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Abstract

Specialized in form and function, the sperm cell is a unique microsystem unto itself

where in the cytoskeletal processes and structures of the somatic cell often find new purpose and

characteristics within the sperm. Unlike other cells in the human body, this unique cell polarizes

and transforms itself from a line of germ cells to evolve into a functional, hydrodynamic haploid

spermatozoon. The success of fertilization is dependent on this haploid cell and its specially

designed vesicular structure, the acrosome, which provides the leading edge of oocyte

penetration. To date, there is little insight into the mechanics of how acrosomic vesicles are

successfully targeted and transported to the nuclear envelope and tether to its surface. Our

laboratory has identified a novel 15 kDa sperm specific histone variant, SubH2Bv, which

possesses a distinct and functional nuclear localization signal (NLS) that associates with the

acrosomic vesicle. This study provides evidence that SubH2Bv’s bipartite NLS (an NLS with

two basic domains linked together by 10-12 amino acid residues) is responsible for directing

acrosomic vesicles to the nuclear envelope using the somatic import receptor, karyopherin alpha

(Kap α). Based on bipartite NLS-receptor conventions, where karyopherin alpha is known to

specifically associate with this NLS-type, SubH2Bv would be the karyophilic cargo and

karyopherin alpha would act as part of the underlying transport mechanism. Western blot

analysis and immunohistochemistry characterized Kap α as a membrane-associated sperm protein

that is co-localized with SubH2Bv around the proacrosomic granules and the acrosomic vesicle

during spermiogenesis. Their co-expression and co-localization, as demonstrated by

immunolabelling, suggested a potential binding relationship that was confirmed by a His-tag-

recombinant SubH2Bv-pull-down assay. The co-developmental acrosomic expression of Kap α

and SubH2Bv in haploid cells, combined with the pull-down evidence of their binding affinity,

provides a compelling argument that these two proteins work in concert to traffic the acrosomic
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vesicles to the nucleus. The exclusion of these two otherwise nuclear proteins from the nucleus,

and their co-localization to the subacrosomal region in elongating spermatids, also implies a

contingent role for SubH2Bv and Kap α in acrosomal docking, that may involve the classical

bipartite/Kap α nuclear import pathway.
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1. Introduction

With intense research investigations in reproductive health and technology, the sperm cell

has come under great scrutiny and has become the subject of many studies designed to uncover

the functional and structural distinctions that make this cell so highly specialized. Unlike the

somatic cell, the sperm cell comes from a line of germ cells which localize to the testis, bearing

sperm-specific structures and proteins. The preferential expression of these sperm proteins and

the manifestation of the sperm’s structure and shape are acquired in spermiogenesis, the final

phase of germ cell development better known as spermatogenesis. The earlier phases of

spermatogenesis entail the replenishment and proliferation of the germ cell line during mitotic

divisions and chromosome reduction divisions during meiosis to form the haploid round

spermatid (Clermont, 1972). Only cytomorphogenic events take place during spermiogenesis, in

which species assignment dictates the cell’s overall shape (usually some variation of piriform,

falciform or spatulate), giving rise to the mature spermatozoon (Oko and Clermont, 1998)

(Figure 1).

There are many critical developments that transpire in spermiogenesis, the caudal

migration of the nuclear pores, the formation of the acrosome, tail and manchette, the

condensation and elongation of the nucleus, and the expulsion of the cytoplasmic residual body

being most notable (Tovich et al., 2004; Clermont and Leblond, 1955; Oko and Clermont, 1998).

Our focus, however, will be specifically related to the acrosome.
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1.1 The Acrosome

As the leading front of oocyte penetration, the acrosome is an enzymatic vesicle that

covers the anterior half of the sperm head and houses a number of hydrolytic enzymes and sperm-

specific factors involved in fertilization. Its glycoprotein-rich matrix, which includes proacrosin,

hyaluronidase, and acid phosphatase (Bozzola et al., 1991; Thorne-Tjomsland et al., 1988;

Clermont et al., 1993), is encapsulated by a membrane which is subdivided into the outer

acrosomal membrane (OAM) and the inner acrosomal membrane (IAM), a distinction made

during acrosome development (Figure 2). Though the OAM and IAM are derived from one

continuous membrane, they have distinctive roles in fertilization. The OAM is involved in the

acrosome reaction (Allen et al., 1997), and the IAM has been linked to secondary zona binding

and penetration (Yu et al., 2006).

1.1.1 Acrosome Biogenesis and the Golgi

Much like other secretory vesicles, the acrosome derives its origin from the Golgi

apparatus, tying this intricate organelle to the acrosomic system (Leblond and Clermont, 1952;

Clermont and Leblond, 1955; Moreno et al., 2000b). The hemi-spherical Golgi apparatus

comprises a stack of 7-9 interconnected cortical saccules (cisternae) arranged in parallel, with

vesicular structures within the medulla that make up the trans-Golgi network (Clermont et al.,

1993). In late pachytene spermatocytes, the Golgi transforms itself from the typical cell’s sorting

and packaging repository, to specially manufacture the elemental acrosomic granules

(proacrosomic granules) and glycoproteins needed to form the acrosome (Clermont and Tang,
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1985; Clermont et al., 1993; Moreno et al., 2000b). The Golgi’s functional shift from its known

glycosylating and compartmentalizing activities seem to coincide with the polarization of the

haploid cell, and visualized by the Golgi’s reverse orientation (a nuclear-directed trans-face),

accompanied by changes in its stack composition (Clermont et al., 1993).

The cortical transformations of the Golgi are consistent with the two secretory stages of

acrosome formation, as well as acrosomal shaping. The proacrosomic granules (PGs) that fuse to

form the acrosome are synthesized in the early Golgi phase of spermiogenesis (steps 1-3), and are

the first secretory product of the Golgi in acrosome biogenesis (Clermont et al., 1993).

Nicotinamide adenine dinucleotide phosphatase (NADPase) co-staining of the intermediate

saccules and PGs points to the central saccular region of the Golgi as an important if not primary

manufacturing source for these precursory vesicles (Smith et al., 1990). While the PGs coalesce

and translocate to the nuclear envelope (NE) for attachment, the Golgi prepares for the next phase

of acrosome development. The discernable intersaccular regions of the Golgi begin to diminish

and are replaced with saccular stacks. By step 4 of spermiogenesis, the beginning of the cap

phase (steps 4-7), the Golgi is fully engaged with the acrosome as it generates additional smaller

carrier vesicles to supply membrane- and glycoprotein-rich matter. These cytidine-

monophosphatase (CMPase)-rich vesicles fragment from the corresponding CMPase-positive

saccules of the trans-Golgi network to contribute to the expanding acrosome (Tang et al., 1982;

Thorne-Tjomsland et al., 1988). Here, the Golgi’s cortex is saturated by the saccules as they

enlarge with the increasing demand of vesicle production for the acrosome and its matrix, which

will begin to compact, flatten and expand along the nucleus. The beginning of the acrosomic

phase, or nuclear elongation, signals the termination of vesicle production and the end of the

Golgi’s secretory phase. With the acrosome only undergoing cytomorphic changes, large
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intersaccular gaps are found once again in the Golgi as it begins to dissociate from the acrosomic

system (Clermont et al., 1993, Moreno et al, 2000a).

Equipped with our current knowledge of spermiogenesis, the morphological development

of acrosome biogenesis is well understood, however the mechanism behind the targeting and

transport of acrosomic granules to the nuclear surface is still unknown. Although there are a

number of proteins that coat the emerging acrosomic vesicles during acrosome biogenesis, most

are associated with vesicle fusion and none have specifically been implicated in acrosomal

transport to the nucleus or docking (Moreno et al., 2000b, Moreno and Alvarado, 2006). A

number of yet uncharacterized sperm perinuclear theca proteins that also coat the developing

acrosome should be considered in this elaborate process. One such protein, SubH2Bv, a novel

sperm-specific subacrosomal PT protein may provide the key. Its significance must first be put

into context by outlining the characteristics of the sperm head, and its specialized proteins,

structures and organization.

