 160C.20OC 
Johji Miwa 

BA0I3 fer •I(hcI3fs)I 16"C,200C 250c EMS Robert Edgar 
BA51I fer •I(hc24!s) (lpy-5(e61)I 16"C 200c EMS Johji Miwa 
BA576 fer •J(hcI3ts)l: him-5(eI490)V 16^'C.20OC 250c EMS Robert Edgar 
BA599 fer •l(b232ts) clpy-5(e61)I 160C 200c EMS David Hirsh 
BA623 fer •l(hc47) dpy-5(e61)/++ 1 NA NA EMS Dan Burke 
BA635 fer •](hc80) dpy-5(e61}/++ I NA NA EMS Steve L'Hernaull 
BA642 fer •I(hc82ts)l' 160C 200c EMS Steve L'Hernault 
BA670 fer -l(hc91ts)l 160C 200c EMS Diane Shakes 
BA778 fer •l(hcl36) clpy-5(e6J)/++ I NA NA EMS Jacob Varkey 
SL72 fer •I(eb7) (lpy-5(e61)/++ I NA NA trimethylpsoralen Ken Kemphues 
SL264 fer 1 (ebS ]) cipy-5(e61)/++ I NA NA EMS Tim Schedl 
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III. RESULTS 

in.l fer-l cloning 

One of the experimental advantages of C. ele^ans is the excellent alignment of the 

genetic map and the physical map. fer-l had been genetically mapped to chromosome I 

between lin-10 and unc-29 (Argon and Ward 1980) (fig.IU. I). Since both of these genes 

had been cloned and positioned on the physical map, I knew that fer-l must be in the 

region shown in fig.III.l. This part of the physical map is almost completely covered by 

cosmids, with a gap on the right side covered only by YACs. I began microinjecting/er-

I(hcl3ts) worms with the cosmids indicated on tlg.III. I and found that only C()2D7 was 

able to repeatedly restore fertility to mutant worms at the restrictive temperature (25"C). 

No rescue was obtained with the overlapping cosmids ZC144 and D2()29. The C()2D7 

rescue was incomplete and the number of progeny produced by transformed worms was 

highly variable (Table III.l), with an average of 82+/-42 progeny per worm. Such 

variability is not uncommon in transformed strains and is probably due to differences in 

levels of transgene expression in the gonads of individual worms. The injected DNA 

forms large extrachromosomal arrays that segregate in a non-Mendelian fashion and are 

sometimes lost during cell division. In cases where the ral-6 plasmid pRF4 was used as 

a cotransformation marker along with C()2D7, I found roller worms that gave rise to 

fertile non-roller F1 progeny. These progeny still contained the rol-6 transgene since 

they produced fertile roller F2 progeny. The interpretation is that the transgenic arrays 

have been lost from or inactivated in the hypodermal cells (where rol-6 is normally 

expressed) but retained in the germ line. This phenomenon was also observed for the fer-

1 transgene as fertile roller worms sometimes gave rise to sterile roller worms. 
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In order to narrow/er-/ down to smaller fragments, I cut C()2D7 with restriction 

enzymes and injected the entire digests to tind enzymes that did not cut in the gene. Once 

an enzyme that did not cut in fer-I was identified, the individual restriction fragments 

were subcioned into pBIuescript II SK"^ and injected to identify the one containing/er-/. 

Using this strategy,/er-/ was localized first to a I6kb Spel fragment (pWAI()2), then to 

a 10.5kb Spel-SacI (pWAlll) fragment (fig.III.l). The latter fragment was identified 

fortuitously because rescues obtained with the Sad digest of pWAl()2 were due to the 

presence of partial digestion products. As shown in Table III.l, there is no difference in 

rescue between the intact cosmid and any of the smaller fragments. All attempts to 

further subclone pWAl()2 were unsuccessful, suggesting thai fer-I covered most, if not 

all, of this fragment. 

IIL2 fer-I encodes a 6.2kb sperm-specific transcript 

The transformation experiments with restriction digests of C02D7 and pWAl()2 

indicated that the enzymes Pad and Sad cut wiihin fer-I, so I used the 2. Ikb Pad-Sad 

fragment indicated in fig. III.l to screen our male-enriched cDNA library. Out of 

500,000 pfus screened, I isolated a single 2.4kb cDNA clone (pCDWAlOS). This cDNA 

represented the 3' end of the fer-I message based on the presence of a poly(A)+ tail. A 

fragment of this cDNA was then used as a probe on differential northern blots to see if 

the transcript was expressed sperm-specifically and to see if I had a full-length cDNA. 

As can be seen in fig.III.2, the cDNA recognizes a 6.2kb transcript that is present only in 

RNA isolated from worms performing spermatogenesis. Sperm-specific expression of 

fer-1 was not surprising since production of abnormal sperm is the only defect seen in 

fer-1 mutants. 
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The size of the transcript indicated that the cDNA I had isolated represented about 

one-third of the total messenger RNA. Attempts to isolate longer cDNAs from our 

library and other libraries by both plaque hybridization and PGR were unsuccessful. In 

fact, the largest PGR product obtained from the original library corresponded to the 5' 

end of pGDWAlOS (data not shown). I used 5' rapid amplification of cDNA ends 

(ElAGE) rcR to isolate the remaining cDNA sequence. Starting with l|ig of total RNA 

ixom fem-3(q23) worms, I was able to amplify and clone two cDNAs (pGDWA128 and 

pGDWA129) that extended an additional 3.8kb upstream from the 5' end of the original 

clone (fig.III.3) for a total cDNA length of 6.2kb. Attempts to determine if this 

represented a full-length cDNA using RNase protection and primer extension assays were 

unsuccessful, but sequence analysis indicates that I have cloned at least the entire coding 

portion of the transcript (see below). 

ni.S/er-/ genomic organization 

Gomparison of the genomic and cDNA sequences showed that fer-l is 

approximately 8.6kb in length and is compo.sed of 20 exons and 19 introns (rig.lll.4). 

Typical of most C. elegans genes examined, the introns are small. 1 did not sequence 

very far downstream of the last exon nor did I perform deletion analyses to define the y 

limit of the gene. The cDNAs almost certainly represent the entire coding region based 

on two criteria. The 5' end of the cDNA sequence aligns 263 base-pairs from the end of 

the rescuing genomic fragment (fig.III.5). Based on comparison with the C. elegans 

translational start consensus (A/c)A(a/c)(A/G)ATG (where lower case letters represent 

weak consensus) (M. Perry and W. Wood, pers. comm.), there is a possible translational 

start site at nucleotide 24 of the cDNA (fig.III.5). This is the first in-frame methionine 

codon. The consensus developed is somewhat weak and another possible start site exists 

at nucleotide 418 that matches as well if not better than the first one. Examination of the 
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sequences upsu:eam from the cDNA revealed the presence of what looks like a TATA box 

and a CAT box separated by 60 base-pairs (fig.in.5). Tlie presence and spacing of liiese 

elements correlates well with what has been observed in other eukaryotic genes (Watson, 

et al. 1987). The TATA box shows some differences to those of other genes, but the 

CAT box matches the consensus perfectly. This would place the iranscripiional start 

around base-pair 131 of the genomic fragment. RNase protection and primer extension 

assays performed to determine the 5' end of the transcript were unsuccessful. The 5' end 

of the cDNA is very A-T rich and only one region was found that contained enough C 

and G residues to design a suitable primer for such assays. When RNase and primer 

extension assays were performed using this primer, multiple bands were observed using 

bolhfem-SiqlS) and fern-1 (he 17) RNA as template, t^o fem-3(ci23) specific bands were 

observed. 

Many C. elegans transcripts possess one of two 21 nucleotide leader sequences 

(called SLl and SL2) that are transpliced to their 5' ends (Blumenthal 1995). Using a 

primer near the 5' end of the fer-1 cDNA in conjunction with either an SLl - or SL2-

specitlc primer, 1 performed reverse transcription PCR using total RNA from either/em-

3(q23) or fein-l(hcl7) worms as template to determine if the fer-1 message was 

transpliced to either of these leaders. If successful, this experiment would also allow me 

to map thefer-1 transcriptional start. It'fer-I was transpliced, I expected to see a product 

from either the SLl or SL2 primer and only using fem-3(q23) RNA as a template. In 

two attempts using different/fr-/ primers, 1 got multiple bands using either primer and 

regardless of the template used (data not shown). This suggests that the fer-1 primers 

bound to other non-sperm-specific transcripts. A primer for mak-I, whose message is 

known to be transpliced to SLl (H. Smith, pers. comm.), was used as a positive control 

and gave the expected product. 
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in.4 fer-I encodes a large integral membrane protein 

Using the first putative translatioiial start,/er-/ is preiiicteil ti) eiicude a 2035 

amino acid protein with a molecular weight of 235kD (fig.III.6). This protein, 

designated FER-l according to standard nomenclature, is rich in charged residues (31%), 

especially lysine and glutamic acid, and has a predicted pi of 8.5. The charged residues 

appear to be scattered throughout the protein such that no particularly acidic or basic 

regions are observed. A hydrophilicity plot of reR-1 showed it to be hydrophilic except 

for a single 37 amino acid putative transmembrane domain at the C-terminus (fig.III.7). 

Secondary structure predictions were made for FER-l (t"ig.lll.7) using the MacVector 

program (Kodak), which uses the Chou-Fasman and Robson-Garnier algorithms. The 

predictions obtained are probably not reliable since these two algorithms predict the 

putative transmembrane domain to be either a beta sheet or an alpha helix, respectively. 

Other notable features of the protein are a region near the N-terminus (a.a. 51-70) 

designated the "TSK" box where 20 of the 23 amino acids are threonine, serine, or lysine 

and a cysteine-rich region near the C-terminus (a.a. 1852-1876) (figs.III.5 and 111.10). 

