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ABSTRACT 

Outer dense fibers (ODF) are major cytoskeletal structures in tails of 

mammalian spermatozoa essential for sperm motility and fertility. The 

molecular mechanisms underlying ODF morphogenesis are not yet established 

largely due to a lack of cloned ODF components and their insoluble nature. In 

this study, we cloned and identified three additional testis-specific sperm tail 

structural proteins, Odf2, Spag4, and Spag5, each with a distinct m R N A  

expression pattern in male germ cells. Each of these newly identified proteins 

interacts strongly with Odfl and the interaction is mediated by leucine zippers. 

Odf2 encodes an 54 kDa major ODF protein that localizes to the outer 

periphery medulla and the cortex of ODF. Spag4 protein localizes to 

microtubules of the transient manchette as well as of the sperm axoneme. The 

C-terminal leucine zipper and the sad1 homology region (sadlHR) of Spag4 are 

involved in the interaction between Spa@ and Odfl. S p a g  can self-interact 

and the interaction is mediated by two regions other than the leucine zipper 

and sadlHR. Odfl, the most abundant protein component of ODF, which is 

present throughout the medulla region, interacts with Odf2 in the outer 

medulla -and interacts with Spag4 in the inner surface of the medulla. Thus, 

Spag4 probably acts as a molecular link between the axoneme and ODF. Spa# 

localizes to the acrosome as well as to the principal piece of the sperm tail, 

indicating that it is a dual-function protein involved in both acrosome 



formation and sperm tail assembly. More interestingly, each of these newly 

identified Odfl interacting proteins contains a second leucine zipper, which 

may mediate interactions with other ODF and sperm tail proteins. These 

results indicate the existence of a structural network mediated by leucine 

zippers in tails of elongating spermatids during ODF and sperm tail 

morphogenesis. 
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CHAFER I: INTRODUCTION 



Spermatogenesis offers an ideal model system to study differentiation at 

the cytological, genetic and molecular levels. During spermatogenesis, 

spermatogonia, undifferentiated stem cells, proliferate to produce large 

numbers of cells that enter meiosis and become primary spermatocytes. Ln the 

following haploid phase, spermiogenesis, the products of meiotic divisions, 

haploid spermatids differentiate into spermatozoa, highly polar cells 

specialized for motility and fertilization. The differentiation of spermatozoa 

involves extensive alterations in the ultrastructure of the cellular organelles 

and the expression of many testis-specific genes during the meiotic and 

haploid phases. These structural alterations include the condensation of the 

haploid nucleus, the formation of the acrosome, and the assembly of the 

sperm tail. Although various structural and ultrastructural changes in the 

process of spermatogenesis are well defined at the morphological level, little is 

known about the molecular details of these events, particularly in 

spermiogenesis. 

Outer dense fibers (ODF) and the fibrous sheath (FS) are characteristic 

cytoskeletal structures in tails of mammalian spermatozoa. The protein 

components of these structures have been extensively investigated whereas 

only a few genes encoding such proteins have been isolated and characterized. 

The polypeptide composition of ODF in rats has been known to contain six 

major polypeptides (84, 80, 32, 27, 20, and 14 kDa) as well as several minor 



polypeptides, many of which are highly insoluble. These proteins appear to be 

produced exclusively in spermatids and assembled in a proximal-to-distal 

manner along the axoneme. The integrity of ODF as well as the FS is believed 

to be associated with sperm motility and male fertility. The molecular 

interactions of the ODF proteins during ODF morphogenesis are poorly 

understood due to the uncharacterized nature and few isolated genes of 

individual ODF components. In order to understand the mechanism of sperm 

tail morphogenesis and sperm motility, it is necessary to isolate and 

characterize the genes encoding sperm tail structural proteins and to 

investigate the molecular interactions between them. Our laboratory 

previously isolated and identified a spermatid-specific gene, odfl (previously 

called RT7), which is specifically and abundantly expressed in round 

spermatids (van der Hoom et al., 1990). The odfl promoter has been analyzed 

in in v i t r o  transcription using rat seminiferous tubule-derived nuclear 

extracts, and it is activated by the spermatid-specific transcription factor CREMT 

(van der Hoom and Tamasky, 1992; Delrnas et al., 1993). Our data and those 

from other groups (van der Hoom et al., 1990; Burfeind and Hoyer-Fender, 

1991; Higgy et al., 1994; Morales et al., 1994) demonstrate that Odfl encodes the 

major 27 kDa peptide of ODF. Analysis of the predicted Odfl amino acid 

sequence revealed two putative domains, the N-terminal leucine zipper which 

resembles the bZrP family of transcription factors but lacks the flanking 

positive charged amino acids, and the C-terminal cysteine-glycine-proline 



(CGP) repeats, which are homologous to products of the Drosophila Mst(3)CGP 

family (Kuhn et al., 1988, 1991; Schafer et al., 1993). We have demonstrated 

that either of these domains mediates weak self-interaction of Odfl protein. In 

this study, we have proposed that the Odfl leucine zipper would interact with 

other ODF components or sperm tail structural proteins during ODF assembly 

and sperm tail morphogenesis. In search for Odfl interacting proteins, we 

employed a yeast two-hybrid approach (Fields and Song, 1989) using an N- 

terminal fragment of Odfl, containing the leucine zipper, as a bait to screen a 

rat testicular cDNA library. We have identified and characterized novel Odfl 

interacting proteins. This study will facilitate our understanding of the 

molecular interactions between structural proteins during ODF assembly, the 

function of ODF in tail motility, and the causes of male infertility as a 

consequence of ODF structural defects. 



CHAPTER 11: BACKGROUND 



2.1 Spermatogenesis 

The term spermatogenesis describes the complex series of events in 

which a terminally differentiated cell, the spermatozoon, is produced from a 

stem cell, spermatogonium. Spermatogenesis, which occurs in the 

seminiferous tubules of the testis, can be divided into three intervals: (i) stem 

cell differentiation and renewal; (ii) meiosis; and (iii) spermiogenesis. In the 

initial phase of spermatogenesis, primitive spermatogonia (gonocytes) after 

numerous mitotic divisions serve as progenitor cells for type A, intermediate, 

and type B spermatogonia. Simultaneously, enough cells are maintained as 

stem cells (spermatogonia Ais) that do not differentiate and allow 

spermatogenesis to be initiated regularly in each tubule. Responding to 

currently unknown regulatory signals, a subpopulation of the diploid stem 

cells enters the differentiation pathway. The resultant preleptotene primary 

spermatocytes enter meiosis, the second major interval of spermatogenesis. 

During the lengthy interval of meiosis, homologous chromosomes synapse 

and genetic recombination occurs, producing chromosomes with genetic 

diversity. Following meiotic recombination, the 4N spermatocytes divide 

twice without any DNA synthesis, producing first diploid secondary 

spermatocytes and then haploid spermatids. Spermiogenesis, the final 

interval of spermatogenesis, culminates in the production of the 

spermatozoon. In the rat, spermiogenesis has been divided by morphological 



criteria into 19 steps. As spermiogenesis proceeds the nucleus changes from a 

round transcriptionally active form to an elongated structure with highly 

condensed chromatin. Despite the fact that transcription terminates during 

mid-spermiogenesis, many changes, including the assembly of a sperm tail, 

formation of an acrosome, and extensive remodeling and reshaping of the 

nucfeus, occur during spermiogenesis. The resulting sperm shapes are species- 

specific (Russell ef al., 1990). 

The signals regulating each step of spermatogenesis have not been clearly 

defined. Much of the control of germ cell development is thought to be 

mediated via hormones acting on Sertoli cells (Steinberger, 1971). The Sertoli 

cell contains receptors for follicle-stimulating hormone (FSH) (Means and 

Vaitukaitis, 1972; Orth and Christensen, 1978) and testosterone (Sanborn et al., 

1977; Tindall et al., 1977). The Sertoli cell is the only somatic cell residing 

among the germ cells within the seminiferous tubule and is elaborately 

equipped to support spermatogenesis (Russell et aL, 1990). The Sertoli cells 

form gap junctions with each other (Gilula et nl., 1976) and with germ cells 

(McGinley et al.,  1979) that provide for cell-to-cell communication. They also 

are linked to each other via tight junctions, providing for the operational 

phenomenon of "blood-testis-barrier" (Russell and Peterson, 1985; Gilula et al., 

1976). Intercellular bridges also exist to connect the genetically different 

spermatids, which develop as a syncytium, permitting the sharing of 

cytoplasmic constituents and causing gametic equivalence between haploid 



spermatids (Braun et al., 1989a). On the other hand, the function of the Sertoli 

cell is regulated both meiotically and postmeiotically by the presence of germ 

cells (Cheng et al., 1989; Jegou, 1991; Djakiew and Dym, 1984). Thus, the 

regulation of spermatogenesis appears to involve complex cell-cell interactions 

in testis. 

2.2 The Flagellum of the Mammalian Spermatozoon 

Mammalian spermatozoa are free motile cells composed of heads and 

tails. The head is made up of a condensed haploid nucleus encapsulated by a 

thin and dense layer of cytoplasmic material called the perinuclear theca to 

which the membrane delimited acrosomic system is tightly attached. The tail 

contains in its axis a contractile axoneme composed of microtubules (nine 

peripheral doublets plus two central singlets) as in all motile cilia or flagella. 

The wall of the microtubule is made up of longitudinally and linearly 

arranged pairs of alternating a- and P-tubulin subunits forming 

protofilaments. Unique a- and P-tubulin genes are expressed in the testis. In 

Drosophiln, testis-specific PZ-tubulin mutation was shown to abrogate meiosis 

and assembly of the axoneme (Kemphues et al., 1979; 1982); in mouse, a testis- 

specific a-tubulin cDNA was isolated which is exclusively expressed 

postmeiotically and may take part in the construction of the axoneme (Distel e t  

al., 1984). The sperm axoneme is also composed of dynein arms, radial spokes 



and perhaps as many as 200 to 300 additional proteins (Gibbons, 1981; Luck, 

1984). However, the tail of spermatozoa cannot be equated to the flagellae of 

unicellular organisms. Indeed, the sperm axoneme is associated with 

additional cytoskeletal elements among which the coarse outer dense fibers 

(ODF) and the fibrous sheath (FS) are the most prominent and give the 

spermatozoon's motile apparatus its distinctive morphological characteristics. 

In addition, aligned along the axoneme, in the proximal portion of the tail 

(middle piece) are modified mitochondria for which there is no equivalent in 

other ciliated cells (Fawcett, 1975). 

The tails of mammalian spermatozoa vary considerably in length 

depending on the species (eg., it is 190 long in the rat and only 60 p m  long 

in man). It consists of four distinct regions: the connecting, middle, principal, 

and end pieces. The connecting piece has a dense, convex articular region 

called the capitulum which conforms to the concavity of the basal plate lining 

the implantation fossa of the nucleus. Fine filaments transversing between 

the capitulum and the basal plate appear to be responsible for attachment of 

the head to the tail. Extending backward from the capitulum are nine 

segmented columns, which are continuous with the nine ODF at the junctions 

of the connecting piece and middle piece. In the middle piece, along the 

axoneme, there are nine coarse ODF, each associated with one microtubular 

doublet (Fig. 1.1). The ODF, which have distinctive cross-sectional profiles, 

decrease slightly in diameter from the proximal to the distal ends of the 



Figure 1.1 The middle piece of the mammalian spermatozoon. 

An extended diagram of a segment of the middle piece of a typical mammalian 

spermatozoon, showing the close proximity of the mitochondria1 sheath to the 

outer dense fibers, and the relationship of the latter to the doublets of the 

axoneme. (Based on Fawcett, 1975) 
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Figure 1.2 The principal piece of the mammalian spermatozoon. 

Diagrammatic representation of a segment from the principal piece of a 

spermatozoon illustrating one of the two Longitudinal columns of the fibrous 

sheath and the assoaated ribs. Inward prolongations of the longitudinal 

columns attaching to doublets 3 and 8 divide the tail into two unequal 

compartments, one containing three outer fibers and the other containing 

four. (Based on Fawcett, 1975) 
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middle piece. Numerous condensed and elongated mitochondria are located 

along the middle piece, where they are helically and tightly assembled end to 

end around the outer dense fibers to form the mitochondria1 sheath. The 

principal piece is characterized by the fibrous sheath (Fig. 1.2). It is composed of 

two structural elements: the longitudinal columns, which run opposite 

microtubule doublets 3 and 8 replacing the two corresponding ODF, and 

numerous transverse ribs, which bridge the longitudinal columns. ODF are 

also present but decrease in cross-sectional outline from the proximal to the 

distal end. The endpiece lacks any components other than the axoneme, 

completing the flagellum (Fawcett, 1975). 

2.3 Outer Dense Fibers (ODF) and The Fibrous Sheath (FS) 

ODF are common to all mammalian sperm and are also found in sperm 

of many other animal phyla, in particular those which are characterized by 

internal fertilization (Baccetti, 1986). Ultrastructurally, the nine ODF differ 

from one another in cross-sectional area and shape. The ODF are not 

homogeneous, each of them is composed of a central medulla and a thin 

cortex (Fawcett, 1970). The cortex is continuous over the abaxial surface of the 

fiber but it is usually absent on the side nearer the axoneme. Periodic 

substructures have been found over the ODF surface, which appear to be 

confined to the ODF cortex in the rat (Olson and Sammons, 1980). ODF, as well 

as other cytoskeletal components of the sperm including the FS, have the 



special property of being resistant to solubilization in ionic detergents (e-g., 

sodium dodecyl sulfate [SDS]) because of their high content of disulfide bonds 

(Calvin and Bedford, 1971). Earlier studies on the biochemical composition of 

the ODF have demonstrated that disulfide bond cross-linking of ODF and FS 

proteins increased during epididyrnal transit (Calvin and Bedford, 1971; 

Bedford and Calvin, 1974) and that zinc was a constituent of the ODF proteins 

and probably was involved in regulating the extent of disulfide cross-bridging 

(Calvin and Bleau, 1974; Calvin, 1979). The polypeptide composition of rat 

ODF has been analyzed extensively, and a consensus based on relative mobility 

on polyacrylamide gels suggests that there are six major ODF polypeptides (30, 

27.5,20, 14.4, 84 and 80 kDa) as well as several minor polypeptides. Amino acid 

composition analysis showed that the major rat ODF polypeptides have high 

contents of lysine, arginine, cysteine, aspartate, serine, leucine and proline. In 

addition, these major polypeptides are found to be phosphorylated at serine 

residues (Olson and Sammons, 1980; Vera et al., 1984; Oko, 1988). The varying 

phosphorylation states of these polypeptides may provide some yet undefined 

role in the regulation of flagellar motility. The 27.5- and 30-kDa ODF 

polypeptide components, which account for about 50% of the total protein of 

the rat ODF, have very similar amino acid composition and share the same 

NH, terminal residue, histidine (Vera ef al., 1984). Both these proteins appear 

to be located in the medulla of the outer dense fibers (Olson and Sammons, 

1980). 



For the FS in mammals, there are large variations in the thickness of the 

ribs and in the prominence of the longitudinal columns. Along the principal 

piece, the longitudinal columns are attached to doublets 3 and 8 (Fawcett, 1970). 

I t  has been suggested that the position of the longitudinal columns in the 

plane of the central pair of microtubules restrict lateral bending of the tail, 

while the periodic position and spacing of the ribs permit bending of the tail in 

a plane perpendicular to that of the central singlets (Fawcett, 1975). As for ODF, 

the proteins of the FS are stabilized by disulfide bonds (Bedford and Calvin, 

1974). The rat FS is composed of 18 polypeptides of which three are major (75, 

27.5 and 14.4 kDa), nine are intermediate (67, 63, 46, 43, 38, 33, 20, 16 and 12.5 

kDa), and the others are minor (Oko, 1988; Olson et al. ,  1976). A major 82 kDa 

mouse fibrous sheath protein, synthesized as a precursor, was cloned and 

shown to be expressed in the postmeiotic phase of spermatogenesis (Carrera e t  

nl., 1994; Fulcher et a1 ., 19%). Interestingly, this sperma tid-specific polypeptide 

shares regional homologies to those domains within the A-Kinase Anchoring 

Proteins that are responsible for anchoring protein kinase A (PK-A) to the 

cytoskeleton (Carrera et a1 ., 1994). Recently, a human homolog of the mouse 

fibrous sheath protein has been cloned. Both the human and mouse proteins 

share functional domains of the protein kinase A binding site and the 

precursor cleavage site. Compared with the mouse precursor which localizes 

to the proximal portion of the principal piece, considerably less human 

precursor was processed, which localized to the entire length of the principal 



piece. This fibrous sheath gene mapped to the X chromosome in both mouse 

and human, indicative of a maternally inherited gene (Turner et nl., 1998). 

This fibrous sheath protein may function as a mediator of PK-A activity in that 

it could tether PK-A to the axoneme and other flagellar components involved 

in sperm motility (Johnson et al., 1997). 

An immuno-comparative protein analysis of ODF and the FS of rat 

spermatozoa indicates that both of these cytoskeletal tail components are 

related because they have several major polypeptides with similar molecular 

weights, have epitopes in common, and both contain 14.4-kDa polypeptides 

with common antigenic and electrophoretic properties (Oko, 1988). The 

similarity between the 14.PkDa peptides has been confirmed by amino acid 

composition analysis (Brito et nl., 1989). However, more recent evidence 

suggests that these two closely related polypeptides are not necessarily identical 

since they present different timing and pattern of immunolocalization during 

spermiogenesis and different directions of assembly along the axoneme (Oko, 

1988; 0ko  and Clennont, 1989). The ODF also share antigenic determinants 

with the connecting piece and perinuclear theca, indicating that there are 

biochemical similarities between many of the major cytoskeletal components 

of spermatozoa (Oko, 1988; Oko and Clermont, 1988). The FS also shares 

antigenic determinants with the perinuclear theca and in particular with a 

major 16-kDa polypeptide of this structure (Oko and Clermont, 1988). These 

findings suggest that several of the cytoskeletal proteins of the germ cell may 



have evolved from a common ancestral pool of genes. Immuno-comparative 

studies show little resemblance between intermediate filaments of somatic 

cells (i-e., keratin, desmin, vimentin) and the cytoskeletal proteins of 

spermatogenic cells. Immunocytochemical studies using antibodies prepared 

from the purified FS and ODF fractions show that the production of the FS and 

ODF proteins is exclusive to spermatids (Oko and Clermont, 1989). Therefore 

the cytoskeleton of spermatozoa appears to be derived from a set of genes 

which are unique to the male germ cell. 

The function of outer dense fibers is uncertain. The sperm of the 

primitive aquatic animals have only a simple "9+2" flagellum. The 

appearance of ODF during phylogeny seems to have coincided with the 

development of internal fertilization. For instance, in Vertebrates, from the 

Reptiles on up, the classic "9+2" structure becomes "9+9+2" with the addition 

of nine fibers (Baccetti, 1986). A great increase in the number of mitochondria 

and the concurrent development of a long mitochondria1 sheath closely 

applied to the ODF was interpreted as an adaptation to provide necessary 

energy for contraction of the ODF (Fawcett, 1975). Early immunohistochemical 

studies have shown that ODF possessed both ATPase activity and antigenic 

similarities to muscle actin and myosin, which gave some evidence that ODF 

are contractile. On the basis of the above morphological observations and  early 

immunohistochemical studies, it was initially thought that ODF function as 

active motor elements to generate flagellar movement (Fawcett, 1975). 



However, later biochemical analysis of ODF composition has not revealed any 

similarities to muscle proteins or any ATPase activity (Olson and Sa mmons, 

1980 and references therein). ODF have a high cysteine content and become 

cross-linked by disulfide bonds during passage of spermatozoa through the 

epididymis (Calvin and Bedford, 1971; Bedford and Calvin, 1974; Calvin and 

Bleau, 1974; Calvin, 1979). These biochemical data, along with structural 

studies demonstrating that flagellar movement in mammalian spermatozoa 

results from sliding interactions of axonemal doublet microtubules 

(Lindemann and Gibbons, 1975; Afzelius et al., 1975, Pedersen and Rebbe, 1975), 

have led to recent suggestions that ODF function as passive elastic structures. 

Comparative cinematographic and electron microscopy studies of sperm 

motility indicate that the stiffness of the spermatozoon appeared to correlate 

positively with the cross-sectional area of ODF, which supports the notion that 

ODF are stiff elastic elements (Phillips, 1972). Baltz et nl.  (1990) suggested that 

ODF appear to protect sperm against shear forces. In general, sperm with long 

flagella are killed (assayed by lack of motility) by weaker shears than sperm 

with short flagella. However, the longer sperm are not as fragile as would be 

expected from theoretical predictions. Their additional tensile strength 

correlates well with the size of their outer dense fibers. This added strength 

may be necessary to protect sperm from shear forces encounted during 

epididymal transport and during ejaculation, as these forces have been found 

to be strong enough to kill long sperm if they are not strengthened. 



The morphogenesis of ODF and the FS has been described in detail in rat 

spermatids in electron microscopy and radioautographic studies using 3H- 

amino adds as tracers (Irons and Clermont, 1982a, b). The assembly of both 

cytoskele tal structures along the axoneme is a lengthy mu1 tis tep process which 

extends from step 8 to 19 spermatids in the case of the ODF and from step 2 to 

17 spermatids in the case of the FS. For ODF, in step-8 spermatids, nine very 

fine fibers of ODF, termed ODF anlagen, are found associated with the 

corresponding set of microtubule doublets in the most proximal portion of the 

axoneme. During steps 9 to 14, these fibers gradually increase in thickness and 

length in a proximal-to-distal direction. In step 15 and 16, ODF undergo a rapid 

and marked increase in diameter. Thereafter and until step 19, growth in size 

of the ODF continues, but to a small extent only (Irons and Clermont, 1982b). 

In the morphogenesis of the FS, Irons and Clermont (1982a) have shown 

that anlagen of the longitudinal columns are deposited in the distal portion of 

the principal piece in steps 2 to 10 and that these minuscule deposits are 

associated both with the plasma membrane and microtubule doublets 3 and 8. 

Step-11 rib anlagen, closely associated with the plasma membrane, first appears 

in the very distal end of the principal piece. These two forms of anlagen form 

the basic framework for the assembly of the FS, which begins at step 11 and 

continues in a distal-to-proximal direction until step 17. In step 15, the entire 

existing framework of the FS undergoes a rapid increase in electron density 



due to the convergence of rib anlagen and deposition of additional protein to 

form definitive ribs and longitudinal columns. 

FS and ODF proteins diminish considerably in the cytoplasm of 

spermatids in steps 18 and 19, respectively (Oko and Clermont, 1989). 