1.2 The Sperm Head and Perinuclear Theca

The sperm head is a remarkable construct of biological engineering directed to deliver its

genetic complement of DNA upon fertilization. As a unique polarized cell, which differentiates it

from the other somatic cells, the sperm head accommodates the acrosome at its apical pole and a

functional flagellum embedded caudally. This dynamic structure is comprised of a protamine-

induce supercondensed nucleus, surrounded by a specialized cytoskeletal layer called the

perinuclear theca (PT) (Lalli and Clermont, 1952; Oko and Maravei, 1994). This proteinaceous

structure is subdivided into two major regions: the subacrosomal layer (SAL), occupying the
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anterior two-thirds of the sperm head, and the postacrosomal sheath (PAS), taking up the caudal

third, excluding the region of the tail implantation fossa (Oko, 1995). Known to dissolve upon

fertilization, the covalently bonded PT scaffolding provides the structural support for the

overlying acrosome and is compositionally similar to the periacrosomal layer on the outer aspect

of the equatorial segment. The PT and its subset of peptides are tightly bound to both the IAM

and the NE, and are assembled during spermiogenesis (Oko and Maravei, 1994).

1.2.1 Perinuclear Theca Proteins

The PT comprises a unique assembly of predominantly sodium dodecyl sulfate (SDS)-

insoluble signalling peptides, structural proteins and sperm-specific factors (Longo et al., 1987;

Oko and Maravei, 1994), some of which fall under a novel category of proteins that have

assumed new sperm-specific roles atypical for their somatic traits. As SDS-soluble PT proteins

found in the sperm head, the core somatic histones fall into this category. Thought to be de novo

synthesized for PT assembly in the sperm cell (Tovich and Oko, 2003), the somatic histones have

been shown to localize outside the nucleus in the postacrosomal region of the PT. This discovery

contested the general notion that core histones are exclusively nuclear proteins involved only in

nuclear processes— an important detail.

The typical alkali extractable polyacrylamide gel profile of the insoluble PT fraction

reveals six prominent protein bands of 60-, 36-, 31-, 28-, 24- and 15.5 kDa, the last being

SubH2Bv, which incidentally also immuno-cross-reacts with the 28 kDa peptide (Oko and

Maravei, 1994). The 60 kDa band has been identified as a proline-rich, cytoskeletal calicin

polypeptide that reacts extensively with F-actin in vitro to provide strength and rigidity to the PT
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(von Bulow et al., 1995). A less prominent 32 kDa band (PT32) has proven to be a significant

find in the area of fertilization and oocyte activation. It has been established as an important

PAS-PT signalling protein, and is considered a candidate sperm-borne oocyte activation factor

(SOAF) needed to induce fertilization (Sutovsky et al, 2003; Wu et al., 2007). The more

prominent 31 kDa band has been identified recently as a glutathione-S-transferase omega 2

protein, possibly involved in sperm protein oxidation/reduction during gametogenesis and

fertilization (unpublished observation, Oko and Fraser, 2008, Queen’s University), and RAB2A, a

Ras family member of monomeric G proteins, has been linked to the 24 kDa PT band and

vesicular trafficking (Mountjoy et al., 2008). While most PTs are morphologically and

compositionally similar (Oko, 1995), muridae PTs are the exception, housing a distinct PT

protein known as PERF 15 in its specialized pyramidally shaped SAL named the perforatorium

(Breed, 1984; Oko and Morales, 1994; Korley et al., 1997; Oko and Clermont, 1988). This

exclusive muridae protein can often mask SubH2Bv’s presence, making the study of SubH2Bv, a

focus of this research, difficult.

1.3 SubH2Bv

SubH2Bv is a novel 15.5 kDa, SDS-insoluble, major PT protein that compartmentalizes

to the subacrosomal region of the perinuclear theca underlying the acrosome (Aul and Oko, 2002;

Oko and Maravei, 1994). Otherwise referred to as PT15, the nomenclature of this cytosolic,

subacrosomal histone H2B variant (SubH2Bv) can easily be inferred as it shares 67% identity to

H2B and mainly differs by its shortened sequence length (by four residues), and cysteine

substitutions by proxy. Aside from its resemblance to histone H2B and its 3-D helix-strand-
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helix-strand-helix histone fold-motif, SubH2Bv’s novelty is more notably derived from the first

13 residues at its amino-terminal end that constitutes a bipartite nuclear localization sequence

(NLS) (Aul and Oko, 2002).

Unlike the rather ubiquitous family of H2B histones, characterization of SubH2Bv

through mRNA expression studies and immunohistochemistry demonstrated that it is an

exclusive sperm protein that emerges during early spermiogenesis in round spermatids. Its

localization to only spermiogenic germ cells conferred SubH2Bv’s distinct sperm specificity, as

there was little evidence of it in the supporting testicular cells, interstitial tissue, and earlier germ

line spermatogonia and spermatocytes (Aul and Oko, 2002). Cloning and sequencing confirmed

that this unprecedented peptide was also a true pervading sperm protein that was conserved across

species in humans, bovine and muridae. In comparative cross-species sequence analysis,

SubH2Bv retained 58% identity and 75% similarity in bull and mouse model and 57% identity

and 73% similarity in bull and human studies.

Rendering the characteristics of SubH2Bv made it apparent that this novel protein may be

highly specialized, as its somatic traits seemingly functioned differently as part of SubH2Bv than

in other peptides, like the core somatic histones. As form dictates function, SubH2Bv’s histone-

fold motif and bipartite NLS would strongly predict that SubH2Bv would be found in the nucleus,

since most NLS-bearing proteins are destined for the nucleus, and somatic core histones are

traditionally known as nuclear proteins involved in chromatin organization. Contrary to what was

expected, the preliminary immunoperoxidase studies revealed that SubH2Bv was not found

developmentally within the nucleus of the spermatid (Aul and Oko, 2002). This prompted an

investigation to determine if the bipartite NLS was in fact functional, using GFP fusion proteins

and DNA cellulose-chromatography to test the viability of its histone fold.



8

Historically, classical NLSs (cNLS), such as monopartite and bipartite NLSs, are a string

of positively charged, basic residues that help target proteins to the nucleus, usually as part of

DNA- or RNA-binding sites of chimeric polypeptides. Though they vary greatly in size and

length, ranging from 5-20 lysine and arginine heavy residues (Dingwall and Laskey, 1991), they

typically fall into two classifications: basic, single-cluster monopartite NLSs, represented by the

classical SV40 large T-antigen signal PKKKRKV (Kalderon et al., 1984), and bipartite constructs

made from two interdependent basic clusters tethered together by a variable linker region

(Robbins et al., 1991).

Bipartite nuclear localization signals are found in approximately 56% of proteins that are

destined for the nucleus and only in 4.2% of non-nuclear proteins, bearing a prototypical

nucleoplasmin consensus sequence of KRPAATKKAGQAKKKK (Robbins et al., 1991). As part

of steroid hormone receptors, transcription factors, polymerases, topoisomerases and other

proteins that need to localize to the nucleus, they differ from their monopartite counterparts by

possessing both a basic upstream and downstream cluster, invariably linked by a 10-12 residue

linker domain. Though the linker region can be interchangeable, the configuration of the basic

residues is highly invariable, as mutagenesis will alter the efficacy of the nuclear targeting (Conti

et al., 1998; Leung et al., 2003). Because of this, the clusters are not completely interchangeable

nor do they function exclusively. As a result, bipartite NLSs are highly dependent on their

upstream cluster to bind successfully for transport (Robbins et al., 1991; Conti et al., 1998).