In fact, of the 42 cysteines present in the protein, 10 are found in this 25 amino acid 

stretch. The possible significance of the cysteine-rich region will be addressed in the 

discussion. 

Comparison of FER-l to other proteins in the databases using the BLAST 

algorithm (Altschul, et al. 1990) showed that it had no similarity to any protein with a 

known function and analysis with the MOTIFS algorithm indicates the cysteine-rich and 

serine-lysine-rich regions do not correspond to any known functional motif. Significant 

similarities found were with the predicted proteins encoded by expressed sequence lags 

(ESTs) from C. ele^ans and humans (fig.III.8). ESTs are small pieces of cDNAs that 

have been sequenced at random. Based on their extensive amino acid identity between 
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their predicted proteins and FER-1, the C. elegans ESTs appear to represent/«?r-/ cDNAs 

from Yuji Kohara's library. Similarly, ESTs matching other sperm-specific genes have 

been identified in Kohara's collection (A. Wellington, personal comm.). More 

interesting and exciting are the similarities between FER-1 and predicted proteins encoded 

by seven human ESTs, representing genes expressed in fetal liver and spleen, infant 

brain, and adult heart and breast. The protein encoded by clone c-lvflO, isolated from a 

infant brain library, shows significant similarity to FER-1 over an 81 amino acid stretch 

(aa 1437 - 1517 of FER-l), with 29 of 81 amino acids identical (35%) and 50 of 81 

similar (61%) (fig.in.9A). The adult heart clone k8()l-f encodes a protein that also 

shows a high degree of similarity to FER-l, but in a different region of the protein (aa 

1642 - 1723). Although the number of similar amino acids is comparable (59%), 33 of 

82 amino acids are identical (40%), including a 13 amino acid strcich where 12 amino 

acids are identical and the remaining is a tryptophan to phenylalanine change (fig.III.9B). 

The other EST-encoded proteins match FER-l over smaller stretches, three of which 

appear to represent different members of a gene family. The two breast clones represent 

the same gene, but the fetal liver clone encodes a highly related but distinct protein. The 

regions of similarity between FER-l and these predicted human proteins are indicated in 

figure ni.lO and may represent functionally important domains. All of these sequences 

represent previously unidentified genes and, while they do not give any insight into the 

function of FER-l, it is amazing that a protein involved in formation of amoeboid sperm 

shows similarity to multiple predicted human proteins. Thus, further analysis of FER-l 

could help determine what these human proteins are doing in their respective tissues. 

III.5 Identification of fer-l mutations 

I determined the nucleotide changes associated with five of the 11 existing 

mutations by sequencing/er-/ fragments PCR-amplified from homozygous/fr-/ mutant 
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worms. The mutations identified {hcl3ts, hc24ts, hc8(), hcI36, b232ts) were all EMS-

induced. Three of the mutauons are G to A transitions and mo,hci3r.s and hc24ts, are C 

to T transitions (figs.in.4 and III.5). All five are missense mutations that change the 

predicted FER-1 amino acid sequence (fig. III.5). Since hcl3ts was used for all of the 

transformation experiments, it was reassuring to find the mutation associated with this 

allele. Interesdngly, hc8() and hcl36, both of which are non-conditional mutants, contain 

changes from a glutamic acid to a lysine, although at different residues. These were the 

only changes detected in the portion of the gene sequenced. 

111.6 fer-I expression is limited to the testis in males 

The cDNA pCDWA128 was used as a template to synthesize -dfer-l antisense 

DIG-labeled probe for in situ hybridization to determine where fer-I is expressed in wild-

type males. The only tissue in which/<?/•-/ message was detected was the testis, 

beginning in the loop and proceeding proximally (fig.III. 1 lA-C and III.12). Based on 

DAPI-staining of the nuclei, expression begins when the cells enter meiosis and is 

confined to the primary spermatocytes (fig.III. 12B and D). No signal was detected in the 

secondary spermatocytes (fig.III. 12C), the mitotic spermatogonia! cells (fig.III. 12A), the 

spermatids (fig.III. 12C) or in any other tissue in the worm. No signal was detected 

using a fer-1 sense probe as a negative control (fig.III.I IB) Expression in 

hermaphrodites was not examined because spermatogenesis only occurs for a short time 

during the late stages of the L4 larval state and would have required a large number of 

hermaphrodite dissections, which are technically more difficult than male dissections. 

Based on the results of the male in situs hybridizations and the northern blots, the 

hermaphrodite in situ hybridizations were not performed ai this time. 

111.7 Production of anti-FER-1 antibodies 
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An important facet of tliis project has been efforts to generate antibodies against 

FER-L These antibodies wouid aJiow me to determine the subceiiuiar localization of 

reR-1, which in turn could aid in determining its function in the cell. I tried two 

approaches to raise anti-FER-1 antibodies. The first was to immunize rabbits with 

synthetic peptides designed from the predicted protein sequence. Two peptides were 

synthesized (FER-1 peptide #2 and #3, shown in fig. 111.5). conjugated to keyhole limpet 

hemocyanin, and used to immunize two rabbits each. Rabbits AZ7 and 8 were 

immunized with FER-l peptide #2 and rabbiLs AZ9 and 10 were immunized with FER-1 

peptide #3. I also expressed a fragment of FER-1 in E. cnli and used this to immunize 

two more rabbits. 

III.7.1 Anti-FER-1 peptide antibodies 

Pre and postimmunization .sera from all four rabbits (designated AZ7 - AZIO) 

were screened for antipeptide antibodies by ELISA. None of the preimmune sera 

showed any reaction to either peptide, but all rabbits showed production of antibodies 

against the peptide used for immunization 91 days after initial injection. I used these 

crude sera for immunofluorescence experiments on spermatids and testes. The post-

immunization sera from two of the rabbits (designated AZ8 and AZIO) showed specific 

staining of spermatids in a punctate pattern around the periphei^ of the cells (suggesting 

staining of the membranous organelles) and staining of the entire testes (fig.III. 13). Both 

the preimmune and postimmune sera from rabbit AZIO stained what appeared to be the 

spindles in spermatocytes. Each rabbit had been immunized with a different peptide, so I 

proceeded to affinity-purify antibodies with the respective peptides to determine if the 

spermatid staining was specific. 
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When the antibodies purified from either rabbit were used to stain spermatids and 

testes, both gave the same result: punctate staining oi' the spermatids that was not as 

bright as seen with the crude sera and staining of all testis nuclei except for those of 

secondary spermatocytes and spermatids (fig.III. 14). Bright staining of the gut nuclei 

was also observed. The nuclear staining, confirmed by counterstaining samples with the 

DNA-binding dye DAPI, sometimes appeared to ring the nuclei. The antibodies were 

probably not binding the DNA, however, because the antibody staining pattern observed 

in the testis did not mimic that of the DAPI staining. This nuclear staining was puzzling 

because while the antibodies stained all of the testis and gut nuclei, the in situ 

hybridizations showed/er-/ to only be expressed in the proximal two-thirds of the testis 

(see above). No spindle staining was seen with the AZIO purified antibodies, indicating 

that the nuclear staining pattern was not due to antibodies that had bound non-specifically 

to the peptide column. This was confirmed by preincubation of the AZIO purified 

antibodies with a 5X molar excess of FER-1 peptide #3. This blocked the nuclear 

staining, but not the punctate spermatid staining (data not shown). Preincubation with a 

peptide from the protein SSP-1 had no effect on either staining pattern. Why was the 

spermatid staining not affected? It is possible that the antibodies responsible for the 

nuclear staining have a higher affinity for the peptide than those responsible for the 

spermatid staining. This experiment should have been repeated using a higher 

concentration of free peptide. Further evidence that the nuclear staining pattern was 

specific was that it was seen with antibodies raised against two different peptides. 

On western blots of total protein horn fem-l(hcl7) hermaphrodites (no sperm, 

essentially females), hiin-5(el49()) males, and isolated sperm, AZ8 faintly recognized 

two sperm proteins of l4{)kD and lOOkD (fig.III. 15B). These proteins are both smaller 

than expected for FER-l, but interestingly add up to approximately the 2.35kD predicted 
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for FER-1. AZ8 did not recognize these proteins in the total him-5(el49()) male protein 

sample, but instead recognized a 98icD protein common to both maies and femaies. 

AZIO did not recognize any sperm proteins, but did recognize to two proteins, a 6()lcD 

protein common to males and females and a 80kD female/hermaphrodite-specific protein 

(fig.III.I5A). No proteins were recognized in the sperm lanes. Both antibodies 

recognized a portion of FER-1 expressed in bacteria. 

In an attempt to improve the antibody yield and clarify the immunotluorescence 

and western results, I went back and repealed the affinity purification from the AZ8 

serum using a slightly modified protocol (see materials and methods). Based on 

absorbance at 280nm, the yield from this purification was twice that from the first 

purification. On western blots, these new antibodies (designated AZ8.2) recognized the 

same pair of sperm proteins seen previously, but more strongly than with the original 

AZ8 antibodies as expected if the antibody yield was increased. At least one of these two 

proteins was also detected in the male protein sample but not in the female protein sample 

(fig.ni.15C). When exposed longer, other bands are faintly visible in all lanes, but the 

l(X)kD protein is conspicuously absent from the him-5 male sample (fig.III. 15D). This 

is confusing since the two bands are of approximately equal intensity in the sperm 

sample. The AZ8.2 antibodies also detect a >2()()kD protein in males but not in sperm 

(tig.IIIl5C and D). This could represent a FER-1 proprotein that is later cleaved to the 

14()kD and lOOkD proteins seen in the sperm. Its absence from the sperm could be due 

to processing being completed prior to the meiotic divisions. 