However, at the completion of spermiogenesis (step 19), a large portion of 

unused FS and ODF proteins, detectable by immunocytochemistry, appear to be 

present in the residual cytoplasm of the spermatids. The surplus of FS and 

ODF proteins are segregated from the cytoplasm into cytoplasmic droplets and 

residual bodies, respectively (Oko and Clermont, 1989). 

In addition, immunocytochemistry studies showed a relationship 

between the time and site of their synthesis in the cytoplasm of rat spermatid 

and their assembly along the axoneme (Oko and Clermont, 1989). 

Immunoperoxidase staining using antibodies directed against major ODF and 

FS polypeptides indicated that the production of these polypeptides in the 

cytoplasm of spermatids begins in step 9, gradually increases in subsequent 

steps and reaches a peak in steps 15 to 17 for FS proteins and steps 16 to 18 for 

ODF proteins, respectively, which corresponds to the period of maximal 

growth of both cytoskeletal components along the spermatid flagellum. These 

observations indicate that the expression of the proteins is taking place after 

the initiation of the condensation of the spermatid nucleus in step 9 

concomitant with the cessation of transcription, suggesting that rnRN As 

coding for FS and ODF proteins are first stored and their translations are 



activated later towards the end of spenniogenesis. Translational regulation of 

spermatid-specific genes has been well documented and involves us-acting 

sequences present in both the 5' untranslated region (UTR) and 3' UTR. The 

regulatory sequences for protamine mRNAs have been demonstrated to reside 

within the 3' UTR and were further confined to the last 62 nucleotides of the 3' 

UTR (Braun et al., 1989b; Braun, 1990). In contrast, translational repression of a 

testis-specific superoxide dismutase (TmD-,) is regulated by sequences within the 

5' UTR (Gu and Hecht, 1996). Different RNA-binding proteins have been 

identified which interact with distinct cis-acting sequences in the 3' UTR of 

protamine mRNAs (Kwon and Hecht 1991; 1993; Fajardo ef al., 1994, Lee et nl., 

1996). However, neither of the above RNA-binding sites is contained within 

the minimal 62-nucleotide region of the protamine 3' UTR that is sufficient for 

translational repression in transgenic mice (Braun, 1990). These observations 

suggest that there may be redundancy in the cis-acting eiements in controlling 

the translational repression. 

2.4 Rat Odfl Protein 

By differential cDNA cloning procedures, a rat male-germ cell specific 

gene, RT7 (now called Odfl), was isolated previously in our laboratory. Odp is 

very abundantly expressed in male germ cells, in particular, in round 

spermatids (van der Hoorn et al., 1990). The odf l  gene encodes a cysteine rich 



protein containing 245 amino add residues, of which the predicted molecular 

mass is 27 kDa. Sequence analysis predicts that the Odfl protein may have an 

N-terminal amphipathic a-helix (van der Hoorn et al., 1990) that resembles the 

amphipathic leucine zipper found in transcription factors of the bZIP type 

(Vinson ef al., 1989). However, in contrast to the situation in bZIP 

transcription factors, the predicted amphipathic Odfl a-helix is not preceded by 

a basic region. Cytoskeletal proteins with the characteristic of a leucine zipper 

are the micro tubule-associated proteins MAP2 and tau that are localized i n 

separate cellular compartments within neurons (Lewis et al., 1989). These two 

molecules can crosslink microtubules into dense stable parallel arrays 

characteristic of axons or dendrites by means of cooperative intermolecular 

interactions involving a short hydrophobic C-terminal leucine zipper-like 

domain present in both MAP2 and tau (Lewis et al., 1989). The C-terminal half 

of the Odfl protein contains Cys-Gly-Pro repeats which are homologous to the 

Drosophila Mst(3)CGP family gene products (Kuhn et d., 1988, 1991; Schafer e t 

nl., 1993). 

Monoclonal antibodies (mAbs) were raised against a peptide from the 

predicted N-terminal amphipathic a-helix of the rat Odfl protein. The mAbs 

were used in immunofluorescence microscopy and confocal laser microscopy 

to show that several mAbs recognize Odfl protein in elongating spermatids, 

and the observed staining pattern suggests a nonrandom localization in these 



cells. Two mAbs recognize the protein only in sperm tail, suggesting that Odfl 

is a sperm tail structural protein (Higgy et d., 1994). 

The odj2 gene was independently cloned by Burfeind and Hoyer-Fender, 

on the basis of its homology to the Drosophila Mst87F sequence, which they 

called rts 5/1 (Burfeind and Hoyer-Fender, 1991). Two different transcripts 

have been detected in rat testis and later found to originate from two different 

genes in the rat genome (Burfeind et al., 1993), rts 5/1 major and rts 5/1 minor. 

Rts 511 major consists of two exons interrupted by one intron of approximately 

3.8 kb. Exon 1 of rts 5/1 minor contains a deletion of 120 bp, without 

destroying the open reading frame. Developmental Northern blot analysis of 

testis RNA and in sitzi hybridization to rat testis sections show that these genes 

are first transcribed in early spermatids (Burfeind and Hoyer-Fender. 1991). 

Southern blot hybridization to DNA from mouse-rat cell hybrids localized the 

major gene to rat chromosome 7 (Burfeind et al., 1993). It has not been 

determined whether or not the minor and major genes are indeed two 

different genes or only two allelic forms of the same gene. The amino acid 

composition and molecular weight of the deduced Odfl protein closely 

resembles the amino acid composition of two major polypeptides isolated 

from outer dense fibers of rat spermatozoa (Burfeind and Hoyer-Fender, 1991). 

Later, a cDNA (Od/27) encoding the major 27 kDa protein of rat sperm ODF 

was isolated by screening a testicular kgtll phage cDNA library with affinity- 

purified anti-27 kDa ODF polyclonal antibodies. The sequence of the Odf27 



cDNA is identical to odfl cDNA and rts 5/1 cDNA (Morales et al., 1994). Thus, 

odj1 (RT7, rtsl ,  Odf27) encodes the major 27 kDa protein component of ODF. 

In sit z l  hybridization demonstrated that odf l transcripts were found in the 

cytoplasm of spermatids through most of the duration of spermiogenesis. 

They reach a peak in steps 8 to 10 of spermiogenesis at the time when 

transcription ceases, remain at high levels from steps 11 to 15, and diminish in  

steps 16 to 18 at the time when ODF protein synthesis and assembly are at a 

maximum (Morales et al., 1994). These transcripts therefore appear to be 

subjected to translational regulation. 

Cotranslation and coimmunoprecipitation studies using an epitope- 

tagged N-terminal half of Odfl have shown that Odfl can form a stable 

complex with itself probably through a region located in the N-terminal half of 

the Odfl protein (Kiggy et al., 1994). The self-interaction of Odfl was further 

analyzed using two independent methods. First, various Odfl fragments were 

constructed in fusion with glutathione Stransferase (GST) and their 

interaction with Odfl was tested by coprecipitation of the in v i t ro  translated 

Odfl with truncated Odfl-GST fusion proteins. Second, these Odfl fragments 

were constructed in fusion with the GAL4 DNA-binding domain or the GAL4 

transactivation domain and their interactions with OdflNT or OdflCT were 

tested using yeast two-hybrid assays. Our results demonstrated that the leucine 

zipper motif is necessary for the self-interaction of the N-terminus of Odfl. In 

addition, the CGP repeats were shown to be involved in the self-interaction of 



Odfl C-terminus. Importantly, the detected self-interactions are weak, which is 

consistent with the results of gel filtration experiments of in vitro translated 

Odfl in that only a small portion of Odfl is present as multimers while the 

majority of Odfl remains as monomers with a predicted rod-like shape. These 

observations, together with the abundance of Odfl in ODF, suggest the 

possibility that Odfl can interact with itself as well as with other ODF or 

structural proteins in the sperm tail (Shao and van der Hoom, 1996). 

Sequences homologous to this rat gene were also detected in testis R N A  

of different mammalian species including mouse and human, but only one 

transcript was found in the latter two species (Kuhn et al., 1988; Burfeind and 

Hoyer-Fender, 1991; Gastmann et al., 1993). A human ODF gene and its cDNA, 

which shows homology to rat odfl, has been isolated and characterized. The 

human gene is expressed specifically in testis, and its transcript has a length of 

approximately 1 kb. The human odf l  gene is located on chromosome 8q22 

(Gastmann et al., 1993). 

2.5 Drosophila Mst(3)CGP Family 

The C-terminal sequence of rat Odfl is homologous to a male-specific 

protein of Drosoph ila rnelanogaster, Mst87F (Schafer, 1986). The Mst87F gene, 

which is localized in polytene region 87F, encodes a putative cysteine-rich 

protein of mostly repetitive Cys-Gly-Pro (CGP) motifs (Kuhn et al., 1988). The 

Mst87F gene and a cluster of four genes at 84D named Mst84Da, MstMDb, 



Mst84Dc, and Mst84Dd together with two tandemly arranged genes at 98C 

named Mst98Ca and Mst98Cb form the Mst(3)CGP family. These genes are all 

located on chromosome 3 and exclusively transcribed in the male germ line. 

They all encode proteins with a high proportion of the repetitive CGP motifs. 

Their expression is translationally controlled, which is mediated by a 

conserved translational control element, TCE, at an identical position in their 

5' UTR (Kuhn ef al., 1988, 1991; Schafer et al., 1990, 1993). 

The first five members of the Mst(3)CGP family, i-e., Mst87F and four 

genes at 84D, are similar in size, in exon-intron organization (two exons 

separated by an intron of 53-59 nucleotides) and in the distribution of 

repetitive CGP motifs. In contrast, the two genes at 98C differ markedly both in 

gene structure organization (no introns) and in the amino acid composition of 

the proteins. Moreover, Mst98C proteins are much larger in size, and their 

CGP motifs are clustered exclusively in the carboxyl-terminal half of the 

proteins (Schafer et al., 1993). 

The five small proteins fall into two classes. Two (Mst84Da and Mst84Db) 

contain more CGP than CCGP; the others (Mst84Dc, MstMDd, Mst87F) contain 

roughly equal amounts of CGP and CCGP. The large Mst98C proteins are 

almost exclusively composed of CGP located in the C-terminal half, and thus 

define a new class within the Mst(3)CGP family. These larger proteins might 

have a function related to, but distinct from, that of the smaller Mst(3)CGP 

proteins. Kuhn et al. (1991) found that flies with a homozygous deletion of the 



84D cluster produce 50% of the normal number of motile sperm as wild type, 

i-e., the seminal vesicles of these males contain approximately half the amount 

of motile sperm compared to a wild type organ. Electron microscopic 

examination revealed numerous malformations in the ultrastructure of the 

axoneme resulting in a drastic reduction of motile sperm. It has been 

hypothesized that all five small proteins may have very similar or identical 

functions and that the remaining gene, Mst87F, could still produce enough 

protein and allow the normal development of part of the sperm. Moreover, 

since the larger Mst98C proteins have marked differences in protein structure 

and may have a specific function related to, but distinct from, those smaller 

proteins, deletion of the two genes at 98C may not be compensated for by the 

smaller proteins, thus leading to a male-sterile phenotype (Schafer ef nl., 1993). 

This hypothesis remains to be tested. 

It has been postulated that the best size and nucleotide homology between 

the Mst(3)CGP family and Odfl is found in two large Mst98C genes (Schafer e t  

nl., 1993). The respective transcripts are translated only during the haploid 

phase of germ cell development in both Drosophila and rat when round 

spermatids start to differentiate into elongating spermatids concomitant with 

the assembly of the sperm tail. Developmental Northern blot and 

immunofluorescent studies suggest that the Mst(3)CGP gene family codes for 

satellite fibers in the Drosophila sperm tail, which are thought to be structural 

analogs of the mammalian ODF (Kuhn et al., 1988; Sdrafer et nl., 1993). These 



analogies in the timing of synthesis and assembly suggest structural and 

functional conservation of these specialized tail proteins from insects to 

mammals. 





Outer dense fibers (ODF) and the fibrous sheath (FS) are characteristic 

cytoskeletal structures in tails of mammalian spermatozoa, whose molecular 

structures and functional roles are poorly understood. This is largely due to 

the uncharacterized nature of the individual ODF components and the 

availability of only one cloned ODF gene, Odfl, the major 27 kDa ODF protein, 

at the start of this work. The Odfl protein is exclusively and abundantly 

expressed in spermatids. Analysis of the predicted Odfl amino acid sequence 

revealed two putative domains, the N-terminal leucine zipper and the C- 

terminal cysteine-glycine-proline (CGP) repeats, either of which has been 

demonstrated by us to mediate weak self-interaction of the Odfl protein. W e  

have proposed that Odfl could interact strongly with other ODF components 

or sperm tail structure proteins during sperm tail morphogenesis. 

The structural integrity of ODF as well as the FS is believed to be 

associated with sperm motility and male fertility. The objectives of the present 

study were to identify and characterize additional ODF or sperm tail structural 

proteins and investigate the molecular interactions underlying ODF and tail 

morphogenesis. We employed a yeast two-hybrid approach to clone and 

identify Odfl interacting proteins by using an N-terminal fragment of Odfl, 

containing the leucine zipper, as bait. Several Odfl interacting proteins were 

characterized and the interaction domains that are involved were identified. 

The interactions between Odfl and each of the newly identified proteins were 



analyzed both in vitro and in viuo. The molecular mechanisms of these 

structural proteins in sperm tail morphogenesis and in motility will be studied 

by disrupting the genes and analyzing the structural and functional 

relationship of ODF proteins. 

This study has led to the cloning of novel ODF and sperm tail structural 

proteins. It will further contribute to the understanding of molecular 

interactions and molecular mechanisms underlying ODF assembly and tail 

morphogenesis in future studies. Finally, it may help to elucidate the 

molecular basis of some forms of human male infertility in which the human 

outer dense fiber and/or related genes are involved. 



CHAPTER IV: MATERIALS AND METHODS 



4.1 RNA Preparation and Analysis 

All solutions and water (except Tris, DTT) used for RNA work were 

treated with 0.1% DEPC to inhibit RNase activity. Tris solutions were prepared 

in DEPC-treated water and then autoclaved. Reagents, such as DTT, that can 

not be autoclaved, were prepared using DEPC-treated water and then filter 

sterilized. 

4.1.1 Preparation of Total RNA from Rat or Mouse Tissues 

Two testes were removed from an SD (Sprague-Dawley) rat 

(approximately 10 months old) and inverted to release seminiferous tubules 

on a petri-plate on ice, and transferred to a 250 ml Erlenmeyer flask. Forty rn 1 

media (DMEM, 12.5% sodium pyruvate, 1.425% sodium lactate) and 20 mg 

collagenase were added, and tubules were incubated at 32°C for 15 min, shaking 

periodically by hand and the media were then removed. After 3 washes, with 

50 ml media each, the tubules were homogenized in 10 ml of solution D (4 M 

guanidium thiocyanate, 25 mM sodium citrate pH 7.0, 0.5% sarkosyl, 0.1 M 2- 

mercaptoethanol) in a glass homogenizer on ice. 

Similar procedures were performed with testes from mouse. Other 

tissues from mouse were homogenized on ice with 5 ml solution D 

immediately after removal. 

RNA was isolated by the acid guanidium thiocyanate-phenol-chloroform 

(AGPC) method (Chomczynski and Sacchi, 1987) with some modifications. 



Briefly, the homogenate was transferred to a 15-ml polypropylene tube 

(approximately 6 ml hornogenate for each tube). Sequentially, 0.1 vol of 2 M 

sodium acetate (pH 4.0), 1 vol of phenol (water saturated), and 0.25 vol of 

chloroform-isoamyl alcohol mixture (49:l) were added, with thorough mixing 

by inversion after the addition of each reagent. The final suspension was 

shaken vigorously for 10 sec and cooled on ice for 15 min. Samples were 

centrifuged at 10,000 g for 20 min at 4°C. The aqueous phase was transferred to 

a fresh tube, mixed with 1 vol of isopropanol, and then placed at -20°C for 2 h 

to precipitate RNA. After centrifugation, the RNA pellet was dissolved in 0.3 

ml of DEPC-treated water, transferred to a 1.5 ml eppendorf tube, mixed with 

0.1 vol of 3 M sodium acetate (pH 5.2) and 3 vol of 95% ethanol and the tube 

was placed at -20°C for 2 h. RNA was recovered by centrifugation in a 

microfuge for 10 min at 4OC. RNA was ethanol precipitated again, washed 

with 70% ethanol and air dried. RNA was dissolved in 200 p1 water and 

quantitated by determining the absorbance at 260 n m  (Az6& The purity of 

RNA was determined by measurement of the AZM)/A280 ratio. The integrity of 

RNA was determined by formaldehyde agarose gel electrophoresis and stained 

with ethidium bromide. 

4.1.2 Selection of Poly(A)+ RNA 

4.1.2.1 Preparation of Oligo (dT) Cellulose Columns 



0.1 g of oligo(dT)-cellulose (Boehringer Mannheim) was suspended in 0 -1 

M NaOH and poured into a 1 ml syringe (plugged with siliconized glass wool 

and treated with 0.1% DEPC water and autoclaved) to form a column 

(approximately 0.3 ml). The column was washed with lx column-loading 

buffer (10 mM Tris-HC1 pH 7.6, 0.5 M NaC1, 1 mM EDTA pH 8.0, 0.1% SDS) 

until the pH of the effluent was less than 8.0. 

4.1.2.2 Preparation of Poly(A)+ RNA 

Selection of poly(A)+RNA was performed as described by Sambrook et nl. 

(1989). Briefly, approximately 1.0 rng of total rat testis RNA was denatured at 

65°C for 5 min and quickly cooled to room temperature. Then an equal 

volume of 2x column-loading buffer was added to the RNA sample and the 

solution was loaded onto the oligo(dT)-cellulose column. The eluate was 

immediately collected. Then 1 column volume of 1 x column-loading buffer 

was added and the eluate was also collected. The collected eluate was pooled 

and denatured, and then reapplied to the top of the column. The material 

flowing through the column was collected. The column was washed with 10 

column vol of lx column-loading buffer, and 300 ~1 fractions were collected. 

The absorbance at 260 nm of each fraction was determined. Initially, the OD,, 

was very high as nonpolyadenylated RNA passed through the column, and 

later fractions had little or no absorbance at 260 nm. Poly(A)+ RNA was eluted 

from the oligo(dT)-cellulose with 4 column vol of elution buffer (10 mM Tris- 



HCl pH 7.6, 1 mM EDTA pH 8.0, 0.05% SDS). Fractions were collected and 

absorbance at 260 nm was determined. The fractions containing RNA were 

pooled, denatured, and adjusted to a concentration 0.5 M sodium chloride. 

Then a second round of chromatography on an oligo(dT)-cellulose column 

was carried out. The poly(A)+ RNA was next concentrated by ethanol 

precipitation and the RNA pellet was dissolved in 20 pl water and quantitated. 

4.1.3 Northern Blot Hybridization 

RNA samples were prepared for Northern blot analysis as follows: 10 pg 

of each RNA sample was added to water to a final vol of 9.4 p1, and 5 pl of 

formaldehyde (37% solution) was added to each tube. Fifteen pl of deionized 

formamide and 0.6 p.l of 1 M sodium phosphate (pH 6.5) were then added to 

each sample, which was then heated at 65OC for 5 min and quenched on ice. 

Each sample was mixed with 10 p1 of sample buffer (50% glycerol, 50% 

formamide, 0.25% bromophenol blue, 0.25% xylene cyan01 FF) and loaded onto 

a 1.2% formaldehyde agarose gel (1.2% agarose, 20 mM sodium phosphate pH 

6.5, 6.5% formaldehyde). The gel was electrophoresed at 80 V for 

approximately 2 h in a running buffer containing 20 mM sodium phosphate 

(pH 6.5) and 6.5% formaldehyde. 

The RNA in the gel was transferred onto a Duralon-UVTM membrane 

(Stratagene) using lox SSC (20x SSC: 3 M sodium chloride, 0.3 M tri-sodium 

citrate, pH 7.0) as described by Sambrook et al. (1989). The membrane was then 



UV cross-linked using an auto program in a UV cross-linker (Stratagene). The 

membrane was prehybridized for 1 h at 42OC using 0.1 ml of prehybridization 

solution (50% deionized formamide, 5x Denhardt's, 1% SDS, 5x SSPE, 100 

pg/ml denatured sonicated salmon sperm DNA) per cm' membrane. 

Hybridization was performed in fresh prehybridization solution containing 

denatured 32P-1abeled probe and incubated overnight at 42OC. The membrane 

was washed once at room temperature for 15 min with 2x SSC-0.1% SDS to 

remove unbound probe and the hybridization solution. The membrane was 

then washed three times at 55OC with 0.1~ SSC-0.1% SDS, and exposed to Kodak 

XAR film for several days. 

4.1.4 Probe Preparation 

"P-labeled DNA probe was prepared using random priming as described 

by Sambrook et al. (1989). Briefly, 50 ng of DNA template together with 30 ng 

of random hexanucleotide primers, pd(N), (Pharmacia), were boiled for 3 min 

in a total volume of 12 p1 in water and chilled on ice. Then 2p1 of 10x random 

priming buffer (900 mM Hepes pH 6.6, 100 mM MgC12), 0.5 PI of 10 mM of 

three unlabeled dNTPs (dATP, dGTP, dTT'P), 2 ~ 1  of 20 mM DTT, 3 p1 of u - ~ ~ P -  

dCTP and 0.5~1 (0.5 U) of E. coli DNA polymerase I Klenow fragment were 

added to the above tube and mixed well. The reaction (20 pl) was incubated at 

3 7 T  for 60 min. The radiolabeled DNA fragment was separated from the 

unincorporated d N m s  through chromatography on Sephadex G-50 spun- 



column. The incorporated cpm content was determined using a scintillation 

counter (Beckman, LS 5000 CE). 

4.2 cDNA Synthesis 

The RiboClone cDNA synthesis system (Promega) was used for the 

complete synthesis of double stranded cDNA for directional cloning using 

poly(A)+ RNA prepared from rat testes. 

4.2.1 First Strand Synthesis 

Two pg of C-T 17 primer-adaptor (5' A AGCGGCCGCGTCGACT,, 3', Not I 

site and Sal I site are underlined) were added to 6 pg of poly(A)+ RNA in a total 

volume of 45 p1 in water and heated to 70" C for 5 min, cooled to room 

temperature, spun briefly, and mixed with Sx first strand buffer and 75 U 

rRNasin" ribonuclease inhibitor (Promega). The mixture was heated to 42OC 

and mixed with 7.5 p1 of 40 mM sodium phosphate (preheated to 42°C) and 90 

U of AMV reverse transcriptase, then water was added to yield a final reaction 

volume of 75 p1. The final reaction conditions for the first strand synthesis 

were: 50 mM Tris-HC1, pH 8.3,50 m .  KCI, 10 mM MgCl, 0.5 mM spermidine, 

10 mM DTT, 4 mM sodium pyrophosphate, 1 mM each of dAV,  dCTP, dGTP, 

dTTP, 1U r ~ N a s i n "  ribonuclease inhibitor/ pl reaction, 0.3 pg/ pl primer- 

adap tor/pg mRNA, 1SU AMV reverse transcriptase/pg mRNA. 