SubH2Bv’s transfection-GFP fusion studies were designed to confer a working bipartite

N-terminal NLS. Systematically, the conditions were tested against the EGFP control, which

alone was visualized throughout the entire cell using a series of carefully designed probes. The

initial transfection study showed that the enhanced green flourescent protein (EGFP)-SubH2Bv



9

fusion protein localized to the nucleus of the transfected somatic cells (unpublished data from the

Ph. D. thesis of Ritu Aul, 2003, Queen’s University). This provided Drs. Oko and Aul with the

first evidence that the NLS was real and that SubH2Bv had the capacity to enter the nucleus.

Next, the N-terminal status of the bipartite NLS was conferred with the use of a C-terminal

deletion probe that showed nuclear specificity, if not enhanced nuclear targeting. Finally, probes

bearing point mutations in each of the basic bipartite domains, a KR substitution and KKK

substitution were incorporated into the study to further validate the NLS. Because the

fluorescence tags of both NLS mutants remained in the cytosol of the transfected cells, indicating

that SubH2Bv was prevented from targeting to the nucleus, a strong argument was made for the

authenticity of the bipartite NLS, which should have otherwise been found in the nucleoplasm.

Aside from its minor sequence variances and the addition of a poly-A tail and bipartite

NLS, SubH2Bv was expected to retain the functional properties of histones to bind other proteins

and localize to the nucleus. Salt elution and DNA chromatography revealed that SubH2Bv had

similar binding properties to H2B, demonstrating that it had the capacity to bind to DNA with

perhaps more affinity than H2B itself (unpublished from the thesis of Aul, R., 2003, Queen’s

University). With a functional conserved-histone-fold motif, a strong affinity for DNA, and a

working bipartite nuclear localization signal, its exclusion from the nucleus was significant.

Immunohistostaining results and electron microscope (EM) labelling revealed that

SubH2Bv seemed to correlate with acrosome development (Aul and Oko, 2002), first emerging

during the Golgi phase with the PGs. As these vesicles fused together to form the acrosomic

vesicle, and attached to the cytoplasmic face of the NE, SubH2Bv was seen to trace the peripheral

margins of the acrosomic system even as it continued to grow. As the acrosome enlarged and

spread caudally to cap the anterior half of the sperm head, SubH2Bv immunolabelling diminished
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from the OAM to concentrate to the subacrosomal margin (between the IAM and NE) during

acrosomic capping. These results suggested that SubH2Bv was somehow closely associated with

acrosome formation (Figure 3).

Traditionally, proteins possessing bipartite cNLSs are intimately associated with a

nuclear cytoplasmic transport protein known as karyopherin alpha, or Kap α (Weis et al., 1995).

Based on the SubH2Bv immunoperoxidase localization study, and working from the assumption

that SubH2Bv may associate with Kap α, this transport receptor provided the needed link and

mechanistic means to explain and demonstrate a functional role for SubH2Bv in acrosome

biogenesis. To understand the significance of this statement, a detailed assessment of

karyopherin alpha follows.

1.4 Karyopherin Alpha

Karyopherin alpha (Kap α) is a 60 kDa nucleocytoplasmic transport protein that is a

receptor for cytosolic, cNLS-bearing proteins (Gorlich et al., 1994; Weis et al., 1995). This

import adaptor is responsible for the recognition of compatible cNLSs and dimerizes with another

karyophilic protein, karyopherin beta (Kap β), that serves as the transport subunit (Gorlich et al.,

1996). Together, Kap β, Kap α and its cargo form the tangible transport complex that is

trafficked from the cytosol to the somatic cell’s nucleus in the classical nuclear import pathway

(Enenkel et al., 1995; Moroianu et al., 1995; Gorlich and Kutay, 1999). An understanding of this

ubiquitous transport protein’s evolution, structure, somatic role and protein interaction has been

uncovered (Goldfarb et al, 2004).
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1.4.1 Evolution of Karyopherin Alpha

Along with the compartmentalization of the cell, came the emergence of the family of

karyopherins, including Kap α, which served to bridge the functional disparity resulting from the

segregation of cellular processes and components (Malik et al., 1997). This nucleocytoplasmic

protein, in conjunction with other karyophilic proteins (namely Kap β) formed the mechanism

needed to traffic the required cellular components into and out of the nucleus. There remains,

however, some uncertainty to the evolutionary timeline of Kap α because of its close association

with Kap β and Kap β’s ability to independently bind and transfer cargo to the nucleus (Aitchison

et al., 1996; Rout et al., 1997). From a structural standpoint, the molecular simplicity of Kap α

would support the feasibility that Kap α autonomously emerged as a contending nuclear transport

protein, and in the past has demonstrated its capacity to also independently traffic cargo to the

nucleus like its β counterpart (Malik et al, 19987; Hubner et al., 1999; Miyamoto et al., 2002).

The more popularized theory, however, argues that Kap α was derived from a Kap β progenitor as

a means to refine the receptor-transport machinery. Studies to date have effectively established

Kap α as an adaptor molecule that extends the cargo binding and recognition properties of the

functional dimeric Kap α/Kap β transport complex. Alone, Kap β lacks the ability to efficiently

bind with all the Kap α/Kap β transport cargoes, particularly bipartite NLSs, and this naturally

necessitated the evolution of Kap α. Structural similarities between Kap α and Kap β subunits

showed remarkable similarities that favorably supported Kap α as a derivative of Kap β (Conti et

al., 1998; Cingolani et al., 1999). The armadillo motif, that makes up the cylindrical core of Kap

α, generated from three alpha helices, bear a remarkable resemblance to the HEAT repeats of Kap

β, which incidentally has only two. Sequence alignment studies also conferred the possibility that
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β was the precursor to α, uncovering that a slight shift of 10 residues will align the two proteins

(Malik et al., 1997).

Subdivided into three phylogenetic clades (α1, α2, α3), there are multiple isoforms of

Kap α, the most notable being Kap α1. This family member is classified under the first clade and

is found in all eukaryotes, animals, fungi and plants, while the other two distinct groups are

restricted to metazoans (Malik et al., 1997; reviewed by Goldfarb et al., 2004). Despite the

diversity of Kap α, there is a significant amount of redundancy amongst the different isoforms.

Previously it was assumed that the purpose for all the different isoforms was to accommodate

tissue differentiation and the variability of NLS sequences. Genetically, yeasts code only one

type of Kap α: SRP1 (homologous to Kap α1) (Yano et al., 1992; Yano et al., 1994). With only

one isoform to carry the load as the sole receptor and adaptor protein for all the possible NLS-

bearing cargo, it demonstrated that the import task could be accomplished with only one Kap α.

However, the need and merit for such receptor flexibility and redundancy comes from the

functional interchangeability between different Kap α’s (Mason et al., 2002, Goldfarb et al.,

2004). More significantly, research has shown that every Kap α has its own substrate-specific

import cargo and efficiencies, showing that some are better adapted to target-select cargoes into

the nucleus than others (Kohler et al., 1999; Quensal et al., 2004).

1.4.2 Karyopherin Alpha’s General Structure

Kap α is characteristically described as a cylindrical, right-handed superhelix that is made

from 10 tandem armadillo repeats that stack together in a contiguous manner to form the all-

important binding domain (Conti et al., 1998). This soluble adaptor protein contains three
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recognizable functional components: an acidic, hydrophilic, carboxyl-CAS-binding terminal

(Herold et al., 1998), the central NLS-binding domain responsible for cargo recognition and

tethering (Weis et al., 1995; Conti et al., 1998; Leung et al., 2003), and a hydrophilic N-terminal

Kap β-binding domain (Gorlich et al., 1994; Conti et al., 1998; Cingolani et al., 1999), which also

provides a secondary, autoinhibitory function (Kobe, 1999). The Kap α import receptor is only

30 Å in width and 100 Å in length. Comparatively speaking, the C-terminal and N-terminal

regions that bracket the protein are considerably shorter than the NLS-binding domain which

dominates the body of the molecule (Conti et al., 1998; Chook and Blobel, 2001) (Figure 4).