It should be noted that the sensitivity of the purified antibodies was never 

determined, so I do not know the detection limits of the western blot experiments. It is 

possible that none of the bands recognized by the proteins represents FER-1 and that 
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FER-1 is present in amounts too low to detect with these antibodies. Since it is predicted 

to be an integral membrane protein, one control would have been to fractionate llie spenn 

to see if the antibodies recognized a protein present in the membrane fraction. This 

would have also enriched for membrane proteins and potentially made detection easier. 

When used for immunofluorescence, the AZ8.2 antibodies gave bright staining 

throughout the spermatids and faint staining of the tesis nuclei when diluted 1:2 

(fig.III.16). This pattern is different from that observed using the first set of purified 

antibodies, where the nuclear staining was bright and the spermatid staining was more 

defined. 

While the apparently increased antibody yield can be used to explain the 

differences between the western results obtained with the two sets of antibodies, it does 

not explain why the second set of antibodies give a weaker signal when used for 

immunofluorescence. The only difference between the antibodies that I know of is that 

they were purified on two different peptide columns and the ammonium sulfate cuts were 

applied to the columns in a slightly different manner. For the first purification, the 33-

50% ammonium sulfate cut material was passed over the column ten times to allow for 

antibody binding. For the second purification, the ammonium sulfate cut was applied to 

the column and allowed to incubate for one hour before being removed. The wash and 

elution conditions were identical for both purifications. I have also had trouble 

reproducing the staining with a given batch of purified antibody, making any results I get 

uninterp re table. 

111.7.2 Antibodies against bacterially-expressed FER-1 
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While I was trying to sort out the anti-peptide antibody results, I attempted to 

raise new antibodies against a portion of FER-i expressed in E.coii. The insert from the 

original cDNA, pCDWAlOS, was cloned into the pET- 15b expression vector and used to 

express a 9()kD C-terminal fragment of FER-1 in E. coli BL21{XDE3) cells (see materials 

and methods). This fragment included the putative transmembrane domain and was 

totally insoluble in everything except 2% SDS, making purification difficult- After 

extraction with 6M guanidine to remove most of the other proteins, the bacterial PER-1 

was purified on a 8% acrylamide preparative gel and the protein-containing gel slice was 

used for immunization of two rabbits (AZ25 and AZ26). Sera from both rabbits showed 

strong recognition of the bacterial protein after immunization while there was no reactivity 

from the preimmune sera. Immunofluorescence experiments with the pre and post-

immune sera from each rabbit showed that all gave bright punctate staining of spermatids 

indistinguishable from that seen previously with the anti-peptide antibodies, indicating 

that the rabbits had previously been expo.sed to an antigen with an epitope similar to that 

found on a component of the MOs. On western bioLs, the preimmune and postimmune 

sera from rabbit AZ26 recognized multiple sperm proteins, but only the postimmune 

serum recognized the bacterial protein used for immunization (fig.III. 17A). Neither 

AZ25 bleed recognized any sperm proteins, but the postimmune serum did recognize the 

bacterial FER-1 (fig.ni.l7B). 

I attempted to affinity purify the anti-FER-1 antibodies from the production bleeds 

using the bacterially-expressed PER-1 immobilized on nitrocellulose. This was 

necessary because even removal of the putative transmembrane domain and the cysteine-

rich region only allowed solubilization in 3M urea, even when 2-mercaptoethanoI was 

added to lOmM. The PER-1 prep was run out on 8% acrylamide minigels and blotted to 

nitrocellulose. A strip containing PER-1 and a strip containing no protein were cut from 
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each filter. Antibodies were puritied by incubating the strips with either the preimmune 

or postimmune serum and elution with a low pH glycine buffer. The puritied antibodies 

were then used for western blots and immunofluorescence (data not shown). On western 

blots, only the eluents from the FER-l-containing strips treated with either of the 

postimmune bleeds showed any reaction to the bacterially-expressed FER-1. When used 

for immunofluorescence, all eluenLs gave bright staining of the MOs. Blocking the filter 

strips for one hour with 10% nonfat dry milk and 1% BSA did not change the results. 

I also attempted to make an affinity column using a protocol devised by (Luo and 

Wolfe 1995) to couple insoluble proteins to Pierce Reacti-Gel beads. 8 |ig of bacterially-

expressed FER-1 A (FER-l fragment without the transmembrane domain) solubilized in 

2% SDS was coupled to Pierce Reacti-Gel 6% agarose beads. A 33-50% ammonium 

sulfate cut of the AZ8 postimmune bleed was added to the column, antibodies allowed to 

bind, then eluted with a low pH glycine buffer. Absorbance at 28()nm showed that there 

was virtually no protein in any of the fractions. There is the distinct possibility that no 

FER-1 A was coupled to the resin. 1 attempted to measure the coupling efficiency by 

comparing the protein concentration before and after incubation with the resin. I saw no 

difference but assumed some of the protein was coupled since Luo and Wolfe reported 

coupling of only 0.5|ig of their protein, an amount I would not have detected using this 

assay. In retrospect, I could have easily detected protein coupling by performing a 

ninhydrin analysis on an aliquot of the resin. 
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Figure III.1: A) Genetic and physical maps of the region of chromosome I containing 

fer-1 showing some of the cosmids that cover this region. Cosmids used for 

microinjection experiments are indicated by bold type. C()2D7 was the only cosmid 

tested that was able to restore fertility lo fer-l(hcI3ts) mutant worms. B) Restriction 

maps of I6kb (pWAlOl) and lO.Skb (pWAl 11) subcloned cosmid fragments that also 

restore fertility lofer-l mutant worms. 
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Strain N2-1 N2-2 BA576 BA9()6 BA912 BA913 BA931 BA932 
DNA injected none none none C02D7 pWA102 pWA102 p W A l l l  p W A l l l  

220 203 0 78 118 0 94 0 
190 212 0 0 99 95 143 0 
294 117 0 159 179 120 97 0 
273 122 0 90 71 150 0 41 
148 146 0 0 132 57 98 129 
221 166 0 58 156 148 14 35 
212 188 0 0 13 75 93 51 
154 181 0 67 134 48 83 39 
125 219 0 39 110 95 0 0 
264 nd 0 0 74 112 63 85 

mean 210 173 0 82 109 100 86 63 
SD 57 38 0 42 48 36 37 37 

SEM 18 13 0 17 15 12 13 15 

Table 111.1: Broodsize comparisons between the wildtype strain, the f e r - I  mutant strain (BA576) used for 
transformations, and the transformed strains. 10 worms from each strain were raised ai 25'^C and iransl'erred lo fresh 
dishes everyday. Progeny were counted each day until the worms layed only oocytes. BA960, BA912, BA913, BA931, and 
BA932 are ideniical lo BA576 (see Table 11.1 for genotype) except for ihe injected DNA (for descriptions of DNA constructs, 
see pp. 61-62 of text and figure III.l). The data were collected during two separate experiments so the broodsizes for the N2 
worms from each experiment are shown. Broodsizes from individual worms and the mean broodsize for each strain are shown. 
Means for the transformed strains were calculated using data from worms that produced progeny since those producing no 
progeny likely were not expressing the injected DNA. Using the Tukey HSD multiple comparison lest, ihe mean broodsizes 
for the transformed strains are all statistically different from wild-type (P<0.(X)1) and are all statistically similar to each other 
(P>0.4). 

OC vC 
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Figure ni.2: Differential northern bloi showing sperm-specific expression ol' fer-1. 

Blot was probed simultaneously with/er-/ (upper panel) and aciin (lower panel) probes, 

the latter used as a loading control. Each lane was loaded with approximately 5()|ig total 

RNA from fem-l(hcl7) hermaphrodites (make no sperm, only oocytes, essentially 

females), him.-5(el490) males, and feni-3(q23) hermaphrodites (make only sperm, no 

oocytes). The fer-I mRNA was only detected in RNA from worms making sperm. No 

message was detected infem-I(hcI7) RNA, even though the actin signal indicated that 

this lane was overloaded compared to the others. Upper panel is from a .^0 minute 

exposure. Lower panel is from a 45 second exposure of the same blot. The band just 

above actin is almost certainly ribosomal RNA based on its shape and size. This band 

was not seen on blots probed ioxfer-l alone (data not shown). 
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Figure III.3 : Restriction map of pCDWA132, which represents the entire cloned fer-J cDNA region. pCDWA132 was 
constructed from the three cDNA clones shown above the map. pCDWAlOS was isolated from our male-enriched library 
by plaque hybridization. pCDWA128 and pCDWA129 were obtained by 5' RACE PCR (see materials and methods). The 
restriction sites in bold were used to assemble pCDWA132. 
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Figure in.5: Nucleotide sequence oifer-l with the exons shown in upper case letters. 