The reaction components were mixed gently and 5 ~1 was removed to 

another tube containing 1 p1 of a-"P dATP (5 pCi) as tracer reaction to follow 

first strand synthesis. Both reactions were incubated at 42°C for 60 min and 

then placed on ice. The tracer reaction was stopped by adding 94 p1 of 50 rn M 

EDTA, which was later used for the determination of incorporated 

radioisotope and for gel analysis. 

4.2.2 Second Strand Synthesis 

lox second strand buffer and 56 U of E. coli DNA polymerase I and  1.7 U 

of E. coli RNase H were added directly to the 70 pl of the first strand reaction 

tube. Water was added to make the final volume 350 pl. The final reaction 

conditions for second strand synthesis were as follows: 50 mM Tris-HCI pH 7.6, 

100 mM KCl, 5 mM MgCl,, 50 pg/ml BSA, 5 mM DTT, 8 U/ml RNase H, 230 

U/ml E. coli DNA polymerase, and from first strand reaction:, 0.2 mM each of 

dATP, dCTP, dGTP and dTTP, 0.1 mM spermidine, and 0.8 mM sodium 

pyrophosphate. 

The reaction components were mixed gently and 10 pi was removed to 

another tube containing 1 ~1 of a 2 P  dATP (5 pCi) as a tracer reaction for the 

second strand synthesis. Both reactions were incubated at 14°C for 4 h. The 

tracer reaction was stopped by adding 89 p1 of 50 mM EDTA and stored on ice, 

which was later used for incorporation assays and gel analysis. The primary, 

unlabeled reaction was heated to 70°C for 10 min and briefly centrifuged. 



Twelve U of T4 DNA polymerase were added and the reaction was incubated 

at 3TC for 10 min. The reaction was stopped by adding 10 ~1 of 200 mM EDTA 

and placed on ice. 

4.2.3 Ligation of Adaptors to Double Stranded cDNA 

Equimolar amounts of 81 and 82 Eco RI adaptors (B1 Adaptor: 5' AATTC- 

CAGTGTGACGAATTCACC 3'; I32 Adaptor: 5' pGGTGAA'ITCGTCACACTGG 

3') were dissolved in annealing solution (10 mM Tris-HC1 pH 8.0, 100 m M  

NaCl, 1 mM EDTA), incubated at 80°C for 10 min and slowly cooled to room 

temperature. The concentration of the annealed adaptors was 1.68 pg/pl. 

Three pg of double stranded cDNA, 3 p1 of T4 DNA ligase buffer (660 m M 

Tris-HCl pH 7.5,50 mM MgCl?, 10 mM DTT, 10 mM ATP), 4 pl T4 DNA ligase 

(Boehringer Mannheim, 5 U/pl) and 5 pg Eco RI adaptors were added to a 

microfuge tube, sterile water was added to bring the reaction vol to 30 ~ 1 .  The 

reaction was incubated at 14OC for 24 h. 

4.2.4 Size Selection of Double Stranded cDNA 

The adaptor-ligated double stranded cDNA was digested with either Sal I 

or Not I and electrophoresed on 0.80h agarose gels at 70 volts for 2-3 h. Hi n d 

III DNA molecular weight standards were loaded 3 wells away from the 

sample. Double stranded cDNA of the desired size (0.49 kb, estimated by 

comparison with the comigrated standards) was eluted from the agarose gels 



using standard techniques as described by Sambrook et n l .  (1989). The cDNA 

was ethanol precipitated and the pellet resuspended in 10 ~1 of sterile water. 

4.3 cDNA Library Constructions 

4.3.1 Construction of pGAD424-Rat Testicular cDNA Expression Library 

pGAD424 vector was digested with Eco RI and Sal I sequentially, and the 

larger fragment was gel purified and resuspended in sterile water to a 

concentration of 2 pg/pl. 

8.8 pg of pGAD424 vector (digested with Eco RI and Sal I), approximately 1 

pg of double stranded cDNA (Eco RI adaptor-ligated and Sal I digested), 3 pl of 

T4 DNA ligase buffer, 4 pl T4 DNA ligase (Boehringer Mannheim, 5 U/p1) 

were added to a microcentrifuge tube, sterile water was added to bring the final 

reaction volume to 30 pl. The reaction mix was incubated at 4OC for 24 hr. 

Then the total ligation mix was transformed into 19.8 rnl E. coli DH5a 

competent cells (prepared as described by Inoue et nl., 1990), with each of 0.5 p 1 

of the ligation mix transformed into 330 pl competent cells. The transformed 

culture was plated on 60 150-mm LB-Ampicillin plates. All primary colonies 

were pooled with LB media and glycerol was added to a final concentration of 

20%. The culture was then ahquoted in 1.5 ml tubes, which were immediately 

immersed in liquid nitrogen and stored at -80°C. The library contains 

approximately 5 x 105 individual colonies. 



The transformants of the library were plated at a high density of 10,000 

colonies per plate on approximately 100 of 100-mm LB-ampicilin plates for 

even amplification of colonies. The amplified colonies were scraped from the 

plates in LB medium and plasmid DNA was isolated using standard maxi-prep 

techniques (Sambrook et al., 1989). 

4.3.2 Construction of a Agtll Testicular cDNA Library 

2.5 pg of Lgtll Eco R I-Not I arms (0.5 pg/@, Promega) plus approximately 

100 ng of double stranded cDNA (Eco RI adaptor-ligated and Not I digested), 1 

pl lox T4 DNA ligase buffer, and 2 p1 T4 DNA ligase (Boehringer Mannheirn, 5 

U / d )  were added to a microfuge tube. Sterile water was added to bring the 

final volume to 10 pl and the reaction was incubated at 4OC for 24 h. 

The in uitro packaging was performed using Promega's Packagenem 

System. The packagene extract (50 pl per tube ) was thawed on ice. As soon as 

the extract was thawed, 10 pl ligation reaction mix was added to 2 extract tubes 

(5 ~1 in each tube) and mixed gently. The tubes were then incubated at 22°C for 

3 h. Then 445 ~1 of phage buffer (20 mM Tris-HC1 pH 7.4, 100 mM NaC1, 10 

mM MgSO,) and 25 p1 of chloroform were added to each packaging mix. The 

tubes were mixed gently by inversion and stored at 4OC. 



The size of the Library was determined to be approximately 1.0 x lo6 pfu. 

The library was amplified the following day as described by Sambrook et al.  

(1989). The bacterial host used was El coli Y1090. 

4.4 Library Screening 

4.4.1. Yeast Two-Hybrid Screening 

4.4.1.1 Yeast Two-Hybrid Screening Using OdflNT as Bait 

Sequential cotransfomation was performed to co-transform the target 

hybrid (pGBT9/0dflNT) and the hybrid Library (pGAD424-cDNA Library) in 

order to obtain a high efficiency of cotransformation. pGBT9/0dflNT 

(containing the N-terminal 145 amino acids of Odfl, Shao and van der Hoorn, 

1996) was first transformed into yeast strain HF7c, following the small-scale 

yeast transformation procedure described in Section 4.5, generating strain 

HF7c(bd/NT). 

Competent cell preparation: 5 ml overnight culture of yeast host strain, 

HF7c(bd/NT), in SD medium lacking Trp was used to inoculate 100 ml of the 

same medium and grown overnight at 30°C. Then enough of the culture was 

added to 1000 ml YPD culture (500 ml in each of two 2-liter flasks) to obtain an 

OD, of 0.3-0.5 and grown for 4 h with shaking (230 rpm). Cells were pelleted 

by centrifugation at 2200 rpm for 5 min at room temperature and washed once 

with 500 ml of sterile water and then resuspended in 20 ml lx LiAc/TE 



solution (10 mM Tris-HC1 pH 7.5, 1 mM EDTA, 0.1 M lithium acetate) and 

incubated for 10 minute at room temperature. 

Librarv transformation: 10 mg of denatured salmon sperm DNA and 250 pg of 

library DNA were mixed and added to the above competent cells, and then 140 

ml of PEG/LiAc solution (40% PEG 4000,lO mM Tris-HC1 pH 7.5, 1 mM EDTA, 

0.1 mM lithium acetate) was added. After incubation for 30 min at room 

temperature, the cell/DNA mixture was transferred to a sterile Zliter beaker 

and mixed with 17.6 ml DMSO by swirling. The mixture was heat shocked at 

42°C for 6 min with occasional swirling to facilitate heat transfer. Cells were 

then cooled rapidly to room temperature in a waterbath and pelleted by 

centrifugation at 2200 rpm for 5 min at room temperature and washed with 50 

ml of TE buffer. Cell pellet was resuspended in 1.0 liter of YPD medium and 

incubated for 1 h at 30°C with shaking (230 rpm). Cells were pelleted and 

washed again and resuspended in 10 ml of TE buffer. 0.1 ml of the mixture 

was spread on each plate (approximately 100 100-mm plates) of SD agar 

medium lacking Trp, Leu, and His. Ten p1 of the transformation mixture was 

spread on SD medium lacking Trp and Leu to obtain an indication of the 

transformation efficiency. The plates were incubated for a total of 8 days to 

allow slower growing colonies a chance to appear. His' colonies were streaked 

on fresh SD agar medium lacking Trp, Leu, and His to obtain well-isolated 

colonies and tested for P-galactosidase activity using a filter assay. 



4.4.1.2 Filter Assay for P-Galactosidase 

A filter (VWR grade 413) was presoaked in 1.8 ml Z buffer/)(-gal soiution 

(100 ml Z buffer: 1.61 g Na2HPO,.7H2O, 0.55 g NaH,PO,-H20, 0.075 g KCl, 0.0246 g 

MgSO;7H20, 0.27 ml P-mercap toethanol, 1-67 ml 40 mg/ml X-gal). Another 

filter was placed over the surface of the agar plate containing the transformant 

colonies and oriented by poking holes through the filter into the agar. The 

filter was then lifted off the agar plate with forceps and submerged in liquid 

nitrogen for 10 sec. The filter was removed from the liquid nitrogen and 

thawed at room temperature. Then the filter was placed, colony side up, on 

another filter that was presoaked in Z buffer/)(-gal solution. The filter was 

incubated at 30°C for several days. 

4.4.1.3 Generation of LeuTrp- Yeast Transformant Strains (Segregants) 

Individual Leu+Trp+His+LacZ+ transformant colonies were cultured for 2 

days in liquid SD synthetic medium lacking Leu but containing Trp. A diluted 

sample of this liquid culture was plated out on SD agar (-Leu, +Trp) and the 

plates were incubated for 2 days for colonies to appear. Thirty individual 

colonies were transferred to two SD agar plates, one lacking Leu and Trp, the 

other lacking Leu only. The resulting Leu'Trp- segregants, which survived in 

medium lacking Leu only, were assayed for P-galactosidase activity. Colonies 

that were negative for P-galactosidase activities were saved for further analysis. 



4.4.1.4 Isolation of Plasmid DNA from Yeast Cells 

Plasmid DNA was isolated from yeast cells as described by Hoffman and 

Winston (1987). Briefly, a 2 ml culture of a Leu'Trp- yeast hansformant was 

grown overnight in SD liquid medium lacking Leu to maintain selection for 

the pGAD424cDNA hybrid plasmid. Cells were collected in a microfuge tube 

by a 5-sec centrifugation in a microfuge and resuspended in the residual liquid. 

Then 0.2 ml lysis solution (2% Triton X-100, 1% SDS, 100 mM NaCl, 10 rn M 

Tris-HCl pH 8.0, 1.0 rnM EDTA), 0.2 ml Phenol-chloroform-isoamyl alcohol 

(25:24:1) and 0.3 g acid-washed glass beads were added. The glass beads were 

prepared by soaking in concentrated nitric acid for 1 h, washing extensively 

with water and baking until dry. The mixture was vortexed for 2 min and 

spun for 5 min in a microfuge. Five pl of aqueous layer was used to transform 

0.2 ml competent E. coli cells. The plasrnid DNA was obtained using standard 

techniques as described by Sambrook et al. (1989). 

4.4.2 lgt l l  Testicular cDNA Library Screening 

The Agtll testicular cDNA library was plated at a density of 1 x 10' 

Pfu/plate for the primary screening. For the secondary and the tertiary 

screening, a density of 50 to 200 pfu was plated to obtain well-isolated single 

plaques. The plates were cooled at 4°C for at least two hours. ~ u r a l o n - u v T M  

membranes (Stratagene) were used to transfer phage from each plate. 

Waterproof ink was used to mark both the nylon membranes and plates for 



the orientation. The membranes were denatured for 3 minutes on Wha tman 

3MM paper presoaked with 0.5 M NaOH, 1.5 M NaC1, neutralized for 3 

minutes on 3MM paper presoaked with 0.5 M Tris-HCl pH 8.0, 1.5 M NaCl, 

submerged in 2x SSC for 15 minutes with gentle shaking and baked at 80°C 

until dry. The membranes were prehybridized and then hybridized with 

labeled probes as described in Section 4.4.5. 

4.4.3 Mouse Genomic Library Screening 

A 129SV mouse genomic library in the M?X II vector (Stratagene) was 

screened to isolate mouse genomic clones of odf2. The screening procedures 

were essentially the same as described in Section 4.4.2. 

4.4.4 Human Genomic Library Screening 

A human genornic library in the MD( II vector (Stratagene) was used to 

screen and isolate human genomic clones of ODF2. The screening procedures 

were essentially the same as described in Section 4.4.2. 

4.4.5 Southern Blot Hybridization 

Agarose gels with DNA fragments separated by electrophoresis were 

soaked in 0.5 M sodium hydroxide, 1.5 M sodium chloride for 30 minutes. 

Then, DNA was transferred to Duralon-WTM membranes (Stratagene) 

overnight using 0.25 M sodium hydroxide, 1.5 M sodium chloride as transfer 



solution. The membrane was soaked in 2x SSC and baked at 80°C until dry. 

Next, the membrane was prehybridized for 1 h at 4 2 T  using 0.1 ml of 

prehybridization solution per cm2 membrane and hybridized in fresh 

prehybridization solution containing denatured "Flabeled probe and 

incubated ovemight at  42°C. The membrane was washed once at room 

temperature for 15 min with 2x SSC-O.loh SDS and washed several times with 

0.1~ SSC-0.1% SDS from 50°C up to 65°C. The membrane was then exposed to 

Kodak XAR film. 

4.5 k DNA Preparation 

4.5.1 Mini-Preparation 

The )i phage was amplified on a 150-mm LB plate as described by 

Sambrook et al., 1989. About 13 ml of SM buffer (50 mM Tris-HC1 p H  7.5, 100 

mM NaCI, 8 mM MgSO,, 0.01% gelatin) was added onto the plate and the plate 

was incubated ovemight at 4OC with gentle shaking. The phage solution was 

recovered from the plate and centrifuged at 4000 rpm. The supernatant was 

used to prepare A phage DNA using the Wizard Lambda Preps DNA 

Purification kit (Promega) following the manufacturer's instructions. 

4.5.2 Maxi-Preparation 



The h phage was amplified on 30 150-mm LB plates as described by 

Sambrook et al .  (1989). Ten ml of SM buffer were added onto each plate, and 

the plates were incubated overnight at 4°C with gentle shaking. The phage 

solution was pooled from the plates and centrifuged at 4000 rpm. The 

supernatant (approximately 250 ml) was used to prepare X phage DNA using 

the QIAGEN Lambda Maxi kit following the manufacturer's instructions. 

4.6 Yeast Two-Hybrid Assays 

4.6.1 Preparation of Yeast Competent Cells 

A single yeast colony (2-3 mm in diameter) was inoculated into 20 m 1 

YPD medium and incubated a t  30°C with shaking (230 rpm) until the OD,, was 

1-2. Then enough of the overnight culture (10-20 ml) was transferred to 300 ml 

YPD medium in a one-liter flask to produce an OD, of 0.2 and incubated for 3 

h. The cells were centrifuged at 2200 rpm for 5 min at room temperature and 

washed with 50 ml sterile water and resuspended in 1.5 ml of l x  TE/LiAc 

solution. 

4.6.2 Transformation of Plasmids into Yeast Strains 

0.1 pg of each type of plasmid DNA, together with 100 pg of denatured 

salmon sperm carrier DNA, and 100 pl of the above yeast competent cells were 

mixed in a 1.5 ml microcentrifuge tube. Then, 0.6 ml sterile PEG/LiAc 

solution was added and the mixture was incubated at 30°C for 30 min with 



shaking (200 

concentration) 

rprn). Next, 70 pl of DMSO was added (to 1O0/0 final 

and mixed gently. The tube was then heat shocked for 15 min 

in 42°C waterbath and the cells were pelleted by chilling on ice and 

centrifugation for 5 sec at 14,000 rpm in a microfuge and resuspended in 0.5 m 1 

of TE buffer. 0.1 ml of the transformation mixture was spread onto each 100- 

mrn plate containing the appropriate synthetic selection medium. The plate 

was incubated at 30°C for 2-3 days. 

4.7 5' Rapid Amplification of cDNA Ends (RACE) 

Isolation of the 5 'end of odj2 cDNA was performed using 5' RACE 

(version 2.0, Life technologies) following the instruction manual. Fifteen ng 

DDT3 antisense primer (5' GGACTTGGAGAGCTCAGAC 3') and 100 ng early 

spermatid poly(A)+ RNA were used to synthesize first strand cDNA. mRN A 

was degraded with RNaseH and RNaseTl and cDNA was purified with a 

GlassMax Spin Cartridge (Life technologies). A homopolymeric tail is then 

added to the 3' end of the cDNA using terminal deoxynucleotidyl transferase 

and dCTP. dC-tailed cDNA was amplified directly using a nested primer, EE 5'- 

antisense primer (5' GTGAGACTCGTTACTCC 3')' and the system-provided 

abridged anchor primer (5' GGCCACGCGTCGACTAGTACGGGIIGGGIIC; 

3', Sal I site is underlined) using the polymerase chain reaction (PCR). The 

PCR product was cloned as Sal I and blunt ends into Sal I and Sma I sites of 

pBSIIKS+ and was then sequenced. 



4.8 Plasmid Constructs 

DNA fragments were obtained by restriction enzyme digestion of other 

plasmids containing the fragments of interest or by using the polymerase chain 

reaction (PCR). All manipulations including ligation, competent cell 

preparation, transformation and plasmid DNA isolation were performed 

using standard techniques as described by Sambrook et al. (1989). The E. co l i 

DH5a strain was used for all plasmid transformation. The orientation of the 

inserts was analyzed by appropriate restriction enzyme digestions or by 

sequencing. 

4.8.1 Generation of pBS-ATG 

OLigos ATGl (5' TCTAGACAITGAGATGTCTAGA 3') and ATGZ (5' TCT- 

AGACATCTCAATGTCTAGA 3') were first annealed and then inserted into 

the unique Xba I site of pBSIKS+, generating pBS-ATG. DNA fragments 

cloned in frame with the ATG codon can be efficiently translated in uitro using 

T7 RNA polymerase (Pharmacia Biotech Inc). 

4.8.2 Generation of 111-450 Leucine Zipper Mutants 

The insert of pGAD/450 was cloned into the Eco RI and Sal 1 sites of 

p Bluescript KS+ and SK-, respectively, generating KS+/450 and SK-/450. Four 

oligos were designed to substitute each of the 4 leucines in the putative leucine 

zipper motif for a charged or polar amino add: mutLeul (5' GACAATGATCT- 



CCAACTCATCGTCTCC 3', Leu is replaced by Asp), mutLeu2 (5' TGTCACCCG 

GTCATI'GTTAACAATGATCT 3', Leu is replaced by Asn), mutleu3 (5' CTCC- 

AAGCTCTGTTGTTGGTTGACGTCATCTGTC 3', Leu is replaced by Asp), 

mutLeu4 (5' TTCCGCATCTTCTCCTCTCTAGACTGTTGTTGGTT 3', Leu is 

replaced by Arg). Each of the leucine mutants was generated using PCR as 

follows: 1) PCR reactions were performed using T7 primer and each of the 

rnutLeu oligos as primers and KS+/450 as template. The PCR products were 

phenol:chloroform extracted and ethanol precipitated; 2) Each of the above 

PCR products and T7 primer were used as primers and SK-/450 as template in 

the second round of PCR reactions. The PCR products were Eco RI and Sal I 

digested, gel purified and inserted into the Eco RI and Sal I site of pGAD424, 

generating pGAD/mutLl, pGAD/mutU, pGAD/mutW, and pGAD/mutL4. 

Each of the mutants was analyzed by appropriate restriction enzyme digestions 

(introduced into each of the mutLeu oligos) and sequenced. 

4.8.3 Generation of 55-800 Deletion Mutants 

A schematic diagram of all deletion mutants is described in Figure 4.1. 

Each cDNA fragment was cloned into pGAD424 (Clontech) in frame with the 

GAL4 transactivation domain as follows. 

pC;AD/82-800: the fragment 82-800 was obtained by PCR using LeuMu oligo (5' 

GAGGAATTCCAGCAGCTCCAGG 3') and T3 oligo (5' ATTAACCCTCACTA- 

AAG 3') as primers and pBSm(S+/800 as template. The PCR product was 



digested with EcoR I and Sal I, and cloned into the Eco RI and Sal I sites of 

pGAD424, generating pGAD/82-800. 

pGAD182494: pGAD/82-800 was digested with Sma I and Sal I and the larger 

fragment was gel purified, blunt-ended, and self-liga ted, generating pGAD/82- 

494. 

pGAD/82-218: pGAD/82-800 was digested with Sac I and SaZ I and the larger 

fragment was gel purified, blunt-ended, and self-ligated, generating pGAD/82- 

218. 

pGAD/1-494: pGAD/800 was digested with Sma I and Sal I and the larger 

fragment was gel purified, blunt-ended, and self-liga ted, generating pGAD/ 1- 

494. 

pGAD/l-218: pGAD/800 was digested with Sac I and Sal I and the larger 

fragment was gel purified, blunt-ended, and self-ligated, generating pGAD/l- 

218. 

pGAD/A(82-218): the 1-82 fragment was obtained by PCR using oligo GAL4 

TAD (5' ATAGCGGCCGCGTTTGGAATCACTACAG 3') and oligo 800 Leu 

antisense (5' TGTGAGCTCAGTTGCTGGCCCTG 3') as primers and pGAD/800 

as template. The PCR product was digested with Eco R I and Sac I. pGAD/800 

was digested with EcoR I and Sac I, the larger fragment was gel purified. The 

above two fragments were ligated, generating pGAD/A(82-218), with the 

fragment 218-800 in frame linked to the fragment 1-82. 



pGAD/134-800: 800 LZ del oligo (5' GAGGAATTCGTTCGTGCAGCCCACAGT- 

GA 3') and T3 oligo were used as primers and pBS/800 as template to PCR the 

134-800 fragment. The PCR product was digested with EcoR I and Snl I, and 

cloned into the corresponding sites of pGAD/424 in frame with the GAL4 

transactivation domain. 

pGAD /&ad1 HR: the fragment upstream to sadl homology region was 

obtained by PCR using 800 sadl del primer 1 (5' ACAGGATCCTGGGCGGGCG 

TAGTTCCAGA 3', Barn HI site is underlined) and GAL4 TAD primer and 

pGAD/800 as template. The PCR product was digested with Eco RI and B n m 

HI. The fragment downstream of sadl homology region (sadlHR) was also 

obtained by PCR using the oligos 800 sadl del primer 2 (5' AGAGGATCCACC- 

GGAGGAGCCAGCAGTG 3', Barn HI site is underlined) and MI3 reverse 

primer and pBS/$OO as template. The PCR product was digested with Snl I and 

Barn HI. The above two fragments were Ligated together with the Eco RI and 

Snl I digested pGAD424, generating pGAD/AsadlHR. 