1.4.3 Karyopherin Alpha’s NLS Binding Domain

The NLS-binding groove is capable of binding two monopartite NLSs or a single

bipartite NLS (Weis et al., 1995; Conti et al., 1998; Leung et al., 2003; Fontes et al., 2003). The

success of Kap α’s ability to bind a range of different NLS substrates relies on the simplicity of

its molecular organization and its armadillo (ARM) building block subunits (Peifer et al., 1994).

These ARM repeats bear phylogenetic similarities to Kap β HEAT repeats and derive their name

from a β-catenin-like segment polarity gene, which coded the armadillo protein in the Drosophila

(Huber et al., 1997; Riggleman et al., 1989). Each highly conserved structural ARM subunit

extends about 40 amino acids in length and is made from three interconnected, right-handed alpha

helices that run antiparallel to each other. Helix 1 (H1) sits antiparallel to Helix 2 (H2) and Helix

3 (H3) (Conti et al., 1998; Fontes et al., 2000). Like a twisting ladder, the 10 ARM subunits

spiral around the superhelical axis of the molecule to form the elongated, shallow, hydrophobic

NLS-binding groove where H1 and H2 form the convex surface of the binding domain and H3
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makes up its interactive surface and base (Fontes et al, 2003). Collectively, the closeness of the

interaction between the alpha helices gives the NLS binding domain its hydrophobicity (Conti et

al., 1998). Since each ARM subunit plays a specific role in binding the NLS during transport, the

ARM repeats are not functionally interchangeable. This evolutionary conservation of its stacking

order accounts for the ubiquitous success of Kap α (Malik et al., 1997).

The surface of the heavily laden tryptophan-asparagine binding domain is highly

conserved, with an unusually large number of solvent-exposed side chains resulting from their

helical arrangement on the surface of H3 alpha helices (Conti et al., 1998). The most important

interactions are the hydrophobic bonding of the tryptophan side chains with the NLS, and the

bidentated hydrogen bonds between the asparagine arrays of Kap α’s binding groove and the

amine groups of the NLS’s lysine residues. The tryptophan side chains form an array of binding

pockets for the aliphatic NLS lysine side chains, and the subsequent hydrophobic actions between

these groups also impart binding energy (binding the methylene groups of the NLS’s lysine

residues) and NLS specificity with the help of negatively charged glutamate and aspartate side

chains (Conti et al., Chook and Blobel, 2001; Fontes et al., 2003). The rigid nature of asparagine

works to minimize entropic loss and dictates the binding orientation and configuration of the NLS

to the binding groove. Together, the electrostatic and hydrophobic elements of the protein work

to mediate the protein-protein interactions of the ARM domain and bind the NLS in an

antiparallel, extended conformation (Conti et al., 1998; Fontes et al., 2000, Leung et al., 2003).

NLS binding predominantly occurs at one of two sites on Kap α. The more notable major

binding site is located between ARM 2 and 4 and is responsible for binding monopartite

sequences (residue 121-247 -P1 to P6 -of SV40-T antigen), or the larger C-terminal cluster of

bipartite NLSs (Conti et al., Fontes et al., 2000; Goldfarb et al., 2004) (Figure 5A). This major
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N-terminal binding pocket works to confer specificity and also generates energy for the process in

being able to effectively bind the side chains of the NLS. The secondary site, is the minor

binding site for the lesser N-terminal KR cluster of the bipartite NLS, nestled between ARM 6-8

of Kap α, binding residues 337-417 (P1
1 and P2

1) of the NLS (Conti et al., 1998; Fontes et al.,

Fontes et al., 2003, Stewart 2007)) (Figure 5B). Both binding sites favor lysine and arginine

residues, however, the minor site is less defined than its counterpart domain and is uninhibited by

Kap α’s autoinhibitory mechanism. To better accommodate the fit of bipartite NLSs to the Kap α

binding groove, there also exists a bipartite linker domain that configures and secures the peptide

backbone of the NLS to the ARM domain. This region is the most tolerant to mutations and

lends to the success of Kap α’s adaptability to bind the diversity of bipartite NLSs. Interestingly

enough, ARM 1 and ARM 10 of the binding groove are not directly involved in binding the NLS

to Kap α (Conti et al., 1998, Goldfarb et al., 2004).

1.4.4 Karyopherin Alpha’s C-terminal Domain

The carboxyl terminus bears some similarities to the ARM domains and the N-terminus

(Malik et al., 1997), and though it only represents a small fraction of the Kap α molecule, it is no

less essential to Kap α. The hydrophilic C-terminal domain is made up of approximately 100

amino acid residues and is an important component of Kap α’s recycling mechanism back to the

cytoplasm (Herold et al., 1998). Working in tandem with ARM 10 of the binding domain, the

acidic carboxy terminal of Kap α binds to an export protein CAS (CSEP-1 in yeast) (Kutay et al.,

1997), which wraps around RanGTP and traffics Kap α out of the nucleus in order to replenish its

cytoplasmic stock (Goldfarb et al., 2004; Leung et al., 2003). It also binds to karyopherin



16

releasing factors (KaRFs) Nup2 (Nup50 and Npap60 in yeast), which are dissociation-rate-

inducing factors that contribute to the release the NLS cargo into the nucleoplasm (Stewart,

2007).

1.4.5 Karyopherin Alpha’s N-terminal Domain

The N-terminus of Kap α is better known as the importin beta binding (IBB) domain.

This region is a flexible, L-shaped, NLS-like construct that is capable of binding to Kap β to form

the all-important heterodimer import complex, and also plays a significant role in regulating

cargo binding (Gorlich et al., 1996; Cingolani et al., 1999; Kobe, 1999; Harreman et al., 2003;

reviewed by Chook and Blobel, 2001; Goldfarb et al., 2004). Structurally, the IBB is 40 amino

acids in length with a C-terminal helix and an N-terminal extended moiety that undergoes

conformational changes when bound (Gorlich et al., 1996; Cingolani et al., 1999). The positively

charged electrostatic surface and basic domain of the N-terminus provides the ideal complement

to Kap β’s acidic binding pocket and effectively promotes the dimerization between Kap α and

Kap β. In this configuration, the IBB domain occupies HEAT repeats 7-19 of Kap β to form the

working nucleocytoplasmic transport module, with the N-terminal moiety specifically binding to

HEAT 7-11 and the acidic DDDDDW acidic loop of HEAT 8. The binding characteristics

between these two karyophilic peptides strongly mimic the binding properties of Kap α and its

NLS. The IBB, like the NLS, binds in extended conformation with Kap β (Cingolani et al.,

1999). Once bound, the peptide interaction between Kap β and the IBB of Kap α undergoes an

induced fit to ensure the ideal, compact binding association needed for successful import (Conti

et al., 2006).
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Aside from its primary role to complex Kap α and β together, the structural design of Kap

α’s IBB domain allows it to second as a regulatory mechanism for cargo binding and trafficking

(Fanara et al., 2000; Harreman et al., 2003). This Kap α domain bears a stretch of amino acids

that is evolutionarily related to NLSs (Kobe, 1999), making it multifunctional and able to

autoinhibit. The IBB essentially provides Kap α with an integrated NLS that can effectively

compete with NLS bearing cargo and Kap β (IBB binding) when binding in cis (Figure 5C). The

dissociation value of this interaction, however, is relatively weak. Binding of cargo will still

occur, but with much lower affinity. Being a rate-limiting factor, the autoinhibition mechanism

also facilitates cargo release in the nucleus through intramolecular competition for the binding

domain (Harreman et al., 2003). Conversely, when the IBB is bound in trans to Kap β, cargo

affinity and binding increases significantly in the presence of Kap β, as the autoinhibitory

machinery is disabled and the binding domain is readily exposed (Harreman et al., 2003).