The putative transcriptional start site along with CAT and TATA boxes are in bold type 

and underlined. Two possible translational start sites are underlined and the predicted 

amino acid sequence of the reR-1 protein using the first start site is shown, as are the 

four identified mutations and the corresponding amino acid changes. Three regions of 

reR-1 are highlighted; a putative transmembrane domain at the C-terminus (italics), a 

threonine-serine-lysine-rich region near the N-terminus (underlined), and a cysieine-rich 

region near the C-terminus (underlined). The peptides used for antibody production are 

indicated. 
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actagtccactaccatgataatttcatctttttctagtgagaattflcaatttcgtactacaatttg 66 
gctgacaattaaaaatcagaaaaataatgaaacaaaaatyaaLilcgtgagaaaaaaaacaaaaaaS ^32 
ttttacgtgaaaaaagttgaatcacgtatcttttctcacgtgacctgtgcttctcttgtcttcaca 138 
gctttgccacatttattgccacgtcatccaacaccccttgcaaaaatttcacgggaaccaagttaT 264 

TTCTTTCAATTTCCACCAAATCGACATGACGGTCAAGGAAAAGCTACTGAAAGTGAAGCAAAAGTT 330 
M T V K E K L L K V K Q K F  

TAAGCGAGGGGATTCATCCAGTGATGTGgtgtgtcttatttttattaaattcctttaaattttgca 396 
K R G D S S S D V  

atatttcagGATTCCGGCCCGGAGAGAGATCGGGATGAAGACGATTCGGATAACGAATCGAGGAAT 4 62 
D S G P E R D R D E D D S D N E S R N  

ACAAGCAAGACGAGCAAATCCAGCAAAAAGAGCAAATCGGGAAAGAGCACGGGAACATCGGAGATG 528 
T S g T s K <5 s K K S K S g K S T g T S E M 

ACTgttagtttcggaatattagtttagaatcagaacaaagatggacctttccttgtttgtttagta 594 
T 

cgaaatagttccacagtgattttatcgattgttgacatagtttggtagtatcgatttattacaata 660 
tctaatattagatctacgtggcaataatatttcgcaatagtttgctagttatttattgaaactgtt 72 6 
atcttttaaaccaaaaatcgattttactggtaccggttttgtaggtagtggatgataatgaagttc 7 92 
tagtttcattcaaatcaatcatttatttcttaggattatcgattttcggcttctaatcgagtttga 858 
taatttgagttattagagctgccacaattttgttactgagtataagattaatgagagaacgttttg 924 
attttttttaatttacaaatttcagGAGCTATCGGACGACGGTGGATCTGACATCGAGCTGCTGCC 990 

B L S D D G G S O I E L I . P  

AGATGATGGAAAAAGCTTTGGAAAACGGAAACTGC AGGAC ACTGACAAGCC ̂TGT ACCTGGAATGT 1056 
D D G K S F G K R K L Q D T D K P C T W N V  

TCTTGT ACGAATTATTGAGGC AAAGGATGTCAGC AC AGGATCCGCAAGAGTTCGAACGATCTTTGA 1122 
L V R I I E A K D V S T G S A R V R T I F D  

CGGAAATTCAAAAATGACAAGAACAGTTACTCATGCAATTCCAAAGTGGCGACAAAATATTCTCTA 1188 

G N S K M T R T V T H A I P K W R Q N I L Y  

CAC AATAAAGAACCAGCCACTGGAGAAGCTTGCTGCC AAAGTTTTGACTCTTCGGgt aaa c tttta 1254 
T I K N Q P L E K L A A K V L T L R  

aacattggaatatttttctttggttgctctgaagcgtcatcagtgattaagcatgttctctgtaat 1320 
ttccaaatatgtaactttccagCTCGTGCGTCCTACAGCACTTGGTGAATCAAGCGTCGGAGAGTT 138 6 

L V R P T A L G E S S V G E F  

CAGCTGCTACCTCTCGGAAGTAATTCACTCTCCCGACAGATCTGTCATTGCAAAATGGGTCGCTCT 14 52 
S C Y L S E V I H S P D R S V I A K W V A L  

GGGATTTCCTGGAATGGATGACGAGGAACCGGACGATATCGCCTATGAGAACTGTGGATTCCTGAA 1518 
G F P G M D D E E P D D  l A Y E N C G P L K  

GGTGACGCTCTCTGTGTACCGGATCGACGAGTCACCACCAACGCTGATTGATGACGATGGGAAGGA 158 4 
V T L S V Y R I D E S P P T L I D D D G E E  

GCAAATCTGGAGTGGAGCACATCTCATTGATTATACTCTTAAGgtacggtacttgaagatgcttaa 1650 
Q I W S G A H L I D Y T L K  
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ttactaataacttttcatttcagATCAGAGTGTTCTCCGTGGAACAGCTCATCCGACAGATGATCA 1716 
I R V F S V E Q L I R Q M I N  

ATGAGAGGAAAATCAAGAAGAAGCAAAGATTCTATGTGATGGTTC AGTGTGGAGCACACAAGACCG 17 82 
E R K I K K K Q R F Y V M V Q C G A H K T E  

AAACAACAATGGAATCTGCGTTTCTTGATGAAGATGCAAACATCGCATCAGTGAAGTTTGAGCAAG 184 8 
T T M E S A F L D E D A N X A S V K F E Q E  

AGATCT ATCTTCC AATTC AATGGCC AACTGTC ATCTC AGAGgt atgagtttggattttaagaccgt 1914 
l Y L P  I Q W P T V I S E  

attttttcgcgtctctgagacatggtagacagtctatgcctacatgcctgcctatctcttattttc 1980 
ttcaatttccgaagatatttttataactgattttcagATTATTTTCTCATTGTTCGACAAAAAGGG 204 6 

I I F S L P D K K G  

ACGAGGCAAAACGTGCATAGGAAAAGCCACTCTTCCAATGAAAATGATTTACGAGCCAGGAGAGAC 2112 
R G K T C I G K A T L P M K M I Y E P G E T  

TGGATACCTTCCGACTTTTGGACCTGCGTTTCTCAATGTATTCGATTGCGAACGCGTGACTCGATT 217 8 
G Y L P T F G P A F L N V F D C E R V T R F  

CAGCATCTTCTCAAGAAAAATGCGAGGATCCCAGCAGGATGGGAGCAGgtaggcttggagagttga 2244 
S  I F S R K M R G S Q Q D G S R  

agactaaactaatttgtttaattttcagATTTGTTGGGCGTTTGTTCATTGCGATCGATTGTGTAG 2 310 
F V G R L F I A I D C V E  

AGTAT ATGGAGAAGGCT AATGCTCAGATCATGCATCTTGATCATTCCCC AATT ATGGAAGCCGAAT 237 6 
Y M E K A N A Q I M H L D H S P  I M E A E S  

CGATTTGTgtaagttattgaaaattggagacaatattgaatgtttcatgtaattattggtgattat 2442 
I  C  

attataggtatactgtagattatgttatacggttactgtaggatatagacttactgtattttgaaa 2508 
ttgcattttgtgttcaaattctgtaacagttaccataaatgtttgattactgtagacattagggtt 2574 
attaaacataattgcaaagccatgcaagagaacttctgtagaacattgcttaaacttttttgtgaa 2640 
ttt cagAAAAATCTCGAATGGTACAACTGCTTCTGTTCCATGAGTGGCCTCAACATGATCAATCCT 270 6 

K N L E W Y N C F C S M S G L N M I N P  

CAATTCGCATCCGATCCAGTCTGCATAATGATGTCAATCGGTTCATTTGGAAGCACGAGCAACGAG 2772 
Q P A S D P V C I M M S I G S F G S T S N E  

TTCAGATCATGCAATAGCTCAACACTGCCAGCAGAGCCAAACTGGGATGGATGCAAGTACTTCACG 2838 
F R S C N S S T L P A E P N W D G C K Y F T  

ATGCCATGGGGAAATCTCCGACCAGTTGCCGAAGTCAATGCTCCGTGGGAAGTTATTGAGCATCGG 290 4 
M P M G N L R P V A E V N A P W E V I E H R  

ATTGAAATGAGCAATGTTCTCATGAAAATGACGAATATGCTTGATACGATGATTTGGGAGGTTCGA 2 97 0 
l E M S N V L M K M T N M L D T M I W E V R  

CGCATTGGAAACAAAGCAATCGACCATGTTTCGTCAGTTGGAATGGAAGCTTTGGAGTGCTTGGAG 303 6 
R I G N K A I D H V S S V G M E A L E C L E  
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CAGCAAATTGATTCGGCTAGCAAGTATTTGGGgtgagtcactaagacttttcacaaatttaaaata 3102 
Q Q I D S A S K Y L G  

tattttcagACGCATCAACCCCGTTAGCAGCAACGCACTGGATCGCCATATCCTTGACTACCGGAA 3168 
R I N P V S S N A L D R H I L D Y R K  

GGAAAAGATCTTGAAGCTGCGAGAGCATTTTGAGAAGGAAGCCTTCAGTATAGATTATTCTGATGG 3234 
B R I L R L R E H F B K E A F S  I D Y S D G  

AGAAGTCGATGCGAAGCTGCTCCGAATGCTTCTAAAAATTCGATCGATGACTCTTGAGTTGGCAGA 3300 
E V D A M V L R M L L K I R S M T L E L A E  

AGATGTTCAAATGACCATTCCACCCGTTCTCATCAAAATGATGTCCCATGGGAAGTTGATCGGTTT 3366 
D V Q M T I P  P V L I K M M S  H G K L I G F  

CGCCAAAATCCCGATTTCGGAGATTTTCCAATCGGATGATGAAGCTCAATCAGGAGAATGGTGTGG 34 32 
A K I P I S E  r S Q S D D E A Q S G E W C G  

GAGGACCCGTGCTATAAATATTCAATGGCCGACTTTGGTGGATCAGAGAAACAGGAAAAGAGAGgt 34 98 
R T R A I N I Q W P T L V D Q R N R K R E  

aattcaataaactagctcaattccatatgacaatacaaattactttcagCACGTCGCAGTACTCCA 3564 
H  V  A  V  L  H  