4.8.4 Generation of 69-1400 Deletion Mutants 

pGAD/l-935: pGAD/1400 was digested with Barn HI and Snl I, the larger 

fragment was gel purified and blunt-ended and then self-ligated, generating 

pGAD/ 1-935. 

pGADl604-1458: pGAD/1400 was digested with Pst I, the smaller fragment 

(approximately 850 bp) was gel purified and cloned into the Pst I site of 



pGAD422 (derived from pGAD424 by filling its Eco RI site) in frame with the 

GAL4 transactivation domain. The orientation of the plasmid was analyzed by 

Snl I digestion. 

pGAD/935-1458: pGAD/1400 was digested with Bnm HI, the 420 bp Barn HI 

fragment was gel purified and cloned in frame into Barn HI site of pGAD424. 

The orientation of the plasmid was analyzed by sequencing. 

pGAD/ALZl: pGAD/1400 was digested with Barn HI, and the larger fragment 

was gel purified. The fragment downstream to the first leucine zipper was 

obtained by PCR using UOOLZl Mu primer (5' GTGGG ATCCTGG ACAAGTAT- 

CTGAGCCATA 3', Barn HI site is underlined) and MI3 reverse primer as 

primers and pBS/1400 as template and the PCR product was digested with B a m 

HI. The above two fragments were Ligated, generating pGAD/1400AUl. The 

orientation of the plasmid was analyzed by PCR. pGAD/1400ALZl was 

digested with Pst I, and the Pst I fragment (about 700 bp) was gel purified and 

cloned in frame into Pst I site of pGAD/422, generating pGAD/ALZl. The 

orientation of the plasmid was analyzed by Sal I digestion. 

pGAD/ALZZ: the 6041063 fragment was obtained by PCR using 1400LZlMu 

primer and GAL4 TAD primer as primers and pGAD/604-1458 as template. 

The PCR product was digested with Pst I and cloned in frame into Pst I site of 

pGAD/422, generating pGAD/ALZ2. The orientation of the plasmid was 

analyzed by Barn HI digestion. 



4.9 Isolation of Rat Male Germ Cells 

Rat male germ cell suspensions were generated from testes of 2-month- 

old rat and fractionated by centrifugal elutriation as described by Grootegoed e t  

n2. (1977). The germ cells were separated into three fractions, pachytene 

spermatocytes, round spermatids, and a mixture of late spematids, round 

spermatids and residual bodies. The spermatocyte fraction contained 90% of 

pachytene spermatocytes and 10% spermatids, as is typical from this procedure. 

4.10 In Vitro Transcription/Translation 

In nitro translations of plasmid constructs were performed using the 

TNT@ Coupled Reticulocyte Lysate System (Promega), a transcription and 

translation coupled system. Reactions were performed as suggested by the 

manufacturers. Two pi of TNT' reaction buffer, 1 pl of TNT' T7 RNA 

polymerase were added to a tube containing 25 fl of TNTQ Rabbit Reticulocyte 

Lysate. Then 1 p1 of 1 mM amino acid mixture minus cysteine, 4 pl of '3- 

cysteine (approximately 30 p i ,  Amersham), 1 pi of 40u/pl RNasin" 

Ribonuclease Inhibitor (Pharmacia) and 2 pg DNA template (as indicated i n  

the text of the Results) were added to the mixture, and nuclease-free water was 

added to bring the reaction volume to 50 ~ 1 .  The reaction mix was incubated 

for 1.5 h at 30°C. Small scale reactions were performed by reducing volumes of 

each component proportionately. 



In oitro translation of spermatid mRNA was performed in a Reticulocyte 

Lysa te system (Promega) following instructions of the manufacturer. Briefly, a 

50 p1 reaction mixture contained 35 p l  reticulocyte lysate, 1 pl of 1 mM amino 

acid mixture minus cysteine, 4 pl of "S-cysteine (Amersham), 1 pl of 40u/pl 

RNasin', and 2 pg of spermatid mRNA. The reaction mix was incubated for 

1.5 h at 30°C. 

4.11 Immunoprecipitation 

Protein A sepharoseB C1-4B beads (Pharmacia) were preincubated in  

immunoprecipitation (IP) buffer (10% glycerol, 50 mM Hepes-KOH pH 8.0, 100 

mM glutamate, 6 mM MgOAc, 0.5 mM DTT, 1 mM EGTA, 0.1% NP-40, 0.5 

mg/ml BSA) overnight at 4OC. Twelve PI of in oitro translation mix and 0.4 p1 

of T7 Tag monoclonal antibody (Novagene), which recognizes S10 tag, were 

added to the 20 pl preincubated beads, and 200 pl IP buffer was added. The tube 

was incubated on a Nutator for 3 h at 4°C. The beads were spun down at 2000 

rpm for 2 min in a microfuge and the supernatant was discarded. The beads 

were then washed 3 times with 1.5 ml IF buffer and the supernatant was 

aspirated. Fifteen pl of SDSPAGE sample buffer (60 mM Tris-HC1, pH 6.8,2% 

SDS, 10% glycerol, 10% p-mercaptoethanol, 0.025% bromphenol blue) were 

added and samples were boiled for 3 min. Samples were spun briefly at full 

speed in a microfuge and the supernatant was loaded on  an SDSPAGE gel. 



The gel was stained, destained, dried under vacuum, and exposed to Kodak 

XAR film for several days. 

4.12 DNA Sequence Analysis 

Nucleotide sequences were determined using a cycle sequencing kit 

(Applied Biosystems) which follows a dideoxy dye-labeling method. Samples 

were processed on an automated DNA sequencer (Applied Biosystems) in the 

DNA Sequencing Facility at the University of Calgary. 

4.13 Production of Polyclonal Antisera 

Inserts from pGAD/450, pGAD/800, pGAD/ 1400 were cloned as E m  RI-Sal 

I fragments in pMAL-c2, in frame with the maltose binding protein (MBP) 

present. Fusion protein was induced in TBI bacteria and isolated using 

amylose beads (Sigma) according to the manufacturers. Purified fusion 

proteins were used to generate antisera in New Zealand white rabbits. 

4.14 Generation of Affinity Purified Anti-800 Antibodies 

The antisera against MBP-800 fusion protein was affinity purified using 

nitrocellulose-immobilized MBP-800 fusion protein as described (Oko and 

Maravei, 1994). Anti-800 antisera were diluted in TBS (20 mM Tris-C1 pH 7.6, 

137 mM NaCI) and adsorbed for 1 h on filters with immobilized MBP-800 

fusion protein that had been cut out from immobilin blots (Nitroplus, Micron 



Separations Inc.). Before immunoadsorption, the band of interest was cut into 

pieces, inserted into a l k c  syringe, washed in TBS containing 0.5% Tween, 

and blocked in TBS containing 10% goat serum. After adsorption, the blot 

pieces were thoroughly washed in TBS containing 0.5% Tween to remove 

nonspecific antibodies. Specific antibodies were eluted from the blot pieces in 

0.2 M glycine-HC1, pH2.8, and immediately neutralized in an equal volume of 

double-strength TBS. The above procedure was carried out in a syringe, 

accompanied by shaking. The eluate was concentrated to 2-3 ml with a 

Centriprep 30 concentrator (Amicon), and was further concentrated using a 

Centricon 10 microconcentrator (Amicon) to approximately 200 pl and utilized 

directly for immunocytochernistry and immunogold electromicroscopy. 

4.15 Immunoprecipitation and Western Blot Analysis 

The isolated rat late spermatids were lysed in no-salt lysis buffer (50 m M  

HEPES pH 7.0, 1% NP-40, 1 pg/ml aprotinin, 100 &ml PMSF) and the 

supernatant were subjected to imrnunoprecipitation using antibodies as 

indicated. The precipitated complexes were separated on SDSPAGE and 

transblotted onto nitrocellulose membrane (NitroPlus, Micron Separations 

kc.)  using a Semi-Dry transfer unit (Hoefer Scientific Instruments). The 

membrane was first incubated in blocking solution (2% BSA in TBST; TBST: 20 

mM Tris-C1 pH 7.6, 137 mM NaCl, 0.1% Tween 20) at room temperature for 1 h 

and washed extensively with TBST. Next, the membrane was incubated with 



the appropriately diluted primary antibody (in TBST) at room temperature for 

I h and then washed extensively with TBST. The membrane was incubated 

with horse-radish peroxidase conjugated secondary antibody (Boehringer 

Mannheim) at an appropriate dilution at room temperature for 1 h and 

washed extensively with TBST. The membrane was then incubated in ECL 

soiutions (Arnersham) for 1 min and exposed to Kodak XAR film. 

4.16 Immunofluorescence Analysis of Sperm Tail Proteins 

Frozen sections (10 pm) of 0.T.C.-embedded rat testis and epididymal 

spermatozoa were blocked with 0.5 mg/ml BSA and incubated with undiluted 

supernatant of anti-Odfl monoclonal antibodies in PBS for 1 h at room 

temperature and with a 1:200 dilution of polyclonal anti-450 antisera. The first 

antibodies were removed, and the sections were washed in PBS/O.l% Tween 

and incubated with a 1250 dilution of texas-red conjugated donkey anti-rabbit 

antibodies and fluorescein isothiocyanate (F1TC)-conjugated sheep anti-mouse 

monoclonal-immunoglobulin (Ig) antibodies (Boehringer-Mannheim) in PBS 

for 1 h at room temperature. After final washes in PBS/O.l% Tween for 10 

min, the sections were mounted in glycerin mounting medium and analyzed 

with a Leitz fluorescence microscope or with a Bio-Rad MRC-500 confocal 

imaging system equipped with an Argon Ion Laser and Zeiss Axiophot 

microscope (Thornwood, NY). Optical sections produced with the confocal 

laser microscope were 0.2 p m  apart. 



CHAPTER V: RESULTS 



5.1 Identification of Odf 1 Interacting Proteins 

Previously, we discovered that Odfl, the only cloned ODF component, 

weakly self-associates through either an N-terminal leucine zipper or the C- 

terminal CGP repetitive motifs. Leucine zipper is a well-characterized 

dimerization domain in transcription factors of the bZIP family. However, 

little is known about its role in structural proteins. The weak self-interaction 

of Odfl mediated by its leucine zipper suggests the possibility that the Odfl 

leucine zipper interacts shongiy with other ODF proteins or sperm tail 

proteins. 

5.1.1 Isolation of Odn Interacting Proteins Using a Yeast Two-Hybrid 

Approach 

In order to search for Odfl interacting proteins, I used an N-terminal 

fragment of Odfl, containing the leucine zipper, as a bait to screen a rat 

testicular cDNA library in a yeast two-hybrid approach. The OdflNT was 

linked in frame to the GAL4 DNA-binding domain (DBD) in the pGBT9 

vector, which was tested first to be unable to activate transcription of the 

reporter genes by itself in yeast. A library of rat testis cDNA fragments were 

directionally linked to the GAL4 trawactivation domain (TAD) in the 

pGAD424 vector (pGAD424-rat testicular cDNA expression library). These two 

hybrids were co-expressed in the yeast strain HF7c that contains two reporter 

constructs, the HIS3 gene and the l a c 2  gene, both of which are under the 



control of GAL4 responsive elements, yet have different promoters. 

Transcriptional activation of the reporter genes is dependent on the 

interaction between the two hybrid proteins linked to GAL4 DBD and GAL4 

TAD individually. 

Of approximately 1 x lo6 yeast transformants screened, 65 clones were 

His'iacZ'. Segregants containing only pGAD424/cDNA plasmids were 

generated and tested for &galactosidase activity to eliminate further false 

positives. Three groups of clones were identified whose products strongly 

interact with OdflNT and were represented by clones 111-450, 55-800, and 69- 

1400, respectively. Their corresponding pGAD/cDNA plasmids, designated as 

pGAD/450, pGAD/800, and pGAD/1400, had cDNA inserts of approximately 

0.45 kb, 0.8 kb, and 1.4 kb respectively. The specificity of the interactions 

between each of the newly identified proteins and OdflNT in yeast were 

confirmed by retransforming each pGAD/cDNA plasmid back into the original 

yeast host strain HF7c by itself or with pGBT9, or pVA3 (encodes a p53-GAL4 

DBD hybrid protein), or pGBT9/0dflNT individually and testing their p- 

galactosidase activity. The results (summarized in Table 5.1) demonstrated 

that each of these pGAD/cDNA plasmids could not activate the transcription 

of the lac2 reporter gene by itself or with either pGBT9 or pVA3, and that each 

of these pGAD/cDNA plasmids could interact with OdflNT strongly and 

specifically. 



Table 5.1 Analysis of the specificity of the interactions between each of the 

newly identified proteins and OdflNT in yeast 

pGAD/450, pGAD/800 and pGAD/1400 were transformed alone or 

cotransformed with pGBT9, or pGBT/OdflNT-NT, or pVA3 into yeast strain 

HF7c. The lac2 reporter gene activity was determined as described in Materials 

and Methods and summarized in the Table. The lac2 activities of pGAD single 

transformants were included as negative controls. 



' pGBT9 encodes the GAL4 DNA binding domain (DBD). 

" pVA3 encodes a murine p53/GAL4 DBD hybrid protein. 

pGAD/1400 - - + - 

pGBT9' 

- 

- 

- 

pGBT/OdflNT 

- 

+ 

+ 

' cDNA tested 

. 
pGAD 

pGAD/450 

pGAD/SOO 

pVA3** 

- 

- 

- 

None 

- 

- 

- 



5.1.2 Verification of the Interactions Using an Independent Biochemical 

Method 

To verify the interactions between each of the newly identified proteins 

and OdflNT identified in the yeast two-hybrid system, I used an independent 

biochemical method, in oitro translation and immunoprecipitation. Since the 

three cDNA fragments likely do not have initiation codons at their 5' end, each 

cDNA insert was cloned into pBSATG (see Materials and Methods) which 

provides an in frame initiation codon for in v i t r o  translation, generating 

plasmids pBSATG/1400, pBS-ATG/800, and pBSATG/450. A previously 

established construct, PET/ RT7NT (Higgy et al., 1994), containing OdflNT i n 

frame fused to an S10 epitope tag, was used to express the epitope-tagged 

OdflNT. These plasmids were first in uitro translated individually in the 

presence of "S-Cysteine using the T N P  system and each translation mix was 

subsequently immunoprecipitated with T7 Tag antibody which recognizes the 

S10 epitope tag. As shown in Figure 5.1, the antibody could specifically 

recognize and efficiently immunoprecipi ta te the epitope-tagged Odf lNT (Fig. 

5.1, lane 9), whereas the in vi t ro  translation products of pBSATG/1400 (52 

kDa, 25 kDa), pBS-ATG/800 (33 kDa, 28 kDa), and pBSATG/450 (16.5 kDa) 

could not be recognized by T7 Tag antibody (Fig. 5.1, lanes 5, 6, and 7). The 

smaller proteins in the first two clones may arise from an internal initiation 

codon. Next, pBS-ATG/1400, pBSATG/800, and pBSATG/450 were 

cotranslated with pET/RT7NT and immunoprecipitated with T7 Tag antibody. 



Figure 5.1 In vitro interactions of each newly identified proteins with Odfl. 

pBSATG / 1400, pBSATG /BOO, pBSATG /45O and PET/ RT7NT clones were i n 

vitro translated individually and analyzed on SDSPAGE directly (lanes 2, 3, 4, 

and 8, respectively) or after immunoprecipitation with T7 Tag antibody (lanes 

5.6, 7, and 9, respectively). Only epitope tagged OdflNT was recognized by the 

antibody (lane 9). pBSATG/450, pBSATG/800, and pBSATG / 1400 each was 

next in vitro co-translated with pET/RTMT and analyzed directly (lanes 10, 11, 

and 12) or after immunoprecipitation with T7 Tag antibody (lanes 13, 14, and 

15) on SDS-PAGE. Lane 1 shows a negative control (no DNA added) of the i n  

uitro translation reaction in a T N T  system. 





The results show that the in vitro translation products of pBSATG/1400, pBS- 

ATG / 800, and pBS-ATG /4SO can associate efficiently with Odfl NT (Fig. 5.1, 

lanes 13, 14, and 15), confirming the results obtained from the yeast system. 

5.1.3 Genes 111-450, 55-800, and 69-1400 Are Only Expressed in Male G e m  

Cells 

Odfl is exclusively and abundantly transcribed in round spermatids while 

its translation is initiated in elongating spermatids. To determine whether the 

newly identified Odfl interacting proteins are testis-specific or even spermatid- 

specific, i.e., physiologically related to Odfl in spermatogenic cells, Northern 

blot analyses were camed out to examine their expression pattern in different 

mouse tissues, including kidney, ovary, liver, brain, lung, small intestine, 

spleen, thymus, and testis. The results showed that the transcripts of these 

genes were only detected in mouse testis but not in other tissues tested (Fig. 5.2, 

panel A). It indicates that these transcripts are derived from testis-specific 

genes. 

To further investigate whether these genes are expressed in haploid 

spermatids or spermatocytes, W A S  isolated from spermatids and 

spermatocytes were analyzed in Northern blot hybridization. The results 

showed that gene 111-450 was expressed in spermatocytes at a relatively low 

level, then accumulating at a significantly higher level in spermatids; gene 55- 

800 was exclusively expressed in spermatids; gene 69-1400 was transcribed first 



Figure 5.2 mRNA expression patterns of the three novel genes. 

A). The mRNA expression patterns of the genes 111-450, 55-800, and Spag5 

were investigated in various mouse tissues and organs by Northern blot 

hybridization using each of the inserts of pGAD/450, pGAD/800, and 

pGAD/1400 as probes, respectively: lane 1, kidney; lane 2, ovary; lane 3, liver; 

lane 4, brain; lane 5, lung; lane 6, small intestine; lane 7, spleen; lane 8, 

thymus; and lane 9, testis (top three panels). 8). RNAs isolated from purified 

fractions of pachytene spermatocytes (lane 3) and round spermatids (lane 2) by 

centrifugal elutriation of rat male germ cells were analyzed in Northern blot 

hybridization using the same probes (top three panels). Lanes 1 and 4 

contained RNA isolated from total testis and liver, respectively. Filters were 

stripped of probes and re-hybridized. A glyceraldehyde-3-phosphate 

dehydrogenase cDNA was used as a probe to confirm the integrity of the RNAs 

(bottom panels, GAPDH). 
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in spermatocytes, and its transcript was still detectable but at a lower level in 

spermatids (Fig. 5.2, panel, B). 

For gene 69-1400, it is not yet known whether its mRNA in spermatids is 

carryover of 69-1400 mRNA from spermatocytes or results from de n o iro low 

level transcription in spermatids. 

5.1.4 The Leucine Zipper of Odn Is Involved in the Interactions with Each of 

the Newly Identified Proteins 

The bait used in the yeast two-hybrid screening, the N terminus of Odfl, 

contains a leucine zipper motif. To determine whether the leucine zipper 

motif of Odfl is responsible for the interaction, I used three different Odfl N- 

terminal fragments: OdflNT (aa 1-147, bait), OdflNT100 (aa 1-loo), OdflNT35- 

147 (aa 35-147), in fusion with GAL4DBD, and tested their interactions 

individually with the GAL4 TAD constructs of 111-450, 55-800, and 69-1400 in 

yeast two-hybrid assays. The results (Fig. 5.3) show that the Odfl fragments 

containing the leucine zipper motif (OdflM and OdflNT100) interact with 

each of the novel proteins; in contrast, the Odfl fragment lacking the leucine 

zipper motif could not interact. These observations indicate that the leucine 

zipper motif of Odfl is involved in the interactions with each of these novel 
gr 

gene products. In addition, it suggests the presence of a functional leucine 

zipper in each of the three novel proteins. 



Figure 5.3 The Odfl leucine zipper is responsible for the interactions. 

To determine if the Odfl leucine zipper is involved in the interaction, 

pGBT/OdflNT, pGBT/OdflNTlOO and pGBT/OdflNTALZ, of which the insert 

contains a fragment of aa 1-147 (bait), aa 1-100, and aa 35-147 (which lacks the 

leucine zipper motif) of Odfl respectively, was individually cotransformed 

with pGAD/450, or pGAD/800, or pCAD/1400 into yeast strain HF7c. The 

cotransformants were grown on the LeuTrp- media and were next streaked on 

the LeuTrp'His' plates to test the interactions. 



Interaction 

pGBT/OdflNnoO+pGAD/450 
pGBT/Odf lNT+pGAD/450 
pGBT/OdflM35447+pGAD/450 

pGBT/OdflNTl00+pGAD/800 
pGBT/OdflNT+pGAD/800 
pGBT/OdflNT35-147+pGAD/800 

pGBT/OdflNTlOO+pGAD/ 1400 
pGBT/OdflNT+pGAD/1400 
pCBT/OdflNn5147+pGAD/ 1400 

HIS3 Activity 



5.1.5 Interactions between Odfl, 111-450,55-800, and 69-1400 Proteins 

Yeast two-hybrid assays were used to determine the interactions between 

one another among Odfl and its interacting proteins. The insert of pGAD/450, 

pGAD/800, pGAD/1400 was cloned in frame with the GAL4 DBD in pGBT9. 

Co-transformations were performed in various combinations as shown in Fig. 

5.4. The results show that the 11 1-450 peptide did not interact with the 55-800 

and the 69-1400 peptide or with itself, but only interacted with Odfl. However, 

the 55-800 and the 69-1400 peptide could self-interact and interact with each 

other in addition to their ability to interact with Odfl. 