1.5 Karyopherin Beta

The success of Kap α and the import machinery would not be likely without the

contribution from karyopherin beta (Kap β). As a member of the karyopherin superfamily, Kap β

(or importin β), is an import protein whose main function is to dock the transport complex to the

NE, via nuclear pores, for import into the nucleus (Moroianu et al., 1995). The NE-embedded

nuclear pores are aqueous channels that regulate the bi-directional trafficking of molecules and

macromolecules into and out of the nucleus, working as a macromolecular sieve. Aside from its

transport roles, Kap β also fulfills regulatory roles for nuclear membrane fusion and nuclear pore

insertion in mitosis (Harel and Forbes, 2004). Usually, there is a division of labour between the
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two karyopherins where Kap α commands the role of recognizing and binding the cargo and Kap

β facilitates the docking and translocation (Moroianu et al., 1995). Kap β however has been

known to act independently and bind to non-classical NLS cargo directly, but still requires the

active participation of Kap α for bipartite substrates (Jakel and Gorlich, 1998; Gorlich and Kutay,

1999; Chook and Blobel, 2001; Goldfarb et al. 2004; Stewart, 2007).

1.5.1 Karyopherin Beta’s Structure

Kap β is a cytosolic, globular protein comprised of 19 Huntingtin Elongation factor 3,

protein phosphatase 2A, lipid kinase TOR (HEAT) repeats that spiral to form the structural

backbone of the molecule (Cingolani et al., 1999). The carboxyl terminal of this C-shaped

helicoidal protein binds to Kap α’s IBB domain and to a subgroup of nuclear pores and RanGTP

at its N-terminus (Gorlich et al., 1996, Chi et al., 1997). Though all organisms encode for Kap β,

variations in size, orientation, pitch, compactness and binding affinities do exist (Conti et al.,

2006) (Figure 6).

Kap β’s HEAT repeats are a remarkable feature of this transport protein. As previously

mentioned, they bear phylogenetic semblance to Kap α ARM subunits, but are more simplistic in

design, with only two alpha helices and not three (Malik et al., 1997). Each HEAT subunit

ranges 38-45 amino acids in length, forming two antiparallel alpha helices (helix A and B) set in a

hairpin array (Andrade and Bork, 1995; Cingolani et al., 1999). Helix A forms the convex spine

of the Kap β molecule and the acidic hydrophobic binding core of this peptide is made from helix

B of the motif (Cingolani et al., 1999; Chook and Blobel, 2001). The simplicity of the HEAT
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repeats allows them to impart flexibility to Kap β, making it a dynamic peptide that can adapt to

conformational changes critical to binding Kap α and other cargo (Conti et al., 2006).

1.5.2 Karyopherin Beta Binding

HEAT repeats 7-19 are responsible for recognition and cytosolic binding of Kap α’s IBB

domain, while HEATS 1-4 are involved in Ran binding within the nucleus (Cingolani et al., 1999;

Conti et al., 2006). When not bound to the IBB domain or substrates, Kap β often assumes a

relatively open configuration that alters to pack closely to its binding partners. The result is

usually a highly compact, globular peptide-peptide interface where the IBB domain or substrate is

encircled by Kap β. Ran binding to Kap β’s N-terminal occurs in the nucleus once translocation

of the import complex has taken place. As it binds to the inner surface of HEAT 1-4, Ran-GTP

acts to change the binding affinity between Kap β and its cargo (Kap α and the NLS peptide),

eventually leading to the cargo’s release. Despite the sequence variances in Kap β, Ran-GTP

seamlessly binds to all the different Kap β isoforms, made possible only if Kap β’s tertiary

structure remains highly conserved (Conti et al., 2006). Little is known about the binding

interaction that happens between the nucleoporins of the nuclear pore complex that helps dock

and traffic Kap β from the cytosol to the nucleus. It is generally accepted that nucleoporin FG

repeats (free-form phenylalanine-guanine sequences) bind to the external, shallow hydrophobic

pockets on the convex surface of Kap β (Bednenko et al., 2003) to tether and import the protein

and its binding partners into the nucleoplasm.
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1.6 Karyopherin-Alpha-Mediated Nuclear Import

As a major component of the nucleocytoplasmic transport mechanism, Kap α’s primary

role in the somatic cell, as a cytosolic NLS receptor, is to mediate cargo binding between NLS-

bearing substrates with Kap β. This import process into the nucleus can be simplified into six

events (Reviewed by Goldfarb et al., 2004). The initial steps involve cargo recognition and the

formation of the ternary transport complex, made of the NLS-bearing peptide, Kap α and Kap β

(Figure 7). The sequential binding order of these three factors remains unresolved although cargo

binding efficiencies and the presence of Kap β may play a role in binding order and affinity

(Goldfarb et al., 2004; Harreman et al., 2002). After the formation of the trimeric complex, the

karyopherin-bound cargo migrates to the NE, where Kap β will tether it to the nuclear pore

complex (NPC) via nucleoporins (Nup), and follows a sequential affinity gradient through the

NPC channel into the nucleus (Rexach and Blobel, 1995, reviewed by Bednenko et al., 2003;

Rabut and Ellenberg, 2001). These two stages are Kap-β-mediated processes. In the nucleus, the

binding of Ran-GTP to Kap β causes Kap α (and its cargo) to dissociate (Rexach and Blobel,

1995; Gorlich et al., 1996; reviewed by Weis, 1998; Stewart, 2007). With the nascent NLS of the

IBB domain competing to autoinhibit and shield the binding groove from exogenous NLS, Kap α

releases its cargo in the nucleoplasm where it is needed. This event is also upregulated by

karyopherin releasing factors (KaRFs) like Nup2 and Nup50 (Gilchrist et al., 2003; reviewed by

Goldfarb et al., 2004; Stewart, 2007) that can actively displace NLS cargo and concentrate the

activity to the nuclear face of the NPC. Afterwards, Kap-β-like-CAS and GTP work to export the

karyophilic peptides back to the cytoplasm to begin the process once again (Figure 8).
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The disassembly of the export complexes is only triggered by the hydrolysis of Ran-GTP

to Ran-GDP with RanGTPase-activating proteins (Ran-GAP). The entire nucleocytoplasmic

transport mechanism is a delicate balance of changes in GTP affinity, which ultimately dictates

the directionality of transport (reviewed by Weis, 1998; Bednenko et al., 2003, Goldfarb et al.,

2004). High GTP affinity in the nucleus results in cargo release, whereas a low concentration and

affinity state for GTP in the cytoplasm strongly promotes cargo binding.

Though our understanding of Kap α is related to its regulatory role in trafficking cargo to

the nucleus in somatic cells, it may, in fact, be the key to helping us qualify SubH2Bv’s

acrosomal role, if not help characterize this polypeptide at the very least. Compiling all the

evidence, a functional bipartite NLS, non-nuclear properties and the subacrosomal localization of

SubH2Bv, the data, including literature on globozoospermia (male infertility resulting from

defective acrosomes and deficient PTs) (Courtot et al., 1987; Escalier, 1990), led to the notion

that SubH2Bv would be involved in trafficking the acrosomic vesicles and perhaps have some

role in intermembrane stabilization. Coinciding with this idea, Kap α would provide the ideal

transport mechanism for transporting PGs to the NE in binding SubH2Bv’s bipartite NLS.