TGCAAAGATGTGGTTTGGACGTACAGATCAGCTCACAAAATGGAAGGAGCACGTACAACCCGCAGA 3630 
A K M W F G R T D Q L T K W K E  H V Q P A D  

CATCCGTCGTTTCATGGAAATGTACGAAGTGCAGACGAAGGGACTCGCATTGAAATGGAAAGATGA 3696 
I R R F M E M Y E V Q T K G L A L K W K D E  

AGCTGATATTTACGATGGGAAATGGGAGAAGACGAATGAAGTGCCTCTCGAAAATGGATGGAATGC 37 62 
A D I Y D G K W E K T N E V P  L E N G W N A  

TGTTGGTCACTGGATTGTGATGAATACTCGTCATATGTTTGTACCGAAACTTGGACAACACACGGT 3828 
V G H W I V M N T R H M F V P  K L G Q H T V  

TCATGACAAGGCTTTTGAAATCCAGAAGAGAACTGAAGACGGAACGTGGAAACACTTTAAGTACAC 3894 
H D K A F E I Q K R T E D G T W K H F K Y T  

GGATTGCTACGCCGACGAGTTGAAACCCAAGGATCTTGACAAACATGCGAAAGGATGGGAAGTAGG 3960 
D C Y A D E L K P K D L D K H A K G W E V G  

CTCTTGGGCTCAAGACAAGTTTCGAAACAATGGAGACGAAAAAGGATGGGTGTACTCGACGAATGG 4 02 6 
S W A Q D K F R N N G D E K G W V Y S T N G  

TGTCTTTTTTGGAAGCGGAGTCCTGACAGACCGAGAAGAAAAAGTTCACCACAACTTCAGAAAGCG 4092 
V F F G S G V L T D R E E K V H H N F R K R  

TTGTATCAAGAGGCCAAGGAAGCATGAAGGCTATAACAAGGAGTTGGAGGACTTTGAGCATTTTCG 4158 
C I K R P R K H E G Y N K E L E D F E H F R  

GACAACGATGGGAAATGAGAATTGGGAGgttagttggaattttgaataatcacagatagatagaat 4224 
T T M G N E N W E  
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gctgatctaaatgcaactgtgaaaatagttgctgacaagcttatcggggactagcattttgatgct 4290 
tttttcataaatattaatttttagTACTCCCCCAGCAAGAAGGAAGGCCCATACCACGATTTGGAA 4356 

Y S P S K K S G P Y K D L S  

GACCGAACCGATCGGATCAGACGTAGACGATATGTACGAGAAGTTGAGAACAAAGAgtaagtatct 4422 
D R T D R I R R R R Y V R E V E N K D  

cctttttgaaaagttcattgtacgatcttactttcagCCCGGACAGTGAAGATCCAAGATTTCGCG 4 488 
P D S E D P R P R V  

TTTACGAATATCAAATGCAAACTGGAAAATGGCAACTGAGATGCTATATCATGTGGGGAAACGATT 4554 
Y E * Q M Q T G K W Q L R C Y I M W G N D L  

TGCTGCCAGTTGTCAAGAACTCGTCTCGGGCATTTGTTCGCATTTCGTTTGCACAATACTCAAAGC 4 620 
L P V V K N S S R A F V R I S P A Q Y S K Q  

AGACGCTTCTCGTGGACAACTCTCAAAATCCAATTTGGAATGAGACAGTCATGTTCAAGTCAGTTC 4686 
T L L V D N S Q N P  I W N E T V M F K S V L  

TGATCGCTGGTGGAACTCGAGATATCATGAAATACCCGCCAGTTGTCTCTGTTGAAGTCGTTGGCG 4752 
l A G G T R D l M K Y P P V V S V E V V G E  

AGTGCTCAAACAATGAGGAGGCAAACCTCGGACACTTCGAAACCAAACCAAACGTCATTTGCGGAA 4818 
C S N N E E A N L G H F E T K P N V I C G N  

ATACGGATGTTCGTGGCACGCCACAATGGTTTCCGTTGAAGTTCTCCAATGGACGTACTCGTGGAG 4 884 
T D V R G T P Q W F P L K F S N G R T R G A  

CGGTTCTTGCATGCTTCGAGCTTTACTCAGAAGAAGATAAAGATTTGATTCCACTGGAGCCAAAAT 4 950 
V L A C F E L Y S E E D K D L I P L E P K C  

GCAAACAC AATTATAAGGAGAGAAGTGAGATCCC AACAGAGTTCAGACCAC AGTTCGATAAATTCC 5016 
K H N Y K E R S E  I P T E F R P Q F D K F H  

ACGTGCAATTTTTATGCTGGGGTGTGAGAAATCTCAAGAAGCATAAGgtacggggagtattatttt 5082 
V Q F L C W G V R N L K K H K  

atcagtttctatacttcttgat ttcagCTTCTCGCCGTACGTCGCCCATTTGTTGGACTGACAATT 514 8 
L L A V R R P F V G L T I  

GGGGATCAAGAGTTCACATTGCAACCTCTCAAGGATGTCCGAAGAGATCCGAACTTCCCTGAGCCC 5214 
G D Q E F T L Q P L K D V R R D P N F P E P  

ATGATTGTTTTTGGAGAAGTAATCCTACCATCTGCTCTTGAGCTATCACCTCCACTAATCATCAAT 5280 
M I V F G E V I L P S A L E L S P P L I I N  

CTCTTCGATGCTAGGGCCTTCAATCGTCAGCCATTAGTTGGATCATGCTTGGTATCTGATCTCCAT 534 6 
L F D A R A F N R Q P  L V G S C L V S D L H  

AAATACGTCTCACATATTGTTCCCAAGgtttgtaatatgatttctagatgttaaagtcaaaatatc 5412 
K Y V S H I V P K  

actttcagGTCAAAAGTGATCACGCCGAAAGATGGGAACAGTTGGATTTGGTAATTACGGAGGAGT 54 7 8 
V K S D H A E R W E Q L D L V I T E E F  
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TTGATCAGATCATCAGGATGGTTCGTGTTCCGACTTTAACAACTGATCCTATGGTACCTTTGGATT 5544 
D Q I I R M V R V P T L T T D P M V P L D W  

GGTGGAGCAGATATTATGCATCGATGTCACAATTTCATAGATCACCGGGATATCCAGAgtgagttt 5610 
W S R Y Y A S M S Q F H R S P G Y P  E  

ctgttggttactgtaggattataatgatactgcatgataaatgcgctatagccagtaggaggagct 567 6 
cgttcaagtaaacgtgaatgacaccggatctcagattataaattgtttcaaaactgttacttttca 5742 
gATCTGGCATGGAGTATGTACGTATCTTCCGCCGACCACTTGAACAGATGAACGGATACAACAACT 5808 

S G M E y V R I F R R P L E Q M N G Y N N F  
A (he 13 6) 

TCTCTGATTTCCTGGACACATTCCCGTTTGTCAAATCAATGAAGGGAGATTTCGACGATCCGGAAG 587 4 
S D P L D T F P F V  K S M K G D F D D P E E  

peptide #3 K 

AAAAAGAAAAGGCTGGAGAATTGAAATGCCGACTTCTCATCTCGAAACTCAAGAAGGGTAAGCCTC 594 0 
K  E  K A G E L K C R L L I S K L K K G K P P  

CAGCTGCGATAAATACCGTTGTCGACTTCGTTGGACCAACTCGATGTCTCGTCCGAGTTTACATCA 600 6 
A A I N T V V D F V G P T R C L V R V Y I  I  

TCGAAGCAAATGGGCTGATCTCAAATGCACGGAAAGGACGAGTCGACTCGTACGTTAAACTTCATT 6072 
E A N G L I S N A R K G R V D S Y V K L H C  

GCGGAAAGCAGAACGTGAACCTGAAGAAGAACTACCGCTCAGAGTGTTGTGATCCGATATTTGGAG 6138 
G K Q N V N L K K N Y R S E C C D P  I F G E  

AACGAGTTGACATGACGGTTACGATTCCGCTGGAGAAAGATCTGAAAATCACTGTGATGGGCAAGC 6204 
R V D M T V T I P L E K D L K I T V M G K R  

GGAGAATCCTTTCGGATCAAGAAATAGGATCAACTACAATCGATCTGGAAAATCGTCTTCTCACAA 6270 
R I L S D Q E I G S T T I D L E N R L L T K  

A (b232) 
AATGGAGAGCAACTGGTGGGCTGAGTGGTCAGTTCACTGTACAAGGAGAGCTGCAATGGAGGGATC 6336 

W R A T G G L S G Q F T V Q G E L Q W R D Q  
N 

AGATGACTCCAATGGAGATCCTGAAGTCGTACTGCTACAAGATGATGCTATCAGTTCCAAAGATTG 6402 
M T P M E I L K S Y C Y K M M L S V P K I E  

AAAGTAGGCAGACGGAGAGAGGAGAAGAGAAGGGAATTACCATTGAGAAGATCACATTCTGGTTCA 64 68 
S R Q T E R G E E K G I T I E K I T F W F S  

GTGAAGTTCTCCATGTCTTTGAGAAgtgagtttagggcatttcattttggaaacgtataatattta 6534 
E V L H V P E N  

aattttcagCGAAGAGATTGCTATGCTGAATTCTCAACGTCAAAAAGCTGGAAAAGAAAATTTCAG 6600 
E E I A M L N S Q R Q K A G K E N F S  

TGATGGTTCTGATCAACAAAATGAGGACGTATCAGACGGTAGTTGGGATGAAGAGGATCTAGAACG 6666 
DGSDQQNEDVSDGSWDE F D T. E R 

AGAGAAAGAGAAGCTAAAGTGGGAGAAGCATCGGAGCAAGGGCAAGCCATTGAAGAAGGTTACAAC 6732 
E K E K L K W E K  H R S K G K P L K K V T T  
peptide #2 
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GGAAAAGGCAGAAACGGCTGATGGAGAGTTGAGGAAGAAGGCGAAGATGAGAATAATGGGATCTCA 67 98 
E K A E T A D G E L R K K A K M R I M G S Q  