5.2 Characterization of 111-450 Protein 

5.2.1 Isolation of 111-450 Full Length cDNA and Sequence Analysis 

Northern blot hybridization analyses revealed that there exist mu1 t ip le 

transcripts of gene 111-450, two major transcripts of 2.5 kb and 2.2 kb  detectable 

in both spermatocytes and spermatids and one minor of 1.6 kb detectable in 

spermatids only (see Fig. 5.2). To obtain full length cDNA of the major 

transcripts, the insert of pGAD/450 was used as a probe to screen the kgtll 

testicular cDNA library. The 5' end segment of the insert of the larger cDNA 

clones isolated from the library was subsequently used as a probe t o  screen the 

library again to obtain clones with yet larger inserts containing further 5' end 

sequences of the cDNA. Two of the largest cDNA clones obtained from library 

screens are EE, with an insert size of 2.1 kb, and E2E, with an insert size of 2.3 



Figure 5.4 Interactions between Odfl, Odf2, Spag4, and Spag5. 

Cotransformations were performed in combinations (as indicated in the 

figure) into yeast strain HF7c. The cotransformants were grown on LeuTrp- 

plates and were tested for the interaction by streaking on LeuTrp-His- plates. 





kb. To obtain the 5' end of the transcript, I used the 5' RACE (rapid 

amplification of cDNA ends) method to amplify and clone the 5' end of the 

cDNA. 

The nucleotide sequence of the full length cDNA (2.5 kb) of 111-450 

together with its deduced amino acid sequence is shown in Figure 5.5. The 

sequence of the insert of pGAD/450 was found to be homologous to two 

expression sequence tags (EST): one is MMTEST128, a mouse EST that is 

expressed in spermatocytes and spermatids (Yuan et al., 1995); the other is 

EST111685 that was isolated from PC 12 cells that were induced to neuronal 

differentiation by treatment with nerve growth factor (Lee et al., 1995). The 

111-450 sequence is also homologous to the RN1414 sequence in GenBank 

which was isolated from a sperrnatocyte phage cDNA library. The RN1414 

sequence (2202 bp) is similar but not identical to the 111-450 cDNA sequence 

(2468 bp). In particular, nucleotides 1-134 of RN1414 are not present in 111-450. 

In addition, the sequence of nucleotides 890-958 (in frame insert of 69 bp) 

present in RN1414 is absent from 111-450. The sequence variations probably 

arise from alternative splicing events, since our genomic sequence data 

demonstrated that the 135th nucleotide of RN1414 is the first nucleotide of an 

exon and that the 889th nucleotide of RN1414 is the last nucleotide of an exon 

while the 959th nucleotide of RN1414 is the first nucleotide of the following 

exon. 



Figure 5.5 Nucleotide sequence and deduced amino acid sequence of 111450. 

Full length nucleotide sequence of the 111450 cDNA is shown and the 

putative polyadenylation signal is underlined. The extent of the insert of 

pGAD/450 is indicated as italic and underlined. The predicted amino acid 

sequence contains two putative leucine zippers (underlined), of which the 

involved leucine residues are indicated as bold. Also indicated are the first 

upstream in frame stop codon (bold) and the first initiation codon (bold and 

underlined, see text). 



# 
1 6 1  tggcggcgcactcggcaccccgcaggtcgctcagcctctcctgtctccctccctcccactttggcaggacagttgctgtg 

5 6 1  ctcataagcgcgga ATG AAA GGG GAC ACC GIG AAT GTA CGG CGG AGT GTC CCG GPG AAA ACC 
1 - M K G D T V N V R R S V R V K T  

622 m G  AAT CCA CCT CAT TGC CI'G GAG ACA CCA CCA TCT TfZA GAA ZWG CTG GTC TCG GTG 

1 7 K N P P H C L E I T P P S S E K L V S V  

6 8 2  A% CGA TI'G AGT GAC Crr TCT ACA GAA GAC GAC GAT TCT GGT CAC TGT AAG A% AAC CGT 

3 7 M R L S D L S T E D D D S G H C K M N R  

7 4 2  TAC GAT AAG AAG ATT GAC AGT CTA ATG AAC GCG GTC GGT n;T CIY: AAA TCT GAG GPC A X  
5 7 Y D K K r D S L M N A V G C L K S E V K  

802 A m  CAG AAA GOT GAA CGC CAAATG GCC AAAAGG TTC CTG GAC- GAG AGG AAG GAA GAA GIG 

7 7 M Q K G E R Q M A K R F L E E R K E E L  

862 GAG G.9G GTA GCA CAT GAG CTT GCA GAG ACG GAG CAT GVi AAC ACA GTG CTC AGA CAC RAC 

9 7 E E V A H E L A E T E H E N T V L R H N  

922 ATC GAG CGC AW AAG GAG GAG AAL3 GAC TTC ACC ATG CTT CAA AAG AAA CAC CIT CAG CAG 
1 1 7 I E R I K E E K D F T M L Q K K H L Q Q  

982 GAG AAG GAA TGC Crc ATG TCC AAA CK; GK; GAG GCT GAA ATG GAT GGG GCG GCT GCT GCC 

1 3 7 E K E C L M S K L V E A E M D G A A A A  

LO42 AAA CAA GIT ATG GCC ITG AAG GAT ACC ATC GGG AAG CIY; AAA ACC GAG AAA CAG A- ACT 

1 5 7 K Q V M A L K D T I G K L K T E R Q M T  

1102 n;C ACC GAC A X  AAC ACC TTA ACG AGG CAG AAG GAA CTT CTC Cr(; CAG AAG CfG AGC ACC 

1 7 7 C T D I N T L T R Q K E L L L Q K L S T  

1162 TIT GAA GAG ACC AAC CGC ACC CTC CGA GAT CIY; TIY3 AGG GAG CAG CAC 'LY;C: AAA GAG GAT 
1 9 7 F E E T N R T L R D L L R E Q H C K E D  



1 2 2 2  TCC GAG AGA CTA ATG GAG CAA CAA GGT GCA TTA C ' K  AAA CGT CI'G GCA GAG GCC GFCC TCA 
2 1 7 S E R L M E Q Q G A L L K R L A E A D S  

1 2 8 2  GAG AAA GCG CGC: CIY; C-FG TTA CI'A CTG CAA GAC AAG GAC A X  (?&i GIY; GAA GAA CTC CTC 

2 3 7 E K A R L L L L L Q D K D K E V E E L L  

1342 CAG GAG ATA CAA TGT GAG AAG GCT CAA GCA AM; ACA GCG TCT GAL; CIT TCC AAG TCC ATG 

2 5 7 Q E Q C E K A Q A K T A S E L S K S M  

1 4 0 2  GAG TCC ATG CGG GGG CAT TIY; CAG GCA CAG CTT CGC TGC A&l GAG GCT GAG AAC AGC CGC 

2 7 7 E S M R G H L Q A Q L R C K Z A E N S R  

1 4 6 2  CrC; 'K;C A% CAG ATC AAG a T  TTA GAG CGC AGT GGG AAC CAG CAC AAG GCG GAA GTA GAG 
2 9 7 L C M Q I K N L E R S G N Q H K A E V E  

1 5 2 2  GCC ATC A% GAG CAG CTA AAG GiIA CIY; AAG CAA AAG GGA GAC CGA GAC AAA GAG AICC CIY; 

3 1 7 A I M E Q L K E L K Q K G D R D K E T L  

1 5 8 2  AAG AAG GCC ATC CGA GCC CAG AAG GAG CGA GCT GAG AAG AGT GAG GAG TAT K C  GAG ChG 
3 3 7 K K A I R A Q K E R A E K S E E Y A E Q  

1 6 4 2  CTA CAT GTG CAG Cr(; GCC GAC AAG GAC CTI' TAT GIT GCT GAA GCT TTA TCT ACT Cr(; G4G 
3 5 7 L H V Q L A D K D L Y V A E A L S T L E  

2 0 6 2  CGC GAG GAC IGlA GAG AAC AAG ATG CIT M GAC GAG A% A X  AAA GAA A X  

4 9 7 Q L E R C D K E N K M L K D E M N K E I  

2122 GAG GCG GCC CGT CGG CAG ?TC CAG TCA CAG ClG GCT GAC CTA CAA CAG CTG CCT GAC A x  
5 1 7 E A A R R Q F Q S Q L A D L Q Q L P P L  

2182 CTC AAG ATC ACG GAG GCC 3CAG CTG GCT GAG n;T CAA GAC CAG CIG CAG GGC TAC GAG AGG 
5 3 7 t K I T E A K L A E C O D O L O G Y E R  



2242 MG AAC ATC GAC CTC ACA GCC ATC ATT TCA GAC CIY; CGC AGC CGG GTA AGG a C  TCG CAG 

5 5 7 K N I D L T A I I S D L R S R V R D W Q  

2302 IWG GGA TCC CAC GAA CK; GCC CGA GCA GGG GCC CGC TI'A CCG AGA TGA gctgcacgccccccaa 

5 7 7 K G S H E L A R A G A R L P R .  

# the 5' end of E2E cDNA 

+ the 5' end of EE cDNA 



5.2.2 Analysis of the Open Reading Frame of 111-450 cDNA 

To determine the complete open reading frame of the1 11-450 transcript, 

we compared the in vitro translation products of the 2.1 kb EE cDNA with that 

of spermatid mRNA after immunoprecipitation with anti-450 antisera. As 

shown in Figure 5.6, panel A, the largest product of spermatid mRNA (lane 2) 

cornigrated with the largest product of 2.1 kb 111-450 cDNA (lane 1) and 

displayed an apparent molecular weight of 84 kDa on SDSPAGE. In addition, 

some of the smaller in oitro translation products of spermatid mRNA which 

can be recognized by anti-450 antisera comigrated with some of the smaller 

products of in o i t ro  translated 111-450 cDNA. They likely arise from 

utilization of internal translation start codons. This indicates that the 2.1 kb 

111-450 cDNA harbors the complete open reading frame of the 111-450 protein. 

However, in v i t ro  translation of the 2.3 kb 111-450 cDNA (panel B, lane 1) 

displayed a protein band with a molecular weight of approximately 87 kDa on 

SDS-PAGE. This can be explained by the presence of an in frame start (Met) 

codon in the upstream sequence of E2E cDNA (indicated in Fig. 5.5 as bold and 

underlined), and as a consequence the additional 47 amino acid residues 

(approximately 5 kDa). The smaller products of clone E2E (Fig. 5.6, panel B, 

lane 1) were identical to all the in v i t ro  translation products of 2.1 kb cDNA 

(Fig. 5.6, panel B, lane 2), but with significantly lower translational efficiency. 

These observations suggest (1) that the translation of 111-450 mRNA may be 

under translational repression, probably by the 5' UTR; and (2) that the first 



Figure 5.6 Immunoprecipitation of the in aitro translation products of 

spermatid mRNA and 111-450 cDNAs. 

A). The in uitro translation products of the 2.lkb 211-450 cDNA (lane 1) and 

spermatid mRNA (lane 2) were immunoprecipitated with anti-450 antisera, 

receptively, and analyzed on SDS-PAGE. 

B). The in nitro translation produds of the 2.3 kb 111-450 cDNA (lane 1) and 

the 2.lkb 111-450 cDNA (lane 2) were immunoprecipitated with anti-450 

antisera, receptively, and analyzed on SDSFAGE. 





initiation codon in the 2.3 kb E2E cDNA is not used efficiently for initiation of 

translation in spermatid mRNA in oitro (see Discussion). 

The 2.1 kb EE cDNA appears to contain the complete open reading frame 

of 111-450, which predicts a protein of 591 aa with molecular mass of 68.6 kDa. 

Sequence analysis revealed that there were two putative leucine zipper motifs 

(as indicated in Fig. 5.5, leucine zippers are underlined and the involved 

leucine residues are bold) located in the C-terminus of the protein, only one of 

which (the N-terminal one) was present in the original pGAD/450 clone 

isolated from the yeast two-hybrid screen (indicated as underlined in Fig. 5.5). 

5.2.3 The N-terminal Leucine Zipper of 111-450 Protein Mediates the 

Interaction with Odfl 

The interaction between Odfl and 111-450 protein depends on the 

presence of the Odfl leucine zipper, suggesting the presence and involvement 

of a leucine zipper in 111-450 protein. The original clone pGAD/450 isolated 

from the yeast two-hybrid screening contains the N-terminal putative leucine 

zipper motif of 111-450 protein. To find out whether this leucine zipper motif 

is responsible for the interaction, site-specific mutagenesis was performed to 

mutate each of the four involved Ieucine residues of 111-450 into a charged or 

polar amino acid residue as indicated in Figure 5.7. Next, the interaction 

between each of the leucine mutants and OdflNT was tested in a yeast two- 

hybrid assay. The results show that the replacement of each leucine residue 



Figure 5.7 The N-terminal leucine zipper of 111450 protein is involved in the 

interaction between 111-450 and Odfl. 

A) Each leucine residue in the putative leucine zipper of pGAD/450 was 

replaced by a charged amino acid residue as indicated using site-specific 

mutagenesis as described in Materials and methods. 

B) Each leucine mutant was individually cotransformed with pGBT9/0dftNT 

into yeast strain HF7c. The cotransfomants were grown on the LeuTrp' media 

and were next streaked on the LeuTrp-His- plates to test the interactions. 



Sitedirected Mutants 

Mu1 Mu2 Mu3 Mu4 
KDKGD&ELEI IV&NDRVTD& VNQQQS&EEK MREDRDSLVE 

D N D R 

RLHRQTAEYS AFKLEWERLK ASFAPMEDKL NQAHLEVQQL 

IDNYKSQVMK 



abrogated the interaction between 111-450 and OdflNT (Fig. 5.7), indicating that 

the leucine zipper of 111-450 is necessary for the interaction. 

5.2.4 Gene 11 1-450 Encodes an ODF Protein 

The 111-450 protein expression pattern in male germ cells was analyzed 

on both frozen testis sections and isolated epididymal spermatozoa by 

immunofluorescence using polyclonal antibodies raised against MBP-450 

fusion protein. W e  found that 111-450 protein was only detectable in tails of 

elongating spermatids but not in other cells in seminiferous tubules, including 

the pachytene spermatocytes even though the transcription of the gene already 

started in these cells (Fig. 5.8, panel B). The 111-450 protein was localized to 

both the midpiece and principal piece of the sperm tail (Fig. 5.8, panel E). The 

same sections and spermatozoa were also used to detect Odfl in order to 

compare the expression pattern of the 111-450 protein with that of Odfl. The 

results show that the 111-450 protein virtually colocalized with Oclfl (Fig. 5.8, 

panel C, F), suggesting that the 111-450 protein might localize to ODF. To 

investigate whether 111-450 protein localizes to ODF or to another sperm tail 

structure, imrnuno-electronmicroscopy (EM) was performed on cross-sections 

of rat spermatozoa at the midpiece, the principal piece and the endpiece as well 

as on longitudinal sections throughout sperm tails (in cooperation with Dr. 

Okofs laboratory) using our anti-450 antisera. The results show that 111-450 

protein was evenly distributed in the nine ODF in the midpiece and in the 



Figure 5.8 The 111-450 protein localizes to sperm tails by immunofluorescence 

analysis. 

Panels A-C: Frozen rat testis sections were incubated with anti-450 antisera (8)  

and anti-Odfl monoclonal antisera (C) and were detected using texas-red 

conjugated donkey anti-rabbit and fluorescein isothiocyanate (F1TC)- 

conjugated sheep anti-mouse mAb-Ig antibodies, respectively. Panel A shows a 

phase contrast image of the same section used in panels B and C. 

Magnification: x 25. 

Panels D-F: Isolated rat epididymal spermatozoa were analyzed by 

immunofluorescence as above. D: phase contrast image of the slide used for 

the analyses in panels E and F; E: 111-450 protein detection in sperm tail; F: 

Odfl protein detection in sperm tail. Magnification: x 40. 





seven ODF in the principal piece but undetectable in the FS or other major tail 

structures (Fig. 5.9). Therefore, gene 11 1-450 encodes an outer dense fiber 

protein. 

5.2.5 Gene 111-450 Encodes the Major 84 kDa Outer Dense Fiber Protein 

The in vitro translation products of a 2.1 kb 11 1-450 cDNA (EE clone) were 

immuno-precipita ted with anti-450 polyclonal antibodies and a ffini ty-puri fied 

anti-Odf2 antibodies (gft of Dr. Oko) individually. Similar experiments were 

performed with the in oitro translation products of 55-800 and 69-1400, as 

negative controls. The results show that the in vi t ro  translation products of 

the 2.1 kb 111-450 cDNA were recogruzed by both antibodies, the largest of 

which had an apparent molecular weight of 84 kDa on SDSPAGE (Fig. 5.10, 

lanes 4 and 7). However, the translation products of 55-800 and 69-1400 cDNAs 

were not recognized by either of the antibodies (lanes 5, 6, 8, and 9). These 

aobsewations indicate that gene 11 1-450 encodes the major 84 kDa outer dense 

fiber protein. We therefore call this gene odf2. In addition, Western blot 

analysis on isolated ODF proteins with both anti-450 polyclonal antibodies and 

affinity-purified anti-Odf2 antibodies showed that both antisera recognize the 

same ODF proteins (done in Dr. Oko's lab, data not shown, see Shao et al., 

1997), which strongly supports the above observation that gene 111-450 encodes 

Odf2. 



Figure 5.9 Analysis of 11140 protein distribution in sperm tails by immuno 

electron microscopy with anti450 antibodies. 

Panel a: Cross sections through mid-pieces and principal piece of tail were 

immunogold-labeled with anti450 antibodies. Note that the immunogold 

labeling is specific to outer dense fibers (odf). 

Panel b: Longitudinal section of the junction of the mid-piece and principal 

piece of the tail were immunogold-labeled with anti-450 antibodies. Only 

Outer dense fibers (odf) are labeled. 

odf, outer dense fibers; fs, fibrous sheath; ax, axoneme; m, mitochondria; an, 

annulus; smr, subrnitochondrial reticulum. Magnification: x 42,000. 





Figure 5.10 111-450 protein is recognized by anti-Odf2 antibody. 

The 2.1 kb 1 11-450 cDNA was in vit ro translated (lane 1) and the translation 

mix was either immunoprecipitated by anti-450 antisera (lane 4) or by affinity 

purified anti-Odf2 antibody (lane 7). 55-800 cDNA and Spag5 cDNA were also 

in nitro translated (lanes 2 and 3) and irnmunoprecipitated with either anti-450 

antisera of affinity purified anti-Odf2, however, neither of the translational 

products were recognized by the antibodies (lanes 5 ,6 ,  8,9) .  





52.6 Interaction between Odfl and 0df2 in Elongating Spermatids 

0df2 interacts strongly and specifically with Odfl through leucine zippers 

in yeast and in uitro. Moreover, both proteins colocalize to the sperm tail on 

ODF. It is thus very Likely that Odfl interacts with 0df2 at the time when these 

two proteins are synthesized in the cytoplasm of elongating spermatids. To 

test their interaction in uivo, extracts of late spermatids were immuno- 

precipitated with our anti-450 antisera and the precipitated complexes were 

analyzed for the presence of Odfl by Western blot assays using monoclonal 

anti-Odfl antibody. The results (Fig. 5.11) showed that Odfl was present in the 

immuno-precipitates of Odf2 (lane I), indicating that Odfl and OdE! interact in 

elongating spermatids during ODF assembly. The band at molecular weight of 

55-60 kDa is probably the immunoglobulin (Ig) heavy chain, since this band 

comigrates with the Ig heavy chain present on SDSPAGE (lane 2). 

5.2.7 Chromosome Mapping of Human odf2 Gene 

In order to correlate human male infertility cases with genetic defects in 

odf2 gene for future studies, we carried out mapping of humanodf2 gene. 

Human genomic clones were isolated from a h FIXTM II human genomic 

Library using rat Odf2 cDNA as a probe. One of these clones, hghl, contained a 

1.3 kb Pst I fragment, which hybridized to rat odfZ cDNA. This 1.3 kb fragment 

was subcloned and sequenced to determine exon-intron boundaries. As 

shown in Figure 5.12, sequence comparison of the exon-intron boundaries and 



Figure 5.11 Odfl and Odf2 interact in elongating spermatids. 

The extracts of late spermatids were immuno-precipitated with anti-450 

antisera and the precipitation mixture was analyzed on  SDSPAGE (lane 2, the 

gel was coomassie stained after transblotting) and was subjected to Western 

blot analysis using monoclonal anti-Odfl antibody (lane 1). 



Odfi + 

1 C ig heavy chain 



Figure 5.12 Nucleotide sequence of a human odfZ gene exon and exon-inhon 

boundaries. 

The nucleotide sequence of a human odf2 gene exon is compared with the 

corresponding rat Odf2 cDNA sequence. The 5' and 3' exon-intron boundaries 

are indicated. 



3' splice s i t e  
human odf2 gene CTTTGAAG(GATTCTGAAAGACTAATGGAGCAACAAGGAGCACT 
ra t  Odf2 cDNA GCAAAGAG GATTCCGAGAGACTAATGGAGCAACAAGGTGCATT 

human odf2 gene GCTGAAACGGCTGGCGGAGGCCGACTCAGAGAAAGCGIGTAACT 
ra t  Odf2 cDNA ACTGAAACGTCTGGCAGPPGGCCGACTCAGAGMUiGCG CGCCTG 

5' splice site 



the exon of the subclone with the corresponding rat odf2 cDNA sequence 

demonstrates a high degree of sequence similarity between rat and human 

odfZ genes. Interestingly, the genomic organization of this exon is identical to 

that of the mouse gene (data not shown), indicating evolutionary conservation 

of the genomic organization of at least this exon between mouse and human. 

To determine the chromosomal localization of the human odf2 gene, a 

20-kb insert of human genomic clone hgkl was labeled with digoxigenin-dUrP 

and hybridized to synchronized human lymphocyte metaphase spreads. The 

results show that the odfZ gene localized to chromosome 9q34. 

5.3 Characterization of Spag4 (55-800) Protein 

5.3.1 Isolation of Spag4 Full Length cDNA and Sequence Analysis 

Two transcripts were detected on the Northern blot probed with the 0.8 kb 

cDNA insert of pGAD/800, with sizes of approximately 1.5 kb and 2.0 kb (Fig. 