2. Hypothesis and Objectives

2.1 Hypothesis

This study proposes that SubH2Bv is a karyophilic cargo that targets acrosomic vesicles

from the Golgi apparatus to the nuclear envelope, by binding to the nuclear import receptor,

Karyopherin α, through its bipartite NLS.
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2.2 Objectives

To draw this conclusion and show that SubH2Bv and Kap α are candidates as players in

acrosome development, the critical question that needed to be addressed is: is there a relationship

between SubH2Bv and Kap α, and if so what is the nature of this relationship? To do this, our

purpose was to clearly establish if Kap α is co-localized with SubH2Bv in the sperm head, and

also if the two proteins are developmentally linked during spermiogenesis. This would be

accomplished through western blot analysis and immunolabelling. In addition, pull-down assays

were used to test if Kap α and SubH2Bv closely interact with each other as binding partners, to

show that SubH2Bv is a karyophilic cargo and has a co-functional role in spermiogenesis.

2.2. 1 Objective 1

Western blot analysis was used to collect data to: 1) establish that the commercially

purchased antibodies worked optimally in the current investigation, 2) demonstrate that Kap α

localized to the sperm head, 3) uncover which fraction of the sperm head it was associated with

(e.g. the acrosome, PT, or nucleus), and lastly, 4) show that it was found developmentally in

round spermatids to implicate it in spermiogenesis.
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2.2.2 Objective 2

Immunohistochemistry was important in assessing Kap α expression in the testes.

Specifically, it was used to determine if Kap α localized to the acrosomic system in spermatids,

and show if Kap α co-localized with SubH2Bv during spermiogenesis.

2.2.3 Objective 3

Any co-localization results need to be substantiated using the pull-down methodology

since immunolabelling can not conclusively corroborate that the two peptides interacted—only

that they are expressed at similar times and space. To show a strong binding relationship, His-

tagged recombinant SubH2Bv was utilized in a pull-down assay to establish this critical peptide-

peptide interaction with Kap α.
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Figure 1 - Schematic Summary of Bovine Spermiogenesis

Spermiogenesis is characterized as the final phase of sperm development, where the

haploid round spermatids undergo cytomorphic changes to adopt their recognized form. The

process is divided into 14 steps and separated into four phases: the Golgi, cap,

elongation/acrosomic phase and maturation. During the Golgi phase (steps 1-3) [red arrows], the

Golgi apparatus is involved in the formation and secretion of PAGs from its trans-Golgi network

and the synthesis of the sperm tail’s axoneme. The PAGs that traffic to the nucleus coalesce to

form a single acrosomic vesicle that attaches to the nuclear envelope. The Golgi continues to

contribute to the acrosomal matrix during the cap phase (steps 4-7) [blue arrows], secreting

membrane- and glycoprotein-rich carrier vesicles that fuse and add to the growing acrosomic

vesicle. The acrosome begins to compact and flatten as it expands and extends along the nuclear

surface, capping it and fixing itself to the nuclear envelope indirectly through the PT. By this

stage, the tail’s axoneme reaches full length. The acrosome phase (steps 8-11) [green], more

appropriately named the elongation phase, marks the end of acrosome biogenesis and signals the

dissociation of the Golgi from the acrosome and its descent into the distal cytoplasm. Nuclear

condensation occurs during the acrosomic phase and reshapes the sperm head and acrosome in

the process. The chromatin undergoes some reorganization as histones are lost and replaced by

transition proteins and protamines. Simultaneously, the fibrous sheaths and outer dense fibers

begin to form to make up the principal piece of the sperm tail. Finally, during maturation (steps

12-14) [yellow arrows], the accessory components of the tail are completed and the residual body

is formed. Adapted from Barth and Oko, 1989.
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Figure 2 - Mid-Sagittal Representation of the Bovine Sperm Head and Acrosome

The acrosome, the perinuclear theca and the nucleus make up the major components of the sperm

head. The acrosome is a sperm-specific structure supported by the underlying perinuclear theca,

which is subdivided into the subacrosomal layer (orange) and the postacrosomal sheath (yellow).

The acrosomic vesicle houses an array of hydrolytic enzymes and a glycoprotein-rich matrix, and

is demarcated by the outer acrosomal membrane (OAM) and the inner acrosomal membrane

(IAM). Adapted from Oko and Maravei, 1994.
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Figure 3 - Immunoperoxidase Labelling of SubH2Bv in Bovine Testicular Cross-sections

Immunohistostaining of seminiferous tubule sections show specific SubH2Bv labelling in haploid

round spermatids. SubH2Bv labelling is associated with the acrosome in step 2 spermatids at the

beginning of spermiogenesis, labelling the surface of the individual proacrosomic granules (B-II

arrows). In step 3 spermatids, SubH2Bv clearly labels the acrosomic vesicle around its periphery,

encircling it (A-III arrows). Later in spermiogenesis, SubH2Bv labelling concentrates between

the IAM and NE in a curvilinear manner in step 6 spermatids (A-VI arrows). In step 12-13

spermatids, SubH2Bv is still associated with the acrosome in elongated spermatids (B-XII-I

arrows). Bar = 5 μm. Reprinted from Aul and Oko, 2003, with permission from Elsevier.
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Figure 4 - Structural Models of Karyopherin α

A) Ribbon scheme of Karyopherin alpha (Kap α). Kap α’s right-handed, supercylindrical

structure is made of its core NLS-binding ARM domain, N-terminal IBB domain and C-terminal

CAS binding domain. The stacked ARM subunits form the hydrophobic NLS binding groove

that binds NLSs in extended conformation. The smaller C-terminal is involved in exporting the

polypeptide back to the cytosol, while the amino-terminal binds Kap β and also serves an

autoinhibitory function when Kap α’s binding groove is unoccupied. B) 3-D modelling of Kap α

with a segment of its binding domain (highlighted in orange). Adapted from Conti et al., 1998,

with permission from Elsevier.
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Figure 5 - Structural Models of Karyopherin α’s Binding Domain and Autoinhibited

Conformation

Diagrammatic ribbon scheme demonstrating Kap α’s N-terminal major binding site (A) and

minor binding site (B) within Kap α’s shallow binding domain. The NLS binding groove can

accommodate both monopartite and bipartite NLSs. Autoinhibited Kap α (C). Kap α’s N-

terminal IBB domain binds in cis in the absence of Kap β or suitable NLS cargo. Adapted from

Chook and Blobel, 2001, with permission from Elsevier.
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Figure 6 - Structural Models of Karyopherin β

A) Ribbon scheme of Kap β bound to Kap α’s IBB domain. B) 3-D modelling of Kap β (red)

and Kap α’s IBB domain (blue). This evolutionary precursor to Kap α is made of 19 HEAT

repeats that forms a globular tertiary structure that binds to Kap α’s N-terminal IBB domain for

nuclear import. HEAT repeats 7-19 form the functional binding domain for Kap α at it C-

terminal, while HEAT repeats 1-4 is the Ran binding domain at its N-terminus. The nuclear pore

docking domain occupies the outer convex surface of the polypeptide. C) Ribbon model of a

HEAT subunit. The HEAT repeats are hairpin structures made from two antiparallel alpha

helices that provide Kap β’s structure with great flexibility in binding. Reprinted by permission

from Macmillan Publishers Ltd: Nature, Cingolani et al., 1999.
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Figure 7 - The Ternary Transport Complex

The ternary transport complex is formed by the binding of an NLS cargo (grey) to the

karyopherin α/β heterodimer for import, which docks to the FG repeats of nucleoporins at the

nuclear pore complex. Green: Kap α bound to an NLS cargo. Red: Kap β bound to Kap α’s N-

terminal NLS-like IBB domain. Purple: Nucleoporin bound to Kap β’s outer convex surface at

its N-terminal. Adapted from Chook and Blobel, 2001, with permission from Elsevier.
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Figure 8 - Schematic Representation of the Classical Karyopherin α Nuclear Import

Pathway

The classical nuclear import pathway of cNLS-bearing cargo involves the Kap α/β heterodimer.