» /u ̂  o o \ 

GTTGCAAACAATTGCTCTCTTCATTCTCCGACAGATGAATTTGGTCCCAGAGCATGTCGAATCTCG 68 64 
L Q T I A L F I L R Q M N L V P E H V E S R  

K 
GCCATTGTTCTCGGATAAAGGAGGAAGAACTCAGAAGGGAGAACTTCGAATGTTCGTTGACATCTT 6930 
P L F S D K G G R T Q K G E L R M F V D  I F  

TCCGgtaagttctttttctattgttcaactttcgaatttttccaactgcacacaaaaatgtttgtc 6996 
P  

gt tCCagATGGAATATGGCGCGATTCCTGCTCCATTCAACATTGCACCACGGAAACCCATCAACTA 70 62 
M E Y G A I P A P F N I A P R K P  I N Y  

TCAGCTACGTATCGCGGTCATGGATGTACGAGGAGCGATTCCAGTCAAAAGAAGCTTTGCCGAGCC 7128 
Q L R I A V M D V R G A I P V K R S F A E P  

TGTCTCCGATCTTTACGTCAAGGCATTCATCAATGGAATGACTAAGGGACACAAGACGGATACGCA 7194 
V S D L y V K A F I N G M T K G H K T D T H  

TTTCAGgtaacaaaattgaagacccttgtgaagctcgtgcaaatttatctttaaaaaaagaaaatt 72 60 
F  R  
tacaattttgggtctataaaagttaaatcaagtaataatcgcagAGTTCTCGATGGAACCGGGGAG 7326 

V  L  D  G  T  G  E  

TTCAACTGGCGTTTCCTGCTCAACTTCGACTACAATCCTTGGGAGAAGAAGGTGGTCGCGTACACC 7 392 
F N W R F L L N F D Y N P W E K K V V A Y T  

AAAAACCGATTCTTCTGCAAACCAGTGGAAGAACTCGTCGATCCGATTCTTGTCATTGAGCTTTGG 7 4 58 
K N R F F C K P V E E L V D P I L V I E L W  

T(hc24) 
GATAAGAACAAGTTCCGCAAGGATCGTCTTCTCGGTGACATTGAACTGGATCTTCTCGATTTCATT 7 524 
D K N K F R K D R L L G D I E L D L L D F I  

F 
GgtatttttattgtacgttccttttatttataatttttcattctccagAGGGAATCGGTTCTCCAT 7 5 90 
E  G  I  G  S  P  S  

CCGACGTTGGTGTCTACTCAACAAAGAAGAGACAGCGTGGAGTGAAGTGTCCAAAGTGTTGTACCA 7 656 
D V G V Y S T K K R Q R G V K  C  P  K  C  C  T  R  

GGAGAGGATGTCTCTGCAAATGCTGTATCTTCTGCTTTGAGACCAAGTGCTTGTGTGGAAJVACGCA 7722 
R G C L C K C C I F C F E  T  K  C  L  C  G  K  R  K  

AAGTGAAGAAGAAGCCATTCCCGAAGCCTGTGgtatcgattttaatttaattaatattcttcattc 7788 
V K K K P F P  K P V  

aattaaaattttagTTGTTCGTGGAACCAGAAGGTTACGATGATACTGTGAACATCTTCGAATCTC 7 854 
L F V E P E G Y D D T V N I F E S R  

GCAACTTGTACGGTTGGTGGCC AATGCTT ACCGAGGAGT ATCC AC ACG AGGAACCTC AGAATGCCA 7 920 
N L Y G W W P M L T E E Y P H E E P Q N A K  

AGAAGAAGAATGATGACGTTGGAAAGGATCCTAAATGGATCATGGGTCTTGTTGAGATGGACATGC 7 98 6 
K K N D D V G K D P K W I M G L V E M D M L  
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TACTTCTCACCAAACAAGAAGCCGATCAAGAGCCAGCTGGAAAGAAACGATCCGAGCCGAACCACg 8052 
L L T K Q S A D Q S P A G K K R S E P K n  

taagttttaggtgattttgaaattgtttagattctgatgaatttcagAGCCCATTCTTGGAAAAAC 8118 
S  P  F  I .  E  K  P  

CTGATCGGAAGTCATGGGCCAACTCGTGGTTGGTGTCCCGAATCAAGCCGTGCATCAAGTATTTCT 8184 
D R K S W A N S W L V S R I K P C I K Y F W  

GGCACTACTATGGTCTTCAAATTCTGCTCTGGCTCATCATTATTGTTATTCTGATTCTCACAATTT 8250 
H ' X Y G I . Q I L L W L I I I V I L I L T I F  

TCGTGTTGTTGCACACTTGGCCGACAATTTTAGCCGAAATTATAAAGGCAATTTTCTAATTTAATG 8316 
V L L B T W P T I L A E I I K A r F *  

CCCCCTCATTTCATACCCCCCCCCCATAATTTTTATTTATTAGTGCTTCCCCTAATCACAATGTAT 8382 
TATTGTTTCCTACAATTATTTTTTGCTTTGTTTGTTTGTTTCGTTTAAAAAGGATCCTTGTTTCGT 8 448 
Caaaagttaatcaatatgtaacaaacttcaaacgaaaggaagtcggattcaacaagccgaaatgtg 8514 
catattgtgcaagaacctcgattgtaatatgcccatctttgcttacagtcgttatgcgcatatcgc 8580 
gaacttaactgtgcacccaaaaatcaatcacaccttgtcggcttacttccatgtcagct 8 639 
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Calculated Molecular Weight = 234922 

Estimated pi = 8.5 

Amino Acid Composition: 

Non-polar: No. Percent Polar: No. Percent 

Ala 82 4.0 Gly 120 5.9 
Val 132 6.5 Ser 128 6.3 
Leu 158 7.8 Thr 1(K) 4.9 
Ee 125 6.1 Cys 42 2.1 
Fro 104 5.1 Tyr 54 2.7 
Met 65 3.2 Asn 85 4.2 
Phe 94 4.6 Gin 65 3.2 
Trp 46 2.3 

Acidic: No. Percent Ba.sic: No. Perccnt 

Asp 128 6.3 Lys 174 8.6 
Glu 162 8.0 Arg 127 6.2 

His 43 2.1 

Figure 111.6: Predicted molecular weight, isoelectric point, and amino acid composition 

of FER-1. This protein contains a large number of chargcd residues (319?), especially 

lysine and glutamic acid. 
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Figure ni.7: A. Hydrophilicity plot of FER-1. Hydrophilic is above and hydrophobic 

is below the center line (0.(X)). B. Secondary structure predictions ibr FER-l based on 

the Chou-Fasman (CF) and Robson-Gamier (RG) algoriihrns. The last three lines show 

the predictions common between the two. The numbers below the plot denote the amino 

acids. Plots produced using MacVector (Kodak). 
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Figure III.8: A) BLAST results comparing the FER-1 protein sequence to the 

expressed sequence tag database. The two best matches are to the proteins encoded by 

two/er-/ cDNAs isolated by Yuji Kohara. The next seven matches are all to the 

predicted proteins encoded by human expressed sequence lags. B) A search of the same 

database using a shuffled FER-1 sequence failed to Ond any significant matches. 



A. 
Smallest 

Sum 
Reading High Probability 

Sequences producing High-scoring Segment Pairs: Frame Score P(N) N 

gnl 1dbest 54847 D27801 cDNA Yuji Kohara unpublished c . . +3 634 6 3e-80 1 
gnl 1dbest 59208 D37619 cDNA Yuji Kohara unpublished c . . +2 615 2 9e-77 1 
gnl 1dbest 122769 F07109 cDNA normalized infant brain c . . +3 156 3 Oe-13 1 
gnl 1dbest 211127 R41062 cDNA Adult heart, Clontech H . s . . -2 158 5 le-12 1 
gnl 1dbest 73246 Z44079 CDMA normalized infant brain c . . +1 73 7 8e-12 3 
gnl 1dbest 446509 D82670 cDNA Human pancreatic islet H. . . +2 140 9 2e-10 1 
gnl 1dbest1373174 H71264 cDNA Soares fetal liver spleen . . +3 99 1 8e-08 3 
gnl 1dbest1287699 H27152 cDNA Soares breast 3NbHBst H . s . . +1 119 1 5e-07 2 
gnl 1dbest 282597 H22086 cDNA Soares breast 3NbHBst H . s . . +1 112 3 9e-07 2 

B. 

Sequences producing High-scoring Segment Pairs 
Reading 

gnlIdbest114426 Z18024 cDNA AC16H A.thaliana Homolog... -3 
gnlIdbest1254036 R77178 cDNA Soares placenta Nb2HP H.s... +3 
gnl1dbestI 57392 D34410 cDNA Yuji Kohara unpublished c... -1 

Smallest 
Sum 

High Probability 
Score P(N) N 

54 0.55 2 
56 0.9996 2 
46 0.99995 2 

On 



A .  
>gnlIdbesCI 122769 F07109 cDNA normalized infant brain cDNA H.sapiens Homology: 

gb|F07109IHSCIVFIOI H. sapiens partial cDMA sequence; clone 
c-lvflO. Score: 1626 pVal: 4e-130 
Length = 328 

Plus Strand HSPs: 

Score = 156 (72.1 bits), Expect = 3.0e-13, P = 3.0e-13 
Identities = 29/81 (35%), Positives = 50/81 (61%), Frame = +3 

FER-1: 14 37 DPIFGERVDMTVTIPLEKDLKITVMGKRRILSDQEIGSTTIDLEMRLLTKWRATGGLSGQFTVQGELQWRDQMTPMEILKS 1517 
+P+FG ++ +P EKDLKI+V D+++ T IDLENR L+++ + G+ ++ V G WRDQ+ P ++L++ 

Sbjct: 3 NPVFGRMYXLSCYLPQEKDLKISVYDYDTFTRDEKVXETIIDLENRFLSRFGSHCGIPEEYCVSGVNTWRDQLRPTQLLQN 245 

B .  
>gnlIdbestI 211127 R41062 cDNA Adult heart, Clontech H.sapiens Homology: 

gb(R41062IR41062 HkSOl-f Homo sapiens cDNA clone k8Ql-f. Score; 
2590 pVal: 2e-210 
Length = 518 

Minus Strand HSPs: 

Score = 158 (73.0 bits). Expect = 5.1e-12, P = 5.1e-12 
Identities = 33/82 (40%), Positives = 49/82 (59%), Frame = -2 

FER-1: 1642 MGSQLQTIALFILRQMNLVPEHVESRPLFSDKGGRTQKGELRMFVDIFPMEYGAIPAPFNIAPRKPINYQLRIAVMDVRGAI 1723 
+G + +A + +Q LVPEHVESRPL+S ++G+L+M+VD+FP G PFNI PR+ + LR + + R I 

Sbjct: 253 LGPVEERLAPHVPQQQGLVPEHVESRPLYSPLQPDIEQGKLQMIAA/DLFPKALGRPGPPFNITPRRARRFFLRCIIWNTRDVI 8 

Figure 111.9: Alignment of ihe regions ol' similarity between FER-1 and the two best scoring human expressed sequence tag-

encoded proteins. A. Human infant brain EST clone c-lvflO. B. Human adult heart EST clone Hk801-f. 