5.13). The corresponding gene was called spag4. The same probe was used to 

screen the ligtll testicular cDNA library to isolate full length cDNAs. Two 

cDNA clones were obtained with the insert sizes of approximately 0.85 kb, and 

1.5 kb and were named 800-A, and 800-F respectively. Further cDNA cloning 

was camed out using the 5' RACE method, however, no further sequences 

upstream of the 5' end of 800-F cDNA were obtained. When the 1.5 kb 

fragment of clone 800-F was used as a probe in Northern blot hybridization, the 

same two transcripts of 2.0 kb and 1.5 kb were detected (data not shown). It is 



Figure 5.13 Northern blot analysis of the 55-800 gene. 

RNA was isolated from purified fractions of pachytene spermatocytes (lane 3) 

and round spermatids (lane 4) and was subjected to Northern blot 

hybridization using the insert of pGAD/800 as a probe. Lanes 1 and 2 

contained RNA isolated from liver and total testis, respectively. 





possible that the 2.0 kb transcript is a relatively stable primary transcript of gene 

spng4 or h a t  it results from polyadenylation. The nucleotide sequence of the 

cDNA inserts of these clones was determined and the full Length 1.5 kb cDNA 

sequence together with its deduced amino add sequence are shown in Figure 

5.14. The 3' UTR is extremely short, thus unlikely involved in translational 

regulation. The open reading frame encodes a protein of 444 amino adds with 

a predicted molecular mass of 48.7 kDa. Sequence analysis of Spag4 protein 

shows that there are two putative leucine zippers separated by a short stretch of 

amino acids rich in proline residues, a spindle pole body associated protein, 

sad1 (spindle architecture disrupted) homology region (sadlHR), and a 

predicted coiled-coil region which encompasses the C-terminal leucine zipper 

present in the original isolated clone pGAD/BOO (indicated in Fig. 5.14). 

5.3.2 The C-terminal Putative Leucine Zipper of Spag4 Is Necessary for the 

Interaction between Spag4 and Odfl 

The involvement of the Odfl leucine zipper in the interaction between 

Spag4 and Odfl (see Fig. 5.3) implies that probably the putative leucine zipper 

in clone pGAD/800 (i-e., the C-terminal leucine zipper of Spag4) is functional. 

To address this possibility, a leucine zipper deletion mutant, pGAD/82-800 was 

constructed and tested for its interaction with OdflNT in a yeast two-hybrid 

assay. The results show that removal of the partial leucine zipper significantly 

diminished the interaction with Odf lNT (Fig. 5.15). Thus the C-terminal 



Figure 5.14 Nucleotide sequence and predicted amino acid sequence of spag4. 

The h l l  length nucleotide sequence of Spag4 cDNA is shown and the putative 

polyadenylation signal is underlined. The cDNA insert of the original isolated 

clone, pGAD/800, is indicated. The predicted amino acid sequence contains two 

Ieucine zippers (indicated as underlined), of which the C-terminal one is 

present in the pGAD/800 clone. The involved leucine and valine residues of 

the putative leucine zippers are indicated in bold. The predicted coiled-coil 

region is doubie-underlined and the sadlHR is indicated in italic and 

underlined. Also indicated is the first upstream in frame stop codon (bold). 



8 1  ccctgrggggtagcccaggtcagg A n ;  CGC CGG AAC CCC CGC CCA GGC TCG GCC GCA TCC TCC CAC 
1 M R R N P R P G S A A S S H  

1 4 7  AAT CAC ACA CCC M C  TK: TAC AGC GAG AAC AGC AAT AGT TCC CAC AGC GCG ACT TCG CGG 

1 5 N H T P N F Y S E N S N S S H S A T S G  

2 0 7  GAC AGC AAT GGG CGC CGG TCC GCT GGG CCG GAG CI'C GGG GAG CCC GAT GGC AGA ATG GCC 
3 5 D S N G R R S A G P E L G E P D G R M A  

2 6 7  CGG GGC TCC EiGc TGT GGf GAG Ctt GCC TTA AGC TCA GGA Gn; CCC GGA GGA GAC ACA 'i'GG 

5 5 R G S S C G E P A L S S G V P G G D T W  

3 2 7  GCA GGA AGC TCT CGG CCG AAG CPG GCG CCT CGG AGC CAC AAT GGG CAG ACC GCC TW' GGC 
7 5 A G S S R P K L A P R S H N G Q T A C G  

3 8 7  GCG GCA ACC GfY; AGG GGC GGG GCC ' K G  GEW CtG TCT GGG TCT C f f  GCA GTC TIC GAG GAA 

9 5 A A T V R G G A S E P S G S P A V L E E  

4 4 7  CAA CTC AAC ClT CIY: CCG ATA GIG GAT Cr(; AGc; CAG GAG ATG C f f  CCC CCG CCG GlX 'KC 
1 1 5 Q L N L L P I L D L R Q E M P P P P V S  

5 0 7  AAG AGC TIYl CIY; AGC CK: 'ITC 'ITT CAG GTG CI'C AGC GTG TTT TTA TCC TTG GTA GCC GAC 
1 3 5 K S F L S L F F Q V L S V F L S L V A D  

5 6 7  GGG Cr(; GTC 'KT GTG TAC AGG GAA ATC n;C TCC ATC CGC TTC CTG ?TC ACC GCT GTG TCG 
1 5 5 G L V C V Y R E I C S I R F L F T A V S  

867  TIC GK; CGC AAG CCT GAC TAT GCA TIG AGC TCT GTG GGA GCC TCC A X  GAC CI'G GAG AAG 
2 5 5 F V R K P D Y A L S S V G A S I D L E K  

9 2 7  ACA TCC AGT GAC TAC GAG GAC CGG AAT ACl' GCC TAC TPC TGG M C  CGA TTA AGC TTC 'K;G 

2 7 5 T S S D Y E D R N T A Y F W N R L S F W  

987 AAC TAC GCC CGC CCA CCC TCT GTC ATA TlG GAG CCA GAT GTG T'X CCT GGA AAT TGC 'KG 
~ ~ ~ N Y A R P P S V I L E P D V F P G N C K  



1 1 0 7  GAC A X  ACC Cr(; CAG CAC CCT CCA CCC ACT GIG GCA CAC ACC GGA GGA GCC AGC AGI' GCG 

3 3 5 Q I T L O H P P P T V A H T G G A S S A  

1167 CCC CGG GAC TIT GCA GlX TIT GGG C X  CAA GCT GAT GAT GAC GAG ACT GAA GIG TI'C TIC 
3 5 5 P R D F A V F G L Q D D D E T E V F L  

1227 GGA AAA TK: ATC TTI: GAA GIY; CAG AAA TCT GAA A'TT CAG ACT TK: CAC CTC CAG AAT GAC 
3 7 5 G K F I F E V Q K S E I Q T F H L Q N D  

1287 CCS CCA TCT CCC TTC CCC AAG GPG AAG ATT CAG AXi! TTA AGC AAC ?IGG GGC CAC CCA CGC 
~ ~ ~ F P S A F P K V K I Q ~  L S N W G H P R  

1347 ?TC ACA n;C ?TA TAT CGA GTC CGT GCC CAT GGT GTG CGG A'TT TCA GAG TCG GCA GAG GAT 
4 1 5 F T C L Y R V R A H G V R I S E S A E D  

1407 AAT GCC ATG GGZ GTC ACA GGG GGA CCC CAT T-atgctgatggttggagtagaaaaaaaaaaaaaaa 
4 3 5 N A M G V T G G P H *  

# The insert of pGAD/800 starts from this nucleotide to the 3' end of the full 
length cDNA. 



Figure 5.15 Leucine zippers mediate the interaction between Spag4 and Odfl. 

To determine if the Spag4 leucine zipper is involved in the interaction, 

pGBT/OdflNT was used to cotransform with pGAD/82-800 (lacking part of the 

leucine zipper). The cotransformants were grown on LeuTrp- plates and were 

tested for the interaction by streaking on LeuTrp-His- plates. The 

cotransformation of pGBT/OdflM, and pGBT/OdflNTALZ individually with 

pGAD/800 was also included as a positive and a negative control for the 

interaction, respectively. 





leucine zipper of Spag  protein is involved in the interaction with the Odfl 

leucine zipper. 

To determine whether this Spag4 leucine zipper is necessary and 

sufficient for the interaction between Spa@ and Odfl, I constructed a series of 

fragments, on the basis of the 800 bp insert of pGAD/800 ('BOO'), fused to the 

GAL4 transactivation domain and subsequently tested their ability to interact 

with OdflNT (Fig. 5.16, summarized in Fig. 5.17). The results confirmed that 

the Spag4 C-terminal leucine zipper is necessary for the interaction with Odfl 

leucine zipper, since partial or complete removal of the leucine zipper 

(pGAD/82-800, pGAD/82-494, pGAD/82-218, pGAD /A82-218, pGAD/ 134-800) 

greatly reduced or abolished the interaction with Odfl. However, this leucine 

zipper is not sufficient for the interaction, as pGAD/1-218 containing an intact 

leucine zipper motif does not interact with OdflNT, an observation similar to 

the self-association of Odfl (Shao et al., 1996). This suggests that probably the 

flanking sequence C-terminal to the putative leucine zipper may play an 

indirect structural role in the interaction. Interestingly, deletion of the sadlHR 

reduced the interaction between Spag4 and Odfl significantly, which indicates 

that the sadlHR participate in the interaction. 

5.3.3 Spag4 Self-Interaction Involves Multiple Domains 

Interestingly, Spag4 was also found to interact with itself (Fig. 5.4). To 

determine the self-interaction domain(s) of Spag4 protein, I used the same set 



Figure 5.16 The Spag4 leucine zipper is not sufficient for the interaction 

between Spag4 and Odfl. 

Various pGAD/800 deletion mutants (as indicated in Fig. 5.17) were used to 

determine the regions involved in the interaction with Odfl. These mutants 

were individually cotransformed with pGBT/OdflNT into yeast strain HF7c. 

The cotransformants were grown on LeuTrp* plates and were tested for the 

interaction by streaking on LeuTrp'His* plates. The results were also 

summarized in Fig. 5.17. 





Figure 5.17 Summary of the interactions between Spag4 and Odfl and Spag4 

self-interaction. 

The various '800' fragments were cloned into pGAD in frame linked to GAL4 

transactivation domain. The locations of the leucine zipper and the sadlHR 

(sad1 homology region) are indicated on the '800' portion of the Spag4 

fragments. The efficiency of the interaction is estimated on the relative 

numbers of the yeast colonies as shown in Fig. 5.16 and Fig. 5.18. 





of Spag4 fragments as used for the analysis of the interaction between Spa@ 

and Odfl (summarized in Figure 5.17) and examined their interaction with the 

'800' portion of S p a g  protein. The results show (Fig. 5.18, summarized in Fig. 

5.17) that the Spag4 C-terminal leucine zipper was not directly involved in the 

self-association: mutant pGAD/A82-218, containing only the N-terminal half 

of the leucine zipper, completely lost the ability to bind Odfl, but can efficiently 

self-associate with Spag4. The fragment of pGAD/l-494 interacts with '800' as 

strongly as the full length '800' self-interaction, indicating that the fragment 

downstream of it (i.e., nucleotides 494-800) had no effect on self-interaction. 

Furthermore, deletion of sadlHR (pGAD/AsadlHR) had little effect on the 

interaction. However, further deletion from the C-terminal end (pGAD/l-218) 

significantly interfered with the self-interaction. Deletions from the N- 

terminus of '800' significantly reduced the self-interaction, as shown either in 

the case of pGAD/82-800 with partial deletion of the leucine zipper motif or in 

the case of pGAD/134-800 with complete deletion of the leucine zipper motif. 

These observations suggest that two regions in Spag4 are crucial to the self- 

interaction: 1) the N-terminal 28-aa fragment (nucleotides 1-82); and 2) the 37- 

aa fragment 28-aa C-terminal to the leucine zipper (nucleotides 218-328). These 

observations indicate that although the leucine zipper and the sadlHR are 

necessary for the efficient interaction between Spag4 and Odfl, they are not 

likely to play a role in the self-interaction of Spag4. 



Figure 5.18 Domains involved in Spag4 self-interaction. 

Spag4 deletion mutants (indicated in Fig. 5.17) were constructed as described in 

Materials and Methods using the '800' portion. Each of the mutants was 

cotransformed with pGAD/800 into yeast strain. The cotransfomants were 

grown on LeuTrp- plates and the interactions were tested by streaking on Leu- 

Trp-His- plates. 





5.3.4 Gene spag4 Encodes a 49 kDa Spermatid Protein 

To determine the complete open reading frame of Spag4 protein, I 

analyzed the in vitro translation products of different fragments of Spa@ 

cDNA ('800t, 800-A, and 800-F) after immunoprecipitation using anti-800 

antisera raised against MBP-800 fusion protein. As shown in Figure 5.19, the 

largest product of 800-F migrated on SDSPAGE at an apparent inolecutar 

weight of 49 kDa (lane 2), identical to the predicted molecular weight. As 

expected, the largest product of '800' had an apparent molecular weight of 30 

kDa (lane 1). Smaller products may arise from utilization of internal 

translation start codons. To determine the protein products encoded by spag4 

in spermatids, mRNA from spermatids was in uifro translated in a reticulocyte 

lysate system and was subsequently immunoprecipi ta ted by anti-800 a n  tisera. 

As shown in Fig. 5.19, anti-800 antisera recognized a spermatid protein with an 

apparent molecular weight of 49 kDa (lane 3), identical to that of the largest i n  

ilitro translation product of the 800-F clone. Thus, Spag4 encodes a 49 kDa 

spermatid protein. 

5.3.5 Spag4 Binds to Microtubules in Elongating Spermatids 

Affinity-purified anti-800 antibodies were used in immunoc ytochemistry 

to analyze the Spag4 protein expression pattern in male germ cells using rat 

testis sections (collaboration with Dr. Oko). As shown in Figure 5.20, the Spag4 

protein was first detectable in step 10 spermatids (stage X) and localized to the 



Figure 5.19 In oitro translation of the gene spag4. 

Spag4 cDNA clones (55-800 and 800-F) and spermatid mRNA were in vit ro 

translated using either the TNT@ system or the reticulocyte lysate system as 

indicated in the text. Each of the in vitro translation mix, was 

immunoprecipitated by anti-BOO antisera and analyzed on SDSPAGE: as 

shown in lane 1 (55-800), lane 2 (800-F), and lane 3 (spermatid mRNA), 

respectively. 





Figure 5.20 Spag4 localizes to spennatid manchette and tail. 

Light micrographs were shown on seminiferous tubules in different stages of 

the cycle of the rat seminiferous epithelium immunoperoxidase-stained with 

affini ty-purified anti-800 antiserum. Immunoperoxidase reactivity are 

detectable over the rnanchette (panel A, stages X-XI, arrowheads), tails of 

spermatids (panel A, stages II-llI; panel B, stage VLI), and tails of epididymal 

sperm (panel C). 





manchette, a transient structure consisting of microtubules that encircle the 

condensing nucleus (panel A, arrowheads). Irnmuno reactivity of Spag4 was 

detectable in the developing spermatid tails at later stages of spermatids (step 

16-17, panel A; step 18-19, panel B) and remained associated with sperm tails i n 

epididymal sections (panel C). Spa@ protein was observed in both the 

midpiece and principal piece of tails of elongating spermatids, suggesting that 

it associates with structures common to both regions, which include ODF and 

the axoneme, but not the FS. 

Immunogold-electronmicroscopy was performed on rat testis sections 

using affinity-purified anti-800 antibodies to analyze which component of 

manchette and which structure in the sperm tail contained Spag4 protein 

(collaboration with Dr. Oko). The results revealed that Spag4 was first 

detectable in association with both the manchette and axoneme in step 9-10 

spermatids (Figure 5.21). Panel A shows that Spag4 was detectable on  

manchette microtubules (arrows) surrounding the periaxonemal 

compartment and on the axoneme (arrowheads). Spag4 was clearly detectable 

on manchette microtubules of step 12 spermatids (panel B), at which stage the 

apical part of the nucleus is condensed and the manchette is attached to the 

nuclear ring. These observations indicate that Spag4 associates with 

microtubules of the manchette mantle. At later stages of spermatid 

development, e.g., in step 15 spermatids, Spag4 reactivity was dearly detectable 

on the axoneme, but not on ODF, the FS or mitochondria (panel C). Therefore, 



Figure 5.21 Spag4 is associated with miaotubules. 

Spag4 protein expression pattern was analyzed on sections of rat testis by 

immunogold electron microscopy using affinity-purified anti-800 antisera. 

Panel A shows immunoreactivity over microtubules of the manchette mantle 

surrounding the periaxonemal compartment in step 10 spermatids (arrows). 

Spag4 reactivity is also detected over the axoneme at this stage (arrowheads). 

Panel B shows Spag4 reactivity over the manchette in step 12 spermatids (inset 

shows an enlarged view of a part of the rnanchette). Panel C shows Spag4 

reactivity over the axonemal microtubules (arrows). No reactivity was 

detected over mitochondria and annulus (arrowheads). The inset shows a n  

enlarged area of the forming midpiece in which the labeling is not associated 

with the electron dense ODF, but exclusively with the axoneme. 







Spag4 is associated with microtubules throughout spermiogenesis and may be 

a microtubule-binding protein, a result which was also suggested by the 

presence of the sadlHR (see Discussion). 

5.3.6 Spag4 interacts with Odfl in Spermatids 

Spag4 interacts strongly and specifically with OdfI via their leucine 

zippers both in yeast and in vitro. Like Odfl, Spag4 is transcribed exclusively 

in round spermatids and translated in elongating spermatids. A portion of 

Odfl, but not OdfZ, is localized to the inner medulla region where ODF 

associate with axonemal microtubule doublets (Schalles et nl. ,  1998). This 

makes it possible that Odfl interacts with Spag4, the latter of which is localized 

to the axonemal microtubules. To examine whether Spag4 interacts with Odfl 

in elongating spermatids, extracts of late spermatids were first immuno- 

precipitated with anti-800 antisera and precipitates were analyzed for the 

presence of Odfl by Western blot with monoclonal anti-Odfl antibody. As 

shown in Figure 5.22, the 27 kDa Odfl protein was detectable in the 

immunoprecipitated complex of anti-800 (lane 2). Similarly in the reverse 

experiments, Spag4 protein was detectable on the Western blot of complexes 

immunoprecipitated using monoclonal anti-Odfl antibody (Fig. 5.22, lane 3). 

The band at molecular weight of 55-60 kDa in lane 1 and lane 2 is probably the 

immunoglobulin (Ig) heavy chain, as this band comigrates with the Ig heavy 

chain on SDSPAGE (lane 4 and 5). The bands at molecular weights of 



Figure 5.22 Spag4 and Odfl interact in spennatids. 

The extracts of rat late spermatids were immuno-precipitated with anti-450 and 

anti-800 antisera individually and each precipitation mixture were analyzed on 

SDSPAGE (lane 4 and 5, the gel was coomassie stained after transblotting) and 

subjected to Western blot analysis using monoclonal anti-Odfl antibody (lanes 

1 and 2). In another experiment, the extracts of late rat spermatids were 

immuno-precipitated with monoclonal anti-Odfl antibody and the 

immunoprecipita tes were analyzed on SDSPAGE (lane 6) and next subjected 

to Western blot analysis using anti-800 antisera (lane 3). 





approximately 55 kDa and 25 kDa in lane 3 may result from detection of the Ig 

heavy chain and light chain, respectively (lane 6). These observations support 

the idea that Spag4 interacts with Odfl in the cytoplasm of elongating 

spermatids during which time the two proteins are synthesized and assembled 

onto the sperm axoneme. Only very low amounts of Odfl were detected on  

Western blots compared to those of Odfl present in anti-450 

immunoprecipitated complexes (Fig. 5.22, lane 1). This may imply that only a 

small fraction of Odfl interacts with Spag4 in elongating spermatids. 

5.4 Characterization of Spag5 (69-1400) Protein 

5.4.1 Sequence Analysis of a spag5 cDNA Clone 

The insert of pGAD/1400 was digested into several small pieces with 

appropriate restriction enzymes and subcloned into pBSIIKS+ in order to 

determine the complete nucleotide sequence. Figure 5.23 shows the nucleotide 

sequence and the deduced amino acid sequence of the 1400 fragment, which 

contains the C-terminal part of the complete open reading frame. We have 

not yet found any sequence significantly homologous to the partial 69-1400 

cDNA sequence in GenBank database search. The partial open reading frame 

of spng5 cDNA encodes a 397-aa polypeptide segment with a predicted 

molecular weight of approximately 48.6 kDa, which is in agreement with our 

in nitro translation data (Fig 5.1, lane 2). Sequence analysis indicated that there 

were two putative leucine zippers (Fig. 5.23, leucine zippers are underlined; 



Figure 5.23 Nucleotide sequence and predicted amino acid sequence of spag5. 

The partial nucleotide sequence of spag5 c D N k  is shown and the putative 

polyadenylation signal is underlined. The predicted amino acid sequence 

contains two putative leucine zippers (underlined), of which the involved 

leucine and valine residues are indicated as bold. 