Kap α is the NLS receptor that is responsible for recognizing and binding cargo destined for the

nucleus. Kap β is the globular subunit that dimerizes with Kap α and is responsible for

trafficking the import complex to the nuclear envelope and docking it to the nuclear pore (an

aqueous channel that regulates bi-directional nucleocytoplasmic transport).

1) Kap α, Kap β, and the NLS cargo bind and form the ternary transport complex.

2) Kap β traffics the unit to nuclear envelope where it docks to the nuclear pores, binding

the FG repeats of nucleoporins.

3) Import into the nucleus involving Kap β binding and releasing nucleoporins with

increasing affinity.

4) RanGTP binds to Kap β at its N-terminal, inducing a conformational change, releasing

Kap α and its cargo.

5) Competition arises between the cargo and the unbound IBB domain, allowing the release

of the cargo into the nucleus, facilitated by KaRFs/Nup2/Nup50.

6) Kap α binds to CAS at its C-terminal, an importin beta-like protein, to be recycled back

into the cytosol and the Ran gradient regulates the directionality of Kap β in the nucleus,

returning it to the cytoplasm to complete the process again.

Adapted by permission from Macmillan Publishers Ltd: Nature Reviews, Stewart, 2007.
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3. Materials and Methods

3.1 Isolation of Pachytene Spermatocytes, and Spermatids

Rat cell fractions were generously provided by the van der Hoorn laboratory (University

of Calgary, Calgary, Alberta, CA) and isolated using an elutriation method adapted from Grabske

et al. (1975). The following is the protocol they used. Cells were prepared according to Romwell

et al. (1976) and separated using a counterflow centrifugation method based on the cell’s

sedimentation velocity and flow rates against a vertically directed stream of liquid. Dulbecco’s

Modified Eagle Medium (DMEM) was prepared with the addition of Na Lactate and Na Pyruvate

and added to rat testes that had been cut and prepared on ice to expose the seminiferous tubules.

Collagenase (0.5 mg/mL) was added to the sample for 15 min at 32°C and the sample was

allowed to settle afterwards. The tubules were washed 3x with Krebs media and the wash

supernatant was also spun to maximize yield and retrieve any lost sample. Resuspending the

sample pellet in Krebs media with trypsin (0.125 mg/mL) and DNase I (40 µg in 40 mL), the

mixture was allowed to stand for 15 min at 32°C but no longer to avoid cellular degradation. The

resulting cell suspension was mixed well and checked to ensure the sample was well-

homogenized with no cell clusters. Trypsin inhibitor was added and the sample was filtered into

a centrifuge tube, spun at room temperature for 10 min at 1500 rpm (~ 400 x g), rinsed with

Kreb’s media and spun again. Krebs media and DNase were added to the pelleted sample which

was loaded into a syringe for elutriation. Pachytene cells (220 fraction), round spermatids (90

fraction) and elongated spermatids (50 fraction) were separated in the elutriator which was set at
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18°C for 100 min at 2000 rpm (475 x g) using a Beckman J-6B centrifuge (elutriation rotor 5.2).

The rotor speed was not changed; only the buffer flow rate was adjusted (between 40-200

mL/min). This method was chosen as a more efficient way to separate cells compared to the

Staput sedimentation method.

3.2 Isolation of Bovine Sperm Heads

As outlined in Oko and Maravei (1994 and 1995), bull epididymes were collected and

separated into cauda and caput sections. A TBS stock solution (25 mM Tris-HCl, pH 7.5, 0.9%

NaCl) was prepared with 0.2 mM phenylmethylsulfonylfluoride (PMSF). The tissue was minced

and filtered on ice with TBS-PMSF and the filtrate was spun for 10 min using a non-fixed angle

rotor at 2500 x g at 4°C. The sperm pellet was washed 3x in TBS-PMSF (under the same

conditions), resuspended in the stock solution and sonicated (Vibrocell Sonicator, 50 Watt model,

Sonics and Materials Inc., Danbury, CT). Three rounds of sonication were carried out, in 15 sec

intervals, at 50 AMPs on ice to avoid protein degradation. Phase contrast microscopy was used to

verify that the tail-head junction was sufficiently broken and that more than 99% of the sperm

sample had been effectively decapitated. The sperm pellet was suspended and homogenized in

80% sucrose gradient and ultracentrifuged at 200 000 x g for 90 min with a Ti55 angle rotor

(Beckman, Mississauga, ON) to separate the head and tail components. Collecting only the white

pelleted sperm heads with TBS-PMSF, the samples were again checked using phase contrast

microscopy to ensure that the samples were more than 99% pure sonicated sperm heads.

Additional sonication and ultracentrifugation was performed as required. The sonicated sperm

heads were again washed 3x with TBS-PMSF at 2500 x g at 4°C and prepared for extraction.
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3.3 Protein Extraction

The sonicated sperm heads were incubated with 0.2% Triton-X-100 for 1 hr at room

temperature with agitation, or overnight in the cold room at 4°C, to extract lipid and membrane

associated proteins. The Triton extracted suspension was centrifuged at 2500 x g at 4°C to

separate the extracted proteins from the remaining sonicated sperm head pellet. The isolated

Triton extract was dialyzed with MWCO 6-8 kDa Spectra/Por® membrane dialysis tubing

(Spectrum Laboratories, Rancho Dominguez, CA) against four changes of distilled water.

Alternatively, the samples were concentrated with MWCO 10 kDa ultrafiltration Centriprep tubes

(Amicon, Beverly, MA), spun at 3000 x g, 4°C, for 30 min intervals using a fixed angle rotor.

The extracts were aliquoted into 1 ml eppendorfs and lyophilized for SDS-PAGE analysis. This

protein extraction protocol was successively repeated using 1 M KCl to extract ionicly bound

peptides and 0.1 M NaOH to extract the alkali-soluble PT proteins (Oko and Maravei, 1994).

3.4 SDS-PAGE and Western Blotting

Lyophilized extracts and elutriated cells were solubilized in reducing sample buffer (2%

SDS: 5% β-mercaptoethanol) and boiled for 3 min. The samples were run on 4.5% stacking and

10-12% polyacrylamide separating mini-gels, as described by Laemmli (1970), for 90 min at 120

V and compared against molecular weight standards. Low molecular weight markers were used

for Kap α and SubH2Bv immunoblots (LMW-SDS, Amersham Biosciences, Piscataway, NJ),



43

while a high molecular weight marker (HMW-SDS, Amersham Biotechnology, Piscataway, NJ)

was better-suited for Kap β comparisons. The gel extract profiles were electrophoretically

transferred to nitrocellulose membranes (0.45 μm pore size, Schleider and Schell, Keene, NH) or

polyvinylidene difluoride microporous membranes (0.45 µm pore size, Millipore, Mississauga,

Ontario, Canada) at 250 mA for 120 min using a Hoefer Transphor apparatus (Hoefer Scientific

Instruments, San Francisco, CA) as prescribed by Towbin et al. (1979). The markers were

identified with 0.1% ponceau rouge and the membranes were washed with 25 mM PBS (pH 7.4)

with 0.1% Tween-20 and blocked with 10% non-fat dry milk. The primary antibody (Ab),

prepared in 2% non-fat dry milk, was incubated for 1 hr at room temperature with agitation, or

overnight in the cold room at 4°C, and detected with a conjugated secondary Ab in 2% non-fat

dry milk. After a 2 hr incubation period at room temperature with the secondary Ab, the

immunoreaction was visualized with enhanced chemiluminescent substrate (Pierce, Rockford,

IL).