TSKTSKSSKKSKSGKSTGTS CPKCCTRRGCLCKCCIFCFETKCLC 

Infant brain 
(35% identical 
60% similar) 

Adult heart 
(40% identical 
59% similar) 

Figure III.IO: Diagramatic representation of FER-1. The N-terminus is to the left. The putative transmembrane domain 
is shown in red. The "TSK" box and cysteine-rich regions are shown in purple, with the amino acid sequence of each region 
above the diagram. The regions of similarity with the predicted proteins encoded by the infant brain and adult heart expressed 
sequence tags described on page are indicated below the protein. The degree of identity and similarity of each protein to 
FER-1 is also shown. 
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Figure HLll: In situ hybridization results showing/er-/ expression in the testis. 

Figure shows hybridization of a sense and an antisense digoxigenin-iabeied fer-i probe 

to dissected wild-type males. A-C) Hybridizations with the fer-l anti.sense probe, fer-l 

message is only detected in the testis. Expression starts near the loop region and persists 

in the primary spermatocytes. No expression was detected in any other tissue. D) 

Hybridizations with the fer-l sense probe. No signal was detected in the testis (arrow). 
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I l l  

Figure in.12: Close up of testis from Figure III. 11 A. A) Nomarski and B) DAPI 

images of the loop region showing/err-/ expression beginning as the cells mature from 

mitotic spermatogonia! cells to primary spermatocytes. C) Nomarski and D) DAPI 

images of the proximal end of the same testis. The/er-/ message has disappeared during 

the first meiotic division and is not delected in either the secondary spermatocytes or 

spermatids. Sg: spermatogonial cells, 1*^: primary spermatocytes, 2°: secondary 

spermatocytes, Sp: spermatids. 



A; 

• -  A 

m 

F ^ 

L 

L 

D 

112 



113 

Figure III.13; Immunofluorescence staining of wild-iype testes and spermatids using 

the AZ8 preimmune and postimmune sera. A) Testis stained with the AZ8 preimmune 

serum. There is some background staining of the testis and other tissues present. B) 

DAPI image of the same testis showing the nuclei. Spermatids can be seen in the upper 

right-hand comer. C) Testis stained with the AZ8 postimmune serum. There is staining 

throughout the testis, especially at the cell borders. D) DAPI image of C. E) The 

preimmune serum gives bright, diffuse staining of the spermatids. F) Spermatids stained 

with the postimmune serum show bright punctate staining around their periphery. Sera 

used at 1:20() for staining. 
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Figure ni.l4: Immunofluorescence staining of wild-type testes and spermatids using 

AZ8 aiilnity-purilied antibodies. A and C show atiLihody staining ol the testis nuclei. 

This staining, when compared with the DAPI staining (B and D, respectively), appears to 

ring the nuclei. There is also some staining of the gut nuclei (arrowheads in A and B). 

Gut nuclear staining is common with these antibodies. E) Spermatids stained with these 

antibodies show bright staining throughout the cell. Many of the cells also have brighter 

punctate staining around their periphery, although it does not show up well in this figure. 

Antibodies used at 1:2 for staining. 
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Figure 111.15: Western blots results using purified anti-peptide antibodies. Each blot 

was loaded as follows: 20|ig total protein from fem-i('nci7) females (lane 1), him-

5(el490) males (lane 2), and isolated sperm (lane 3). Lane 4 contains a bacterially-

expressed 90kD FER-1 fragment as a positive control. A) Antibodies purified from 

AZIO post-immune serum recognize no sperm proteins. B) Antibodies purified from 

AZ8 post-immune serum on 9/27/94 recognize two sperm proteins of 14()kD and l(K)kD 

(asterisks). Numerous bands are also detected in the total male and female samples, none 

of which appear to correspond to the sperm proteins. C) Antibodies purified from AZ8 

post-immune serum on 9/15/95 recognize the same two sperm proteins (asterisks). The 

140kD protein appears to be present in the total male sample as well, while the l(M)kD 

protein is barely visible. D) Longer exposure of the blot in panel C. The lOOkD band is 

present, but not to the same extent as the larger band. The antibodies are also picking up 

a >2l2kD protein present only in the male protein .sample (asterisk). All antibodies used 

at a 1:50 dilution for these experiments. Arrowheads indicate bacterial FER-1 band. 
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Figure in.16: Immunofluorescence staining of wild-type testes and spermatids using 

AZ8.2 affinity-purified antibodies. A) Testis stained with these antibodies shows taint 

staining of the nuclei, although not all nuclei appear to be stained B) DAPI image of A. 

Arrowheads in A and B indicate stained nuclei. C) Spermatids stain brightly with these 

antibodies and some cells appear to stain more brightly around the periphery (arrows). 

Antibodies used at 1:2 for staining. 
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Figure 111.17: Western blot results using crude sera from rabbits immunized with a 

bacleriully-expiessed iVaguienL of rcR-1. Lane I ol each blot contains 20fig total spenii 

protein (S). Lane 2 contains the bacterial FER-1 (F). A) AZ25 preimmune serum shows 

no recognition of the bacterial reR-1, but does recognize a small sperm protein and a 

smaller bacterial protein. B) AZ25 postimmune serum recognizes the bacterial FER-1 

(arrowhead), albeit weakly,as well as a ~4()kD sperm protein. C) AZ26 preimmune 

serum does not recognize the bacterial reR-1, but at least 7 sperm proteins are detected 

with this serum. D) AZ26 postimmune serum detecLs the bacterial FER-1 (arrowhead) 

and the same set of sperm proteins recognized by the preimmune serum. Although the 

relative intensities of the bands are different than in C, no new proteins were delected. 

The bacterial FER-1 fragment appears to be degraded by the bacteria during induction of 

the expression vector, hence multiple bands are detected on the blots. All sera used at 

1:2000. 
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IV. DISCUSSION 

rV.l Summary oi fer-l work 

During spermiogenesis in C. elegans, tiie membranous organelles fuse with the 

plasma membrane, a pseudopod is extended, and polarized, ordered surface membrane 

flow patterns are established. Mutation in the gene fer-l disrupt all three of the events. 

While/er-/ mutant spermatids appear normal and initiate spermiogenesis, the resulting 

spermatozoa are defective. The pseudopodia formed are short and stubby, although the 

pseudopodial projections appear normal (Ward, et ctl. 1981), and the cells never establish 

ordered membrane flow on their surfaces (Roberts and Ward 1982b, Roberts and Ward 

1982c). These spermatozoa are also defective for MC) fusion, although the MOs are 

oriented properly at the plasma membrane (Ward, et al. 1981). The phenotype o(fer-l 

mutant sperm indicates that pseudopod inutiation and elongation are distinct steps and that 

only elongation is dependent on MO fusion. 

What role does \hc fer-l gene product play during spermiogenesis? To answer 

that question, we must first determine which of the defects seen in fer-l mutant 

spermatozoa represents the primary defect. My hypothesis is ihm fer-l mutations block 

MO fusion and this block leads to the pseudopod and membrane flow defects (fig. IV. 1). 

The assumption is that MO fusion precedes pseudopod extension in vivo. Examination 

of spermiogenesis in vitro has given conflicting results. When it is initiated by u^eatment 

with TEA or monensin, MO fusion precedes pseudopod extension. Initiation with 

pronase causes these events to occur simultaneously. Which represents what happens in 

vivo'? Because spermiogenesis happens quickly, it is difficult to examine it the intact 
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worm. Isolation of the in vivo spermiogenesis initiation factor would allow us to 

determine the natural order of events, but this has been unsuccessful so far. 

I have cloned and sequenced/er-/ in an attempt to determine the function of its 

gene product during spermiogenesis. Transformation rescue experimenus and sequence 

analysis revealed fer-1 to be at least 8.5kb. A portion of the rescuing fragment internal to 

fer-I recognized a single 6.2kb sperm-specific transcript whose expression is confined to 

primary spermatocytes as determined by in siru hybridization. Sperm-specific expression 

is in agreement with analysis offer-l mutations, which only affect the sperm, fer-l is 

predicted to encode a basic 235kD integral membrane protein designated FER-1. 

Comparison of the F^R-l amino acid sequence to the protein and nucleic acid databases 

revealed significant similarity to .several uncharactcrized human proteins, but nothing that 

would suggest a function for PER-1. 