1 GAC CrPu AGG GAG ACC ATG GAG TIlT GTA GAT GAA GAG AGT C N i  GIT GCT C X  CIY; GAG C1Y3 

1 D L R E T M E F V D E E S Q V A H L E L  

6 1  GGC CAG ATC GAG AGT CAG TK; AAA GCC ACA CTA GAA GIT CTG CGG GAG CGC AGC Crc; CAG 

2 1 G Q I E S Q L K A T L E V L R E R S L Q  

1 2 1  TGT GAG ACC CrC AAG GAC ACC G ' X  GAG AGC CPG AGG GCA GAG W GCC AGC ACC GAA GCA 

4 1 C E T L K D T V E S L R A E L A S T E A  

2 4 1  GCG GAG CAG CL'A CAG AGT CTC ACC CI'C ?TC TTA GAG GCT N i A  CTA GAG GAG AAC AAG GCA 

8 l A E Q L Q S L T L F L E A K L E N K A  

3 0 1  GAA TCA GAC ATC A m  Crc; CCC AGC ACA GGC 'ET GCT CCA GCC CAG GAA CAC CCT CCT TCC 

1 0 1 E S D X I L P S T G C A P A Q E H P P S  

3 6 1  kGT GAT AGC 2CC GTC TCA GAA CAG ATC CCG ACA GCA GIG GTA GAT GAA GTG CCA M CCA 

1 2 1 S D S S V S E Q I P T A V V D E V P E P  

4 2 1  GCT CCT GK; CCA TK; CIT GGA AGT GLT AAG AGT GCT 'ITC ACC CGC GTA K C  TCA ACA GCT 

1 4 1 A P V P L L G S V K S A F T R V P . S T A  

4 8 1  CCC 'FIT CGG CCT ACA GAG ACC CCA GCC CM; GAG AAG AGC CPG GCA GAA ATG AGT GCT GIY; 

1 6 1 P F R P T E T P A L E K S L A E M S A V  

5 4 1  I T A  CAG GAG CFI'W CGC CPC TGT GCC CIC Cr(; CAA GAA TCT IWA GAG GAA GCC GTT GGT 

1 8 l L Q E L Q R L C A L L Q E S K E E A V G  

6 0 1  GTC CI'G CAG AGG GAA ATC TGT GAA CIY; CAC ACA AGA CTA CAG GCC CAA GAA GAA GAA CAT 
2 0 1 V L Q R E I C E L H T R L Q A Q  E E E H  

661 CAG GAA GCC CAA AAG GCA AAG GAA GCA GAC ATA GAG AAG TIY; A X  CAG GCC TPG TGC ?TG 

2 2 1 Q E A Q K A K E A D I E K L N Q A L C L  

7 2 1  CGC CAC AAG AAT GAG AAG GAA CI'C CIY; GAA GIU; ATA CAG AAG CAG AAC GkA AAG ATC Cr(; 

2 4 1 R H K N E K E L L E V I Q K Q N E K I L  

7 8 1  GGG CAG ATA GAC ACG AGT GGC CAG CTC ATA AAC CTC AGG GAG GAG GIY; ACC CAG CTT ACA 

2 6 1 G Q I D T S G Q L I N L R E E V T Q L T  

841 CGT l T A  CTI'CGG CGG GCA GAG ACA GAG ACT AAA GTG CTC CAG GAA GCC CK; GAA GGC CAG 

2 8 1 R L L R R A E T E T K V L Q E A L E G Q  

9 0 1  GTA GAT CCC AGC TC;T CAG CK; ATG GCT ACT AAC TGG ATC GG GAA GTG TIT CKI TCG 
3 0 1 V D P S C Q L M A T N W Q E P V F L S  



1021 ATG GAC AAG TAT CPS AGC CAT AGG CAC ATC CTG GAG GAG AAT CIT CGG CGC TCT GAC ACA 

3 4 1 M D Y L S H R H I L E E N L R R S D T  

1081 GAG TTA AAG AAA CM' GAT GAC ACA ATT CAG CAT ATC TAT GAG ACT CIY; TIY; TCT ATC CtA 
3 6 i F L K K L D D T I H I Y E T L L $ L P  

1141 GAG GTA GTG AAG AGT lGC AAG GAG CTA CAA GGA TK; CTA GAA TIT CIY; AGC TAP- gaaagaag 

3 8 1 E V V K S C K E L Q G L L E F L S *  

1363  t a t c c c a a t a a t a a a c c a a t t g g c a t g g a g c c g a c t a t g t a  



involved leucine, isoleucine and v a h e  residues are bold) in the C-terminal 

portion of the molecule, one of which may be crucial for the interaction 

between 69-1400 protein and Odfl (see below). 

5.4.2 The Interaction of SpagS with Odfl Is Partially Mediated by the Spag5 C- 

terminal Leucine Zipper 

The Odfl leucine zipper is responsible for the interaction between Odfl 

and 69-1400 protein (see Fig. 5.3), suggesting that one of the two putative 

leucine zippers in the novel protein is responsible for the interaction. To 

determine whether the putative leucine zippers is responsible for the 

interaction with Odfl, deletion mutants of 1400 fragment were constructed and 

tested for interaction with OdflNT in a yeast two-hybrid assay. The results are 

shown in Figure 5.24. The N-terminal 311-aa region (pGAD/l-935) which lacks 

the putative leucine zippers, did not interact with OdflNT. The C-terminal 

196-aa fragment (pGAD/604-1458, aa 202-397), which contains both putative 

leucine zippers, interacted efficiently with OdflNT. Interestingly, the 84-aa C- 

terminal fragment (pGAD/935-1355, aa 312-397) which contains both putative 

leucine zippers only interacted weakly with Odf 1 NT compared to the 

interaction between the C-terminal 196-aa fragment and OdflNT. 

To determine which one of the putative leucine zippers is involved in 

the observed interaction, either the N-terminal or the C-terminal putative 

leucine zipper was deleted from the C-terminal 196-aa fragment and the 



Figure 5.24 The C-terminal leucine zipper is involved in the interaction 

between Spa@ protein and Odfl. 

A) Schema tic representation of 69-1400 deletion mutants. The 69-1100 deletion 

mutants were constructed as described in Materials and Methods. Indicated are 

the location of two putative leucine zippers and the stop codon and the 

numbers indicated are of nucieotide. B) Each of the mutants was 

cotransformed with pGBT/OdflNT into yeast strain HF7c. The 

cotransfomants were grown on LeuTrp- plates and the interactions were 

tested by streaking on LeuTrpAHis' plates. 



Stop codon(1192) 



interactions between each of the leucine zipper deletion mutant and OdflNT 

was tested in yeast. The results shown in Figure 5.24 demonstrate that the N- 

terminal leucine zipper was dispensable and only the C-terminal leucine 

zipper was involved in the interaction with the Odfl leucine zipper. Together, 

our results suggest that the C-terminal leucine zipper is necessary but not 

sufficient for the interaction and that sequences in front of the first leucine 

zipper are also required for the strong interaction between the 69-1400 protein 

and Odfl, an observation which is similar to those found for the interaction of 

Odfl and Spag4, and for the self-interaction of Odfl mediated by its leucine 

zipper. 

5.4.3 Gene spng5 Encodes a Protein that Localizes to Both the Acrosome in 

Sperm Heads and the Principal Piece in Sperm Tails 

The Spa@ protein expression pattern in male germ cells in rat 

seminiferous tubules was analyzed by immunocytochemistry on frozen testis 

sections using antisera raised against MBP-1400 fusion protein. Pre-immune 

sera were used on these sections as negative controls. The results are shown in 

Figure 5.25. Spag5 was first detected in early spermatids but not i n  

spermatocytes and it was associated with the proacrosomal vesicles (panel A, 

stage I). Panel B (stage XI) shows that Spag5 was detected in association with 

the acrosome granule and cap in elongated spermatids and that it also localized 

to the principal piece of sperm tail. Panel C (stage W) clearly shows that Spag5 



Figure 5.25 Protein expression pattern of Spag5 on rat seminiferous tubules ty 

immunocytochemistry. 

Light micrographs show immunoperoxidase staining on sections of 

seminiferous tubules in different stages of the cycle of the rat seminiferous 

epithelium with anti-1400 antiserum. (A) Immunoperoxidase reactivity is 

detectable in early spermatids associated with the acrosome vesicles (stage I, 

arrows). (B) Immuno-reactivity is detectable in association with the acrosome 

granule and cap (arrows) in elongated spermatids (stage XI) and in the 

principal piece of sperm tail (arrow head). (C) Immuno-reactivity is clearly 

detected on the principal piece but not the rnidpiece (arrow head, stage W). 









was detected on the principal piece but not on the midpiece in the tail. These 

observations indicate that Spag5 is assoaated with both the developing 

acrosome and the developing principal piece. 

However, the specificity of the antisera needs to be confirmed. This can 

be done by incubating anti MBP-1400 antisera with excess amount of MBP-1400 

hlsion protein which is immobilized on the amylose beads. The supernatant 

containing the remaining antisera will be used in immunocyto&emistry and 

should not be reactive with Spag5 on either the acrosome or the tail. Further 

experiments will be done using IEM to confirm the observed results and to 

analyze which substructure in the acrosome and in the principal piece contains 

Spag5. 

5.5 Construction of a Mouse odfZ Gene Knockout Vector-Functional Studies 

of ODF Proteins in Sperm Tail Structure Integrity, Sperm Motility and Fertility 

Mouse genomic clones of odf2 were isolated from the mouse 129 genomic 

library (Stratagene) using rat 0df2 cDNA as probes. These genomic clones were 

first analyzed by restriction mapping and Southern blot hybridization. 

Restriction fragments that could hybridize to cDNA probes were next 

subcloned and regions of interest were sequenced to determine the exon- 

intron boundaries. An &kb genomic restriction fragment with a 5' Not I end 

and a 3' Barn HI end (called gMNB8) of the genomic clone gh8 was used to 

construct the targeted gene knockout vector. This fragment harbors in the 



middle an exon of 131 bp (corresponding to nucleotides 1088-1218 in the 

sequence of rat odf2 cDNA) and contains sufficient and almost equal o d f 2  

sequences on both sides to efficiently support homologous recombination after 

hansfection of the final targeting vector into ES (embryonic stem) cells. This 

exon is downstream of the translation initiation codon and upstream of the 

Odf2 leucine zipper that binds Odfl. As positive selection marker, a loxP-Neo- 

loxP cassette, which was released from the pKTlLoxA vector as a 1.2 kb BgZ II 

fragment, was inserted into the unique Bgl II site in the above mentioned 

exon. The lo*-neo cassette was inserted in the sense orientation resulting in 

an in-frame stop codon with respect to the odf2 open reading frame. In 

addition, upon removal of the N e o  resistance gene by CRE recombinase, the 

remaining loxP sequence in the genomic DNA still disrupts the Odf2 open 

reading frame because of the in-frame stop codon. Next, the genomic fragment 

with the loxP-neo cassette inserted was released as a 9.2 kb fragment with Not  I 

and Barn HI ends, made blunt-end using T4 DNA polymerase, and ligated with 

Xho I adapters. The adapter-Ligated fragment was gel purified and ligated with 

12TK arms which had been digested with Xho  I, and the ligation mix was i n  

v i t ro  packaged. The resulting phage (Fig. 5.26) contains two Herpes simplex 

virus TK genes in the arms flanking the modified odf2 genomic fragment 

which will be used as negative selection marker to ensure selection of ES cells 

that underwent homologous recombination. 



Figure 5.26 Construction of a targeted odfZ gene knockout vector. 

An 8-kb genomic restriction fragment with 5' Not I end and 3' Barn HI end 

was used to construct the targeted odfZ gene knockout vector. An 1.2 kb BgZ lI 

fragment of 1oxP-Neo-loxP cassette (used as the positive selection marker) was 

inserted in sense orientation into the unique Bgl 11 site in the exon harboring a 

Bgl li site (exon is indicated as filled box). Next, the genomic fragment with 

loxP-neo inserted was released as a 9.2 kb fragment with Not I and Barn HI 

ends, made blunt-ended using T4 DNA polymerase (Pharmacia), and Ligated 

with Xho I adapter. The adapter-ligated fragment was gel purified and ligated 

with 12TK arms which was digested with Xho I, and the ligation mix was i n  

vitro packaged using in vitro packaging extract (Life Technologies). 





CHAFER VI: DISCUSSION 



Outer dense fibers and the fibrous sheath are the most prominent and 

unique cytoskeletal structures surrounding the central axoneme i n 

mammalian sperm tails. These structures are assembled in elongating 

spermatids during the time when round spermatids differentiate into mature 

spermatozoa. Consistent with their assembly, many of the protein 

components of ODF and the FS are expressed in elongating spermatids (Oko 

and Clermont, 1989). These proteins are probably derived from testis-specific 

genes that are transcribed either in round spermatids or in meiotic stages. 

Although the structures of ODF and the FS have been known for decades and 

their formation has been well described at the morphological and cytological 

levels, little is known about their molecular constituents except for the size of 

several major and minor polypeptides and amino add composition of the 

major ones. Very little is known about the molecular mechanisms underlying 

the morphogenesis of these structures. Immunocytochemistry has revealed 

that major ODF proteins are first synthesized in the cytoplasm of step 8-9 

spermatids and aggregated into a coarse granular texture (granulated bodies) 

(Oko and Clermont, 1989; Clermont et al., 1990) which are thought to be the 

storage site of ODF proteins before their assembly onto sperm tails. It can be 

speculated that ODF proteins might interact with one another in the 

granulated bodies immediately after their synthesis and that the aggregated 

complexes of ODF proteins are later localized to and assembled onto sperm 



tails and finally accumulate into mature and highly insoluble ODF structure 

surrounding the axoneme. The functional roles of ODF in sperm tails are 

unclear, however, their structure integrity is believed to be important for 

sperm motility during physiological processes. In this study, with the 

identification of additional structural proteins, the protein-protein interactions 

in sperm tails, and the involved modular interaction domains, we begin to 

understand the molecular interactions underlying the mechanisms of ODF 

and sperm tail morphogenesis. We have identified three testis-specific genes 

whose products strongly and specifically interact with Odfl through the 

leucine zippers: (1) the odfZ gene, encoding the major 84 kDa outer dense fiber 

protein; (2) the novel spag4 gene, probably encoding a microtubule-binding 

protein; (3) the novel spag5 gene, encoding a protein which may be associated 

with both the sperm acrosome formation and tail formation. 

6.1 0df2 Is a Component of Both the Medulla and the Cortex of ODF 

Gene 11 1-450 encodes OdQ: we have cloned and identified a gene (1 11-450) 

encoding Odf2, the 84 kDa major ODF protein. This conclusion is based on 

several observations. First, immunofluorescence using anti-450 antibodies 

localized the 111-450 protein to the midpiece and principal piece of sperm tail 

in both the frozen testis sections and isolated individual epididymal sperm, 

suggesting it is a component of either ODF or the axoneme. Second, immuno 

electron-microscopy (EM) with anti-450 antibodies localized Odf2 to nine 



outer dense fibers in the midpiece and seven outer dense fibers in the principal 

piece but not in other structures such as the FS, the mitochondria sheath and 

the axoneme. Third, the in v i t r o  translation products of 2.1 kb 111-450 cDNA 

displayed an identical immunoprecipita tion pattern after precipitation with 

the anti-450 antisera compared to that with the affinity-purified anti-0df2 

antibody, the largest protein of which in both cases migrated at an apparent 

molecular mass of approximately 84 kDa on SDSPAGE. Fourth, both the 

above antibodies recognized identical proteins on the isolated outer dense fiber 

proteins in Western blot analysis, the largest one of which migrated at a 

molecular mass of 84 kDa (Shao et al., 1997). 

The largest product of in v i t r o  translation of the 2.1 kb EE cDNA 

comigrated with the largest product of spermatid mRNA in 

immunoprecipitation using the anti-450 antisera and displayed an apparent 

molecular weight of 84 kDa on SDSPAGE. However, the largest product of i n  

vitro translation of the 2.3 kb 111-450 cDNA displayed a molecular weight of 

approximately 87 kDa on SDSPAGE. Our observations in ui tro  suggests that 

the 2.1 kb 111-450 cDNA harbors the complete open reading frame of 111-450. 

However, our data do not allow to exclude the possibility that the first 

upstream initiation codon is utilized in vivo, and that multiple 0df2 proteins 

are present in uivo. 

M u l t i ~ l e  hanscri~ts and Variable cDNA seauences: gene odf2 was shown to 

give rise to multiple transcripts, 2.5 kb, 2.2 kb, and 1.6 kb, in male germ cells in  



both rat and mouse. Two other groups reported subsequent to our publication 

the similar-sized mRNA transcripts of the odf2 gene: cDNAs were isolated by 

expression screening using an antiserum fraction against ODF proteins with 

molecular masses greater than 45 kDa ( B r o h m a ~  et al., 1997) and antisera 

against adult rat seminiferous tubule proteins (Turner et a[., 1997). In 

agreement with our observations, the 2.5 kb and 2.2 kb transcripts were 

detectable in both pachytene spermatocytes and spermatids whereas the 1.6 kb 

transcript was only detectable in spermatids. Southern blot analyses of o d f 2 

genomic DNA in different species including mouse, rat and human revealed 

that there is only a single odf2 gene (Brohmann et  al., 1997; Turner et a[., 1997) 

Therefore, the multiple transcripts may derive from alternative splicing 

events of a single primary transcript and/or the use of alternative 

polyadenylation sites. 

We observed the variation of cDNA sequences between our odf2 and 

RN1414, particularly an in-frame insertion of 69 nucleotides (encoding a 23-aa 

fragment). Two other groups also reported both the presence and absence of 

the 69-bp insertion in their isolated cDNA clones (Brohmann et al., 1997; 

Turner et al., 1997). Our genomic sequence data suggest, interestingly, that the 

69-bp segment probably represents one exon and is thus most likely added o r  

deleted from odf2 mRNA by alternative splicing. In our case, the 69-bp 

sequence appeared to be located somewhere in the intronic region between two 

known adjacent exons. This can be confirmed by locating the 69-bp segment or  



determination of the complete sequence of this intron. Of course, any effect of 

the extra 23-aa fragment on Odf2 structure and function remains to be 

determined. 

Interaction of Odfl with Odf2 we have demonstrated that 0df2 interacts 

strongly and specifically with Odfl both in vi tro  and in yeast and that the 

interaction is mediated by their leucine zippers. Odf2 was obtained by virtue of 

its strong interaction with Odfl from the yeast two-hybrid screen. Site-directed 

mutagenesis of individual leucine residues in the Odf2 N-terminal leucine 

zipper demonstrated that the N-terminal leucine zipper is critically involved 

in the interaction with the Odfl leucine zipper. The interaction between Odfl 

and 0df2 was confirmed using in vitro translation and immunoprecipita tion 

approaches. In the case of in uiuo interaction, we have demonstrated that 

Odfl was detectable on Western blots of late spermatid extracts 

irnmunoprecipitated with anti-450 antisera, indicating that OdE! indeed forms 

a complex with Odfl in elongating spermatids during the synthesis of ODF 

proteins and the assembly of ODF. Furthermore, IEM showed that both Odfl 

and OdfZ localized to the granulated bodies in the cytoplasm of elongated 

spermatids (Schalles et al., 1998) and to outer dense fibers on both the midpiece 

and principal piece in sperm tail. Together, the observations strongly suggest 

that de nouo synthesized Odfl and Odf2 interact with each other in the 

granulated bodies, which serve as intermediary cytoplasmic storage sites, 

before they are assembled onto sperm tails along the axoneme. However, the 



localization of Odf2 is not completely overlapping with Odfl: Odfl is present in 

the medullar region of ODF including the inner surface that is associated with 

the central axoneme and is normally devoid of the cortex, whereas Odf2 is 

located in the cortex and outer periphery of the medullar region but not in the 

inner surface (Schalles et al., 1998). This implies that Odf2 may interact with 

an unidentified ODF protein located in the cortex region. Thus Odf2 is likely 

crucial in organizing the ODF structure network during ODF morphogenesis. 

Possible function of OdfZ: the odj2 gene is present in mouse, rat and human. It 

is also found in other species including rhesus monkey, dog, cow, and bull 

(Turner et nl., 1997; Schalles et al., 1998), suggesting that it is evolutionary 

conserved and may play similar functional roles in sperm tails of these species. 

We have isolated human odf2 genomic clones and mapped the human odf2 

gene to chromosome 9q34. The human odfl gene had been mapped to 

chromosome 8q22 (Gastmannn et al., 1993). The human spag4 gene has been 

mapped to chromosome 20qll.2 (Tamasky et al., 1998). It thus appears that 

genes functioning in spermiogenesis are dispersed throughout all 

chromosomes. The molecular mechanisms that underlie male infertility in 

association with abnormal tail structures is poorly understood. Chromosomal 

localization of the odf2 gene as well as other structural protein genes 

identified, odfl, spag4, together with other diagnostic tools that we made 

(antisera) will allow us to investigate and diagnose cases of human male 



infertility assodated with alterations in ODF structures, possibly as a 

consequence of genetic defects in ODF genes. 

Alternatively, targeted disruption of a specific gene in the mouse is a very 

effective way to study the biological function of a gene product at the 

molecular level. We will generate odj2 gene knockout mice to analyze the 

role of 0df2 in sperm tail morphogenesis, motility and fertility. The mutated 

odf2 gene in the knockout mice that we will generate encodes a peptide 

containing the N-terminal 205 aa residues but lacking the C-terminal 386 aa 

residues (including both leucine zippers) of the wild type Odf2. As emphasized 

above, 0df2 is abundantly transcribed and translated in male germ cells in 

testis, and it harbors two putative leucine zippers, the N-terminal one of 

which is involved exclusively in the interaction with Odfl, the most abundant 

ODF protein. The localization of O d f Z  is significant in the sense that it may 

interact with ODF proteins located in both the central medulla (eg., Odfl) and 

the surrounding cortex of ODF. Therefore, it can be predicted that Odf2 is a 

major structural player in ODF assembly and that loss or disrupted structure of 

0df2 would likely result in abnormal sperm tail structures, probably leading to 

male infertility. Since 0df2 leucine zippers likely mediate specific interactions 

with other ODF proteins, it is unlikely that there exists a functional analog of 

0df2 in ODF. However, whether or not the Odf2 leucine zippers are crucial to 

the integrity of ODF structure will be determined. 



Very interestingly, Odf2 and Odfl also Localize to the sperm head- 

connecting piece complex, indicating that these proteins are part of the 

substructure of the connecting piece (Schalles et al., 1998). In most mammals, 

the connecting piece contains the sperm basal body whose distal centriole, after 

catalyzing the nucleation of axonemal microtubules, degenerates as the sperm 

develops (Eddy and O'Brien, 1994). The remaining components of the sperm 

basal body, including the intact proximal centriole organize an interphase 

centrosome which polymerizes microtubules of the sperm aster during 

fertilization (Schatten, 1994). What may be involved in regulating the sperm 

centrosomal activity is a complex of 85, 81, and 77 kDa phosphorylated 

polypeptides, located in the connecting piece and outer dense fibers of the 

sperm tail, identified by monoclonal antibody MPM-2 (Pinto-Correia ef czl., 

1994, Long et al., 1997). The MPM-2 antibody was originally found to recognize 

a phosphorylated epitope on proteins in mitotic structures such as 

centrosomes (Davis et al., 1983). Phosphorylation of the MPM-2 reactive 

proteins on mitotic centrosomes is essential for the initiation of microtubule 

nucleation (Centonze and Borisy, 1990). Blocking the epitope with MPM-2 

antibody or dephosphorylation with alkaline phosphatase treatment results in 

eliminating microtubule-nucleating activity of the mitotic centrosomes 

(Centonze and Borisy, 1990). MPM-2-reactive sperm proteins are probably 

involved in centrosomal activation, since treatment of midpieces by MPM-2 

antibody prior to injection in activated oocytes blocked their ability to form 



asters (Pinto-Correia et al., 1994). The involvement of these proteins in 

regulating sperm centrosomal activity is likely during the disassembly of the 

connecting piece. After sperm incorporation, displacement of mitochondria 

from the connecting piece exposes the sperm centriole to egg cytoplasm, 

followed by the formation of the sperm aster (Sutovsky et al., 1996). The 

presence of O d f Z  to both ODF and the connecting piece together with its 

apparent molecular weight on SDSPAGE suggest that it is the 85 kDa protein 

in the complex containing the MPM-2 reactive epitope. Whether or not Odf2 

is involved in the sperm-aster formation can be analyzed by blocking Odf2 

using anti-0df2 antibodies instead of the MPM-2 antibody in the above 

mentioned microinjection experiment. 

6.2 Spag4 May Act as a Structural Link between ODF and the Axoneme and 

May Assist in the ODF Assembly along the Axoneme 

Interaction of S ~ a e 4  with Odfl: we have demonstrated that Spag4 interacts 

with Odfl both in nitro and in yeast. We have shown that the C-terminal 

leucine zipper of Spa@ is involved in the interaction with Odfl using leucine 

zipper deletion mutants. However, all by itself it is not sufficient for the 

interaction. Because partial or complete deletion of the leucine zipper 

sometimes would disrupt the potential of Spag4 to form coiled coil, site- 

specific mutagenesis needs to be done to confirm our results. We have also 

demonstrated that sadlHR is necessary for the interaction, since deletion of 



sadlHR reduced the strength of the interaction between Spag4 and Odfl. 

Moreover, Western blot analysis on the immunoprecipitates of late spermatid 

extracts with either anti-Odfl antibodies or anti-800 antisera has revealed that a 

small portion of Odfl interacts with Spag4 in spermatids. These observations 

suggest that Spag4 probably interacts in a direct fashion with Odfl in elongating 

spermatids. We do not know if other proteins are present in an Odfl-Spag4 

complex. 

Spa24 ~ r o b a b k  binds microtubules: Spag4 localizes to the sperm manchette 

and axoneme and associates with microtubules in both structures, suggesting 

that Spag4 either interacts directly with microtubules or via a rnicrotubule- 

associated protein. The former possibility is supported by one of the structural 

features of Spag4, a region with homology to sadl. Sadl encodes a 58 kDa yeast 

protein which associates with the spindle pole body. Deletion of the gene is 

lethal resulting in either loss of spindles or non-functional spindles. Sadl 

likely interacts with microtubules and was proposed to provide for an  

attachment for microtubule motor proteins (Hagan and Yanagida, 1995). Thus, 

it is possible that sadlHR of Spag4 is involved in the interaction with 

rnicrotubules. 

Self-interaction of See both the C-terminal leucine zipper and sadlHR of 

Spag4 are necessary for the interaction between Spag4 and Odfl. In contrast, 

these two regions are not involved in S p a g  self-interaction. The regions that 

contribute to self-interaction are the N-terminal 28 aa of the '800' portion 



contained in the predicted coiled-coil region and a 37 aa segment immediately 

in front of sadlHR. Although it is highly speculative, the self-interaction of 

Spag4 might be significant for its interaction with both Odfl and microtubules, 

since sadlHR might be involved in the interaction with both partners. Thus it 

would be of interest to investigate how mutation or deletion of the regions 

involve in the self-interaction would affect the interaction between Spag4, 

Odfl, and microtubules. 

Soae4 mav act as a structural link between the axoneme and ODF: Spag4 is first 

detected over the manchette and axoneme but not over other subcellular 

structures in step 9-10 spermatids when ODF assembly has just started. This 

suggests that Spag4 may first associate with the axoneme and immediately after 

or simultaneously assist the assembly of ODF by interacting with Odfl, 

contributing to the association of ODF with axonemal microtubule doublets. 

Thus, Spag4 may act as a structural link between the axoneme and ODF. 

Therefore, it can be predicted that a normal axoneme is required for the correct 

assembly of ODF. Indeed, abnormal ODF assembly occurs when normal 

axonemes are missing in spermatids of homozygous male sterility-inducing 

mutations hpy (hydrocephalic-polydactyl, Bryan, 1976) and transgenic OVE 219 

mice (generated by microinjection of a tyrosinase minigene, Ty81 lC, Russell e t 

a[., 1994). In these mice, ODF were observed randomly grouped with 

mitochondria. 



The potential of Spag4 self-association and the likely involvement of 

sadlHR in the interaction with microtubules may contribute to Spag4 acting as 

a structural link between ODF and the axoneme. The subcellular localization 

of Odfl, Odf2 and Spag4 indicates that a small portion of Odfl located to the 

inner medullar region does not associate with Odf2. This predicts that it is 

unlikely that Spag4 interacts with Odf2 or complexes with both Odfl  and O d f Z  

(Fig. 6.1). This prediction is in agreement with our immunoprecipitation 

experiments of in vitro translated products of these three proteins: we did not 

detect such triple-complexes but we did detect the complexes of Odfl with O d f 2  

and Odfl with Spag4 (data not shown). In agreement with the above model, 

our immunoprecipi ta tion and Western analysis indicate that only a small 

portion of Odfl complexes with Spag4 in elongating spermatids. Since Odfl is 

the most abundant protein in ODF, it is reasonable to assume that Odfl is also 

one of the most abundant proteins in the cytoplasm of spermatids during ODF 

protein synthesis and ODF assembly. Thus, a large fraction of Odfl interacts 

with Odf2, and other smaller portions of Odfl interact with Spag4 and other 

sperm tail proteins (e.g., Spag5 and/or Odfl itself). 

S ~ a e 4  is associated with manchette: Spag4 initially localizes to the manche tte 

structure. The manchette, a transient structure that develops during 

spermiogenesis, consists of three components: a perinuclear ring, a 

microtubule mantle inserted in the ring, and dense plaques attached at the 

distal end of the mantle (Mochida et al., 1998 and references therein). The 



Figure 6.1 Interactions between Odfl, Odf2 and Spag4 in the rat sperm tail. 

A schematic diagram represents a cross section of a rat sperm midpiece which 

shows the axoneme, nine outer dense fibers and the mitochondria. Odfl, OdfZ 

and Spag4 are shown as indicated. Odfl  complexes with Odf2 in the outer 

periphery of the medulla while Odfl complexes with Spag4 at the inner surface 

of the meduila. 
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manchette appears to play a role in nuclear shaping and cellular 

transportation. The microtubule mantle contains a- and P-tubulin subunits, 

microtubule associated proteins MAP4 (Rivkin et al., 1997 and references 

therein) and tau (Ashman et al., 1992), and microtubule motor proteins 

kinesin and dynein (Hall et al., 1992). A few other proteins have been foound to 

associate with the manchette mantle: SPNR (Schumacher et nl., 1998), a 

spermatid perinuclear RNA-binding protein; two proteases-rtTBP-1 (Rivkin et 

nl., 1997), a putative ATPase subunit of the 26s proteasome complex and N- 

arginine convertase (Chesneau et al., 1996), a novel metalloendopeptidase; 

Sak57 (Tres and Kierszenbaum, 1996), an acidic keratin. Most of these proteins 

later appear along the already assembled axoneme in the developing spermatid 

tail: rtTBP-1 is associated with mitochondria and ODF while N-arginine 

convertase is associated with the axoneme; Sak57 is detected on ODF and the 

longitudinal columns linking the ribs of the FS. These observations suggest 

that the manchette may serve to transport cytoplasmic proteins caudally to the 

developing sperm tail (Mochida et al., 1998). This possibility is supported by 

our discovery that Spag4 initially localizes to manchette and gradually 

accumulates over the sperm axoneme. Interestingly in this respect, 

preliminary findings in our lab show that Spag4 directly interacts with a novel 

testis-specific isoform of kinesin light chain, suggesting a possibility that the 

kinesin might convey Spag4 along the microtubules to its final cellular 



destination. The apparent functional similarities between Spag4 and sadl are 

striking: sadl is also thought to attach motor proteins to microtubules. 

6.3 SpagS may be Involved in Both Acrosome Formation and Sperm Tail 

Formation 

Interaction between Spag5 and Odfl in oitro: we have demonstrated that Spag5 

protein interacts strongly with Odfl via the leucine zippers. However, only 

the C-terminal leucine zipper of Spag5 is involved in the interaction whereas 

the N-terminal leucine zipper appears to be not significant. Furthermore, 

sequences in front of the first leucine zipper are also important for the 

interaction with Odfl leucine zipper, indicating that likely appropriate three 

dimensional conformation is required for the alignment and positioning of 

the two proteins to associate. Similar obsenrations have been made in the 

interactions between Odfl itself and between Odfl and Spag4. 

Interaction between S ~ a g 5  and Odfl in u i v o :  the Spag5-Odfl interaction is 

likely physiologically relevant based on the following observations. The 

mRNA expression pattern as well as the protein expression pattern of the 

spng5 gene is different from, but related to that of the odfl gene. Spag5 m R N  A 

is first detected in the pachytene spermatocytes and the transcript is still 

detectable in the spermatids, although at a relatively lower level. Spag5 was 

detected first in round spermatids assoaated with the acrosomal granules and 

later in elongating spermatids in both the acrosome and the principal piece. 



Odfl is transcribed in round spermatids and translated in elongating 

spermatids and Odfl protein is distributed in both the midpiece and the 

principal piece in sperm tails. Their direct interaction in vitro and in yeast and 

their colocalization in the principal piece suggests the possibility that Odfl may 

interact with Spa@ in the principal piece during ODF assembly as well as in 

the mature structure in elongated spermatids. 

S ~ a g 5  is associated with the acrosome: Spag5 was first detected to be associated 

with the acrosomal granules in round spermatids. The acrosome, a 

membrane-bounded organelle located between the nucleus and the plasma 

membrane of the anterior sperm head, begins to form at the early phase of 

spermiogenesis (round spermatids). Membranous vesicles derived from the 

Golgi apparatus fuse with each other and yield a single acrosomal granule, 

which becomes situated above the nucleus anterior to the flagellum. The 

membrane that contacts with the surface of the nucleus extend laterally and 

flattens as a cap conforming to the shape of the nucleus. Additional material 

appears to be transported from the Golgi apparatus to the developing 

acrosome. The acrosome contains several hydrolases that are released to the 

extracellular environment during the acrosome reaction to facilitate the sperm 

to penetrate through the egg investiment and to fuse with the egg plasma 

membrane (Tulsiani et al., 1998). The acrosorne also contains a matrix 

complex that binds specific hydrolases, which might give rise to 

compartmentalization of the acrosome into several subdomains. The 



segregation of the acrosome contents appears to regulate the temporal release 

of different hydrolases during the acrosome reaction (Toshimori, 1998), a 

reflection of a sequential requirement for specific hydrolases as sperm 

encounter different elements of the egg investiments during fertilization. 

However, both the composition and assembly of the acrosomal matrix are 

poorly understood. Our available data suggest that Spag5 might act as a 

structural protein in the acrosome. The distribution pattern of Spag5 within 

the acrosome needs to be determined before we understand the functional role 

of Spag5 in the acrosome. 

Early studies developed a classification for the stages of spermiogenesis on 

the basis of the acrosomal structure and nuclear morphology by utilizing the 

periodic acid-Schiff (PAS) reaction to stain the acrosome of spermatids. Since 

Spa@ is detected at the very early stage during the acrosome formation, it can 

be used as an earliest molecular marker to indicate the morphogenesis of the 

acrosome. 

Spag5 is first detected in round spermatids coincident with the 

development of the acrosome. However, Odfl is first detected in elongating 

spermatids, which makes it unlikely to be present in the acrosome. Thus, 

Spa@ has dual function: it may interact with Odfl in tails of elongating 

spermatids and it fulfills an unidentified function as an acrosomal protein. 



6.4 Protein-protein Interactions in Sperm Tail: Implications for Molecular 

Mechanisms of ODF Morphogenesis 

Odfl, the first cloned and the most abundant ODF component, is present 

throughout the medulla but not in the cortex of ODF and contains two 

structural domains, the N-terminal leucine zipper motif and the C-terminal 

repetitive CGP motifs. We have discovered that although O d f l  interacts 

weakly with itself, it interacts strongly with three leucine zipper containing 

proteins, Odf2, Spag4, and Spag5. The abundance and versatility of its leucine 

zipper give Odfl unique characteristics to interact with multiple protein 

partners in sperm tails, a reflection of the localization of Odfl and its partners 

in sperm tail structures. 

0df2 probably interacts with Odfl in the outer periphery of the medullar 

region of ODF and the interaction involves the N-terminal but not the C- 

terminal leucine zipper of Odf2. The presence of Odf2 in the ODF cortex 

suggests that Odf2 may interact with an ODF protein other than Odfl, 

indicative of an interaction mediated by the C-terminal leucine zipper of Odf2. 

This unidentified Odf2 interacting protein, probably a leucine zipper 

containing protein, may localize to both the medulla and cortex region or 

exclusively to either of these regions. Sequence analysis also reveal that Odf2 

is analogous to myosin heavy chain. Whether Odf2 can interact with itself to 

form coiled coil and whether the C-terminal Odf2 leucine zipper is involved 

in self-interaction remain to be determined. 



The presence of Odfl and the absence of 0df2 in the inner medulla region 

allows Odfl to interact with other structural proteins. One such protein is 

Spag4. Spag4 is probabiy a microtubule binding protein associated with the 

sperm axoneme and may assist in the assembly of ODF onto the axoneme by 

means of interacting with Odfl. Spag4 may thus contribute to the 

development of an organized structure of each ODF in association with a 

microtubule doublet of the axoneme. 

Like Odf2, Spag4 contains a second leucine zipper located in front of the 

one which interacts with Odfl. It is possible that this N-terminal leucine 

zipper may mediate the interaction with an unidentified protein located either 

in the ODF inner medulla region or in the axoneme. 

Spa@ is localized to the sperm acrosome region and the principal piece of 

sperm tail. Taken together with our results of the interaction between Spag5 

and Odfl obtained in yeast and the immunoprecipitation experiments using i n 

vitro translated products we suggest that Spag5 likely interacts with Odfl in the 

principal piece of the sperm tail. Since the FS is present in the principal piece 

but not in the midpiece, our data suggest that an interaction of Spag5 with Odfl 

might be associated with the assembly of the FS. Since Odfl is not present i n  

the acrosome, Spag5 may interact with another acrosomal protein. Like Odf2 

and Spag4, Spag5 contains a second (N-terminal) putative leucine zipper, 

which might interact with other leucine zipper containing proteins in both the 

acrosome and the principal piece. 



The protein-protein interactions we have identified so far are mediated by 

leucine zippers. Other structural modular domains are likely involved in the 

interactions between ODF proteins. One of such candidates is the repetitive 

CGP motifs of Odfl, which are evolutionary conserved from Drosophila to 

mammals. Although the CGP repeats mediate the weak self-interaction of 

Odfl (Shao and van der Hoom, 1996), they might participate in a stronger 

interaction between Odfl and an unidentified ODF protein. Our lab has 

recently cloned a testis-specific protein that interacts with the C- terminal half 

of Odfl, possibly involving the CGP repeats. It is necessary to identify 

additional (ODF) proteins and to characterize the involved interaction 

domains to further resolve the molecular interactions and molecular 

mechanisms of ODF morphogenesis. 

6.5 Significance of Specific Protein-Protein Interactions Mediated by Leucine 

Zipper Motifs in the Morphogenesis of Sperm Tails 

The interactions mediated by leucine zipper motifs between the sperm 

structural proteins are very specific. First, using OdflNT which contains a 

leucine zipper motif as a bait in yeast twohybrid screening, we isolated Odf2, 

Spag4, and Spag5, which are sperm tail structural proteins. We did not obtain 

horn library screens other leucine zipper containing proteins, for instance the 

bZIP family transcription factors (Vinson et al., 1989; Papavassiloou, 1994; 

Delmas and Sassone-Corsi, 1994), some of which (CREMT) are abundant. We 



also noticed that each of these Odfl interacting-proteins contains two putative 

leucine zippers, only one of which is involved in the interaction with Odfl. In 

the case of Odf2 and Spag4, we did not obtain clones containing the second 

leucine zipper from the yeast library screening. This suggest that the second 

leucine zipper is not involved in the interaction with Odfl. In the case of 

Spag5, we have demonstrated that only the C-terminal Ieucine zipper is 

involved in the interaction with Odfl. Moreover, we have found that the N- 

terminal leucine zipper of OdfL mediates very specific interaction exclusively 

with the Odfl leucine zipper: the N-terminal leucine zipper of Odf2 does not 

interact with the C-terminal leucine zipper of Spag4, or with the two putative 

leucine zippers of Spag5 protein. In addition, 0df2 does not interact with itself 

via its N-terminal leucine zipper. Likewise, the C-terminal leucine zipper of 

Spag4 is very specific and it interacts with the Odfl leucine zipper but it does 

not interact with itself. These observations imply that specific interactions 

mediated by leucine zippers between the corresponding partners are 

responsible for the formation of the accurate structural networks in sperm 

tails. Furthermore, it suggests that the second leucine zipper of each of these 

proteins may interact with other, as yet unidentified, leucine zipper-containing 

proteins. Identification of these proteins and investigation of their 

interactions would greatly extend our understanding of the molecular 

mechanism of sperm tail morphogenesis. The significance of leucine zippers 

as modular domains of protein-protein interactions in the sperm tail can be 



analyzed by disrupting the leucine zippers in these proteins using gene 

knockout mice and studying the effects of disruption of such interactions on 

sperm tail development and sperm function. 

In contrast to the novel proteins, the Odfl leucine zipper interacts with 

several leucine zipper containing proteins. As discussed above, other 

sequences also contribute to the interaction, as shown for Spag4 and Odfl, and 

between Spag5 and Odfl. It is likely that the specificity of the interaction 

depends on the leucine zipper itself whereas the strength of the interaction is 

contributed by the auxiliary structure of the protein. 

6.6 Future Experiments 

6.6.1 Study the Function of Odfl Interacting Proteins 

The interaction studies between Odfl and the three novel proteins both 

in vitro and in uiuo and the expression and localization of these proteins in 

tails of elongating spermatids have implications for the molecular 

mechanisms of ODF and tail morphogenesis. We propose that the function of 

ODF rely on the interaction networks between individual ODF components 

and other related sperm tail structural proteins and that leucine zippers are 

significant motifs in mediating these protein-protein interactions and thus 

crucial for the sperm tail structural integrity and motility. Disruption of 

leucine zippers in these structural proteins is predicted to result in alterations 

of normal ODF morphogenesis and as a consequence altered sperm motility 



and male fertility. The importance of the leucine zipper domains present in  

these structural proteins will be investigated using targeted gene knockout 

mice. The impact of structural abnormalities on sperm motility and male 

fertility will be analyzed using the knockout mice as a model system. 

6.6.2 Identify and Characterize Other Leucine Zipper Containing Proteins - 
Refine and Expand the Molecular Interactions Underlying ODF 

Morphogenesis 

Each of the Odfl interacting proteins contains two putative leucine zipper 

domains, only one of which is responsible for the strong interaction with Odfl. 

Therefore, the second leucine zipper is probably involved in the interaction 

with other leucine zipper-containing sperm tad structural proteins other than 

Odfl. Moreover, it can be predicted that Spag5 may utilize its second leucine 

zipper to mediate specific interaction with an acrosome protein. These leucine 

zipper containing proteins can be isolated using a similar yeast two-hybrid 

approach. Identification and characterization of these proteins will expand and 

refine our current knowledge of the features of these Odfl-interacting proteins 

and the molecular interactions and mechanisms of ODF assembly and tail 

morphogenesis. 

6.6.3 Identify and Characterize Proteins that Bind the C-Terminal CGP Repeats 

of Odfl 



The C-terminal CGP tripeptide repetitive motifs appear to be 

evolutionary conserved from Drosophila to human. In Drosophila, seven 

such proteins were identified and form the Mst(3)PCG family, encoding germ 

cell-specific proteins that localize to satellite fibers in Drosophila sperrna tozoa, 

functional analogs of mammalian ODF. These proteins appear to be crucial for 

the normal formation of the sperm flagella (Kuhn et a[., 1991). These 

observations may imply the significance of CGP repeats in Odfl. We  

previously demonstrated that the CGP repeats of Odfl, predicted to form a 

coiled-coil structure for protein-protein interactions, mediate the weak self- 

association of Odfl. It is possible that the C-terminal repetitive CGP (CXP) 

motifs could interact with other ODF or sperm tail structural proteins. These 

proteins can be identified by employing a yeast two-hybrid approach using 

OdflCT as bait. 

6.6.4 Study the Regulation of Testis- or Spennatid-Specific Genes Functioning 

in Spermiogenesis at Both the Transcriptional and Translational Levels 

The genes encoding Odfl interacting proteins are transcribed at different 

stages during spermatogenesis. The Odj2 gene is first transcribed in  

sperrnatocytes at a relatively low level, and odf2 mRNA accumulates at a 

significantly high level in spermatids, resembling the expression pattern of the 

testis-specific phosphoglycerate kinase 2 gene (Pgk2); the spng4 gene is 

exclusively transcribed in spermatids, similar to the expression pattern of Odfl; 



and the spag.5 gene is transcribed in spermatocytes, and the transcript is 

detected at a lower level in spermatids, representing a novel expression pattern 

for tes tis-specific genes. However, their mRNA are not translated immediately 

after transcription. OdfZ and Spag4 transcripts are translated later in elongating 

spermatids, while SpagS is translated in both the round spermatid and 

elongating spermatid. Therefore, these genes provide model systems to study 

molecular mechanisms of the regulation of transcription and translation of 

male germ cell-specific genes whose products function in spermiogenesis. 



CHAPTER VII: CONCLUSIONS 



A mammalian spermatozoon contains outer dense fibers (ODF) and the 

fibrous sheath in its tail for motility and fertility. The functional study of ODF 

is hampered by the insoluble nature of ODF proteins and the availability of 

only one cloned and identified component, Odfl. In this study, we have 

discovered three novel proteins which interact strongly with Odfl during ODF 

and tail morphogenesis in sperm tail. We have demonstrated that the 

interaction of each of these novel proteins with O d i l  depends critically on the 

Odfl leucine zipper. As well, each of these novel proteins contains two 

putative leucine zippers, only one of which is responsible for the interaction 

with Odfl. These novel genes, odf2, spag4, spag5, are transcribed only in male 

germ cells at distinct stages and their transcripts are under translational 

control. odf2 encodes an 84 kDa major ODF protein, which is present in both 

the medulla and cortex of ODF but is absent from the inner medulla region. 

spa@ probably encodes a microtubule binding protein which localizes to the 

transient manchette and the sperm axoneme. While a portion of Odfl 

interacts with 0df2 in the outer periphery of medulla, another portion of Odfl 

located in the inner medullar surface interacts with spag4. Thus, Spag4 acts as 

a structural link between the sperm axoneme and ODF. Spag5 is involved in 

both the acrosome formation and sperm tail assembly. Furthermore, the 

second leucine zipper of these Odfl-interacting proteins may mediate 

interactions with other ODF and sperm tail structure proteins. These 



observations demonstrate that sperm tail structural proteins utilize leucine 

zippers to mediate protein-protein interactions during ODF and sperm tail 

morphogenesis. These studies fadlitate our understanding of the structure- 

function relationship of sperm tail cytoskeletal proteins and may aid future 

studies of human male infertility. 
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