Two regions of the protein stand out when I first began examining it. One is a 

threonine-serine-lysine rich region ("TSK" box) near the N-terminus and the other is a 

cysteine-rich region near the C-terminus. Neither con-esponds to any known functional 

or structural motif. It is possible that the cysteine-rich domain could bind divalent metal 

ions such as Zn2+ or Mg2+ based on the presence of two repeats of the sequence C-X-X-

C, which is a known metal binding motif (Berg 1986). However, this region does not 

resemble the metal-binding domains of any characterized proteins such as 

metallothioneins or zinc-finger proteins. Pharmacological studies have shown that 

addition of O.lmM EGTA or EDTA to the extracellular medium has no effect on 

spermiogenesis in vitro (Nelson and Ward 1980; Shakes and Ward 1989), suggesting 

that external divalent ions such as Ca2+ and Mg2+ are not necessary. 
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Results from immunofluorescence and western blot experimenLs using anubodies 

raised against FER-i are difficult to interpret. The immunotluorescence pattern was 

confusing, with staining present all over the spermatid and staining of testis and gut 

nuclei. On western blots, these antibodies recognized two sperm proteins of 14()kD and 

lOOkD not detected in protein from worms lacking sperm as well as a >2l2kD protein 

detected in the male protein sample but not in the sperm. While these proteins are smaller 

than expected for FER-l, they add up to approximately the predicted size of the protein, 

suggesting they may be proteolytic fragments of FER-l. The major problem is that the 

antibodies were raised against a 15 amino acid peptide that isn't repeated elsewhere in the 

protein, so how could they recognize two separate FER-1 fragments? Searching the 

protein sequence with the peptide sequence revealed that three amino acids from the 

peptide are repeated, but if this is acting as an epitope I would expect the antibodies to 

recognize a large number of proteins. Other explanation.s for this result are that they are 

different versions of the same fragment or an epitope present in the peptide is shared with 

other sperm-specific proteins. This last possibility is plausible given that a monoclonal 

antibody raised against whole sperm recognizes 8 different sperm-specific proteins on 

western blots (Ward, etal. 1986). If the two proteins detected do represent proteolytic 

fragments of FER-1, it would be an interesting parallel to the viral fusion proteins that ai'e 

cleaved after synthesis. There is no known deletion or nonsense mutation oi fer-1, so 1 

have not been able to prove that either these bands represents FER-1 or a fragment 

thereof. Such a mutant is needed if this problem is to be further analyzed. Isolation and 

sequencing of these two proteins would also determine if either is FER-l. 

I proposed two hypotheses for the function of FER-1 during spermiogenesis. 

The first stated that FER-l mediates MO-plasma membrane fusion, which is necessary 

for establishment of directed surface membrane flow and pseudopod extension. The 
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second proposed that FER-1 is involved in setting up the surface membrane flow, 

specifically the cessation of movement on the surface of the cell body. This then allows 

the MOs to fuse with the plasma membrane. My analyses have not distinguished 

between these or any other possibilities because I was not able to determine the 

subcellular localization of the/(?/--/ gene product. It appears to be a component of a 

membrane. Localization to the MOs, as suggested from my work, would favor the first 

hypothesis while localization to the plasma membrane would not rule out either 

possibility. Knowledge of the order of events during in vivo spermiogenesis would also 

distinguish between the two hypotheses. 

An obvious approach to studying the function oi fer-1 is to attempt to isolate 

intergenic suppressors of/er-/ mutations to identify possible interacting proteins. Steve 

L'Hernault isolated five suppressor mutations that restored fertility lo fer-1 (he J r.\) mutant 

worms at 25^0 (pers. comm.). All of tlie suppressors were linked to the same marker on 

chromosome I that maps to the same region as/tr-/, and one of the suppressors was 

designated as an allele of fer-1. This suggests that all of the suppressors are intragenic 

suppressors within fer-1. Since no suppressors were isolated that mapped elsewhere in 

the genome, another suppressor screen was not performed. 

IV,2 Possible functions of membranous organelles in C. elegans 

spermiogenesis 

What is the function of the membranous organelles? Clearly, they are used to 

transport sperm-specific components to the developing spermatids during meiosis. Their 

function during spermiogenesis is unclear, however. MO fusion results in insertion of 

new components into the cell membrane. These may represent proteins needed for 

proper motility, such as adhesion or deadhesion factors. There is also evidence lor 
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insertion of voltage-gated ion channels into the plasma membrane during spermiogenesis 

(Machaca, et aL 1996) . The phenotype oi'/ir-/ miiiaiions also suggest that MO fusion 

acts to stabilize the cell body membrane either by insertion of proteins or lipids that 

reduce membrane fluidity. No one has looked at the lipid composition of the plasma 

membranes of spermatids and spermatozoa. The function of the MO contents is also not 

known. The fibrous glycoprotein material released from the MOs remains associated 

with the sperm membrane through the MO fusion pores. When these cells crawl, the 

pseudopod attaches to the substrate and drags the cell body behind it. One proposed 

function for this glycoprotein is to prevent the cell body from sticking too tightly to 

substrate during crawling. When males are dissected in vitro to release the spermatids, 

they are often stuck together in large clumps. Such an de-adhesion factor may also act to 

separate the sperm after ejaculation. 

The other interesting aspect of MO fusion is the incomplete fusion. What 

function could the pits formed serve? They could represent a strategy by which the cell 

can increase the effective membrane surface area without increasing the size of the cell. 

Sperm are pushed into the uterus as oocytes pass through the spermatheca, then must 

crawl back into the spermatheca. Increases in cell size could cause problems in moving 

around the eggs in the uterus and prevent sperm from crawling through the valve between 

the spematheca and the uterus. An increa.se in size would also decrease the number of 

sperm that could reside in the spermatheca. The invaginations formed by MO fusion may 

also represent functionally distinct domains of the plasma membrane. One possibility is 

that they contain cellular receptors that are only needed in the spermatozoa. Such 

receptors could be involved in chemotaxis of sperm to the spemathecae. They may also 

be the location of the voltage-gated ion channels mentioned above. These were detected 

by patch-clamping spermatozoa, so it is not known whether they reside in the MO-
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derived invaginations or not. Segregation of receptors and ion channels to these 

invaginations rather than the plasma membrane may piwent them from being clogged by 

the glycoprotein matrix surrounding the cell. 

rv.3 MO fusion as a membrane fusion model 

We don't know what proteins are involved in fusion of MOs with the sperm 

plasma membrane, but we cannot rule out the possible involvement of fusion proteins 

identified in other systems ie. NSF and SNAPs. Because these and other proteins are 

involved in multiple fusion evenLs, they are not likely to turn up in screens for sperm-

specific mutations. Regardless of the proteins involved, it is likely that MO fusion is 

mechanistically similar to other fusion events. Much of fusion is dictated by the lipids 

and the energetic barriers that must be overcome to get the membranes to interact and 

fuse. It is not unreasonable to assume that independently ari.sing fusion mechanisms 

would proceed through similar intermediates. With this in mind, I propose that MO-

plasma membrane fusion is an excellent system for studying the mechanics of fusion, 

especially the structure of the fusion pore. It has been propo.scd that all fusion pores have 

a similar structure. Because fusion pores are transient in other fusion systems, it is hard 

to study their structure without making mutation in the proteins or using other artificial 

methods to capture intermediates. The MO fusion pore is stable and should allow for 

intensive ultrastructural examination. Freeze fracture experiments has revealed the 

presence of membrane particle rosettes at the MO fusion sites in both Ascari.s (Burghardt 

and Poor 1978) and C. ele^anx (J. Gilkey, pers. comm.) sperm. These look very similar 

to the particle rosettes accompanying trichocyst fusion in Paramecium tetraurelia (Knoll, 

etal. 1991) suggesting there is structural similarity between these fusion evenLs. 
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Does MO fusion resemble tiiat of otiier secretory vesicles, of animal viruses, or 

does it represent a new fusion mechanism? The latter possibility is not t'arfetched given 

that there are at least three different fusion mechanisms identified in eukaryotic cells so 

far. Why are there so many different types of fusion proteins? It might be that several 

fusion mechanisms utilizing different proteins evolved independently. As organisms 

became more complex, they needed ways of distinguishing different fusion events. One 

method for achieving this was to modify the NSF-SNAP system so that is could be used 

in multiple fusion evenus. The presence of NSF-indcpendcnt fusion in cclls suggests thai 

there may have been integration of different fusion mechanisms as well. It is interesting 

that the two eukaryotic fusion proteins resembling viral fusion proteins (PH-3() and 

ADM-1) are both involved in extracellular fusion events. This has implications for the 

origin of such proteins. The viral envelope is derived fit.m the host cell plasma 

membrane when the viruses bud from the cell. During infection, all of the viral surface 

proteins are targeted to the cell membrane so that they are incorporated into the viral 

envelopes. Perhaps the viral fusion proteins were derived from host cell membrane 

proteins that were incorporated into the first envelopes. Conversely, the eukaryotic 

proteins could represent descendants of a viral fusion protein whose gene became 

incorporated into the host cell genome and later adapted for the various cell-cell fusions 

that occur in development. If MO fusion is shown to proceed via a viral-like mechanism, 

it will be the first example of this mechanism being u.sed for intracellular fusion. 
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Figure IV.l: Model of the order of events during C. elegans spermiogenesis A) 

During normal spermiogenesis, the proposed order of events is as follows: I. After 

receiving the signal to initiate spermiogenesis, the membranous organelles fuse with the 

plasma membrane. 2. Following organelle fusion, pseudopod extension is initiated and 

ordered surface membrane flow is established. 3. Pseudopod extension is completed and 

the mature spermatozoon is capable of crawling and fertilization. B) During 

spermiogenesis infer-1 mutants, membranous organelle fusion is defective. This does 

not interfere with initiation of pseudopod extension, hut ordered surface membrane flow 

is never established. Pseudopod extension is never completed and the resulting 

spermatozoa are defective. 



A. Normal spermiogenesis 
Wild type Wild type spermatozoon 
spermatid 

B. fer-1 mutant spermiogenesis 
fer-l mutant 

spermatid 
fer-1 mutant spermatozoon 
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