3.5 Antibodies

KPNA1 (C-20) was a commercially purchased polyclonal anti-karyopherin α antibody

against the C-terminal domain of Kap α1 of human origin, raised in goat (Santa Cruz

Biotechnology Inc., Santa Cruz, CA). The detection of KPNA1 was compatible with mouse, rat

and humans and used at a dilution of 1:500 for immunoblotting and 1:30 for immunoperoxidase

labelling. The secondary antibody for this peptide was horseradish peroxidase conjugated rabbit

anti-goat IgG (H+L) (Bio-Rad Laboratories, Mississauga, ON) used at a dilution factor of

1:10 000.
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KPNB1 (H-300) was a polyclonal anti-karyopherin β antibody also purchased from Santa

Cruz Biotechnology Inc. (Santa Cruz, CA), used at 1:500 for immunoblotting and 1:30 for

immunohistochemistry. Also of human origin, KPNB1 reacts to residue 1-300 of Kap β’s N-

terminal and was raised in rabbit. The secondary antibody for this protein was goat anti-rabbit

IgG (H + L) (Vector Laboratories Inc., Burlingame, CA) diluted at 1:10 000.

Karyopherin β monoclonal Ab raised in mouse (BD Biosciences, Franklin Lakes, NJ).

The monoclonal was used at 1:500 and is reactive in dog, humans, mouse and rat and detected

using conjugated goat anti-mouse IgG (H+L) horseradish peroxidase (Bio-Rad Laboratories,

Mississauga, ON) at a dilution factor of 1:10 000.

Anti-SubH2Bv antibodies were affinity-purified in our lab, subscribing to a protocol

adapted from Oko and Maravei (1994). Rabbit antiserum against the PT peptides (3rd boost 1449

serum and 3rd boost 427 serum) were raised according to Oko and Maravei (1994) and used at

1:100 dilution to purify anti-SubH2Bv against an affinity column. The column was prepared

from isolated immunoblots of SubH2Bv that had been excised from the membrane. The affinity-

purified SubH2Bv antibodies produced were concentrated 2x and used straight for western blot

analysis. Goat anti-rabbit IgG (H+L) was used as the secondary Ab (Vector Laboratories, Inc,

Burlingame, CA) to detect the protein.

3.6 Immunohistochemistry

Testicular sections from bull, mouse and rat were fixed in Bouin’s fixative, embedded in

paraffin, and prepared for immunolabelling according to the protocol outlined by Oko and

Clermont (1989) and Oko (1998). Each 5 µm thick section was treated with xylene and ethanol
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to deparaffinize and hydrate the tissue cross-sections to allow immunolabelling of anti-Kap α and

anti-Kap β. To minimize non-specific binding, the tissue samples were blocked with 10% NGS

for 15 min. The primary Ab was then added and the tissue samples were incubated for 1.5 hrs at

room temperature, or overnight at 4°C. Afterwards, the sections were washed with TBS

containing 0.1% Tween-20 and again blocked with 10% NGS prior to incubation with the

secondary Ab for 30 min. Immunoperoxidase avidin-biotin reagent (ABC; Vectastain Elite ABC

Kit, Vector Laboratories, Burlington, CA) was added to the tissue section for 30 min and

afterwards, a TBS solution (pH 7.5) prepared with 0.05% diaminobenzidene tetrahydrochloride

(DAB), 0.1 M imidazole and 0.03% H2O2 was used to elicit the immunoperoxidase reaction. The

tissue was than counterstained, dehydrated, and fixed with xylene and mounted with permount.

The immunoperoxidase labelling results were observed through light microscopy.

3.7 Construction and Expression of Recombinant SubH2Bv

Bull recombinant SubH2Bv and primers were prepared from SubH2Bv’s cDNA

(GenBank Accession No. bankit36366 AF315690) and amplified using Qiagen Taq PCR kit

(Qiagen, Mississauga, ON). Two primers were designed by Cortec Technologies (Kingston, ON,

CA)— a 24 bp primer with a nucleotide sequence of 5'-GAGCT’CAATGGCCAGAAACGTC

AC- 3', which included a 5'-GAGCT’C- 3' SAC 1 site, and a 23 bp primer sequence 5'-GC’G

GCCGCGGAGCGGACATATCG- 3', with an incorporated 5'-GC’ GGCCGC 3' NOT 1 site.

The ’ indicates the cut site for the restriction enzymes. Figure 9 shows the full length cDNA

sequence for SubH2Bv and the primers for pet 21b (+).
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Figure 9 - SubH2Bv Sequence and Primers

Original full length cDNA sequence of SubH2Bv and the forward and reverse primers created to

sequence the recombinant protein. The protein was expressed using the pet 21b (+) expression

vector with a C-terminal His-tag.
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A mastermix containing 5 μL of 10x PCR buffer, 1 μL dNTP, 10 μL of 25 mM MgCl2,

5 μL of each primer, and 0.4 μL of Taq DNA polymerase was prepared and added to 23.1 μL of

ddH2O and dispensed into PCR tubes. The SubH2Bv cDNA was added and placed in the thermal

cycler that alternated between 94° , 52° and 72°C. In this instance, annealing was optimized at

52 ◌۫ C. A 381 bp polypeptide was verified in 2% agarose gel stained with ethidium bromide. The

PCR products were cloned with the Qiagen Cloning Kit (Qiagen, Mississauga, ON) into pDrive

Cloning Vectors. A ligation-reaction mixture was added and the suspension incubated for 2 h at

16°C.

Transformation was carried out with Qiagen EZ competent host cells (Qiagen,

Mississauga, ON) and ampicillin LB agar plates were prepared (1μL/mL LB). Ligation reaction

mixture was added to each tube of competent cells, incubated on ice for 5 min, then heat-shocked

with a hot water bath for 30 sec at 42°C. SOC medium was added to each tube and the

transformation mixture was plated and incubated. Colonies were selected and tested on 2%

agarose for the insert.

The inserts and expression vectors were linearized for subcloning with SAC 1 and NOT 1

restriction enzymes, incubated for 2 hrs at 37°C. The inserts were subcloned and expressed in

pet21b (+) expression vectors from Novagen (Madison, WI, USA) for 30 min and transformed in

E. Coli BL21 DE3[PlyS] cells (Novagen, Madison, WI, USA) using the above protocol.

3.8 Protein Purification and Affinity Pull-down

His-tagged recombinant SubH2Bv (recSubH2Bv) was immobilized on Ni-NTA charged

beaded agarose (Qiagen, Mississauga, ON) to bait Kap α from 0.1% Triton-extracted sperm heads
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(Tx). Two mL of E. coli cell culture was collected, sonicated and spun down to produce the

pellet containing the insoluble recombinant peptide and denatured with 8 M urea

(100mM NaH2PO4, 10mM Tris, pH 8) overnight in the cold room (4°C). The suspension was

spun and cleared, and the supernatant with the solubilized recSubH2Bv was incubated with 10 μL

of Ni-NTA agarose for 4 hrs at 4°C. The suspension was washed 5x with TBS with

10 mM Imidazole (pH 8) and spun. The immobilized SubH2Bv was than incubated with 500 μL

of Triton extract, from isolated sonicated sperm heads, for 4 hrs in the cold room, spun and

washed 5x with TBS with 10mM Imidazole. The proteins were eluted with 2x reducing sample

buffer, repeated, and tested using SDS-PAGE to detect SubH2Bv and Kap α.
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4. Results

4.1 Karyopherin Alpha Western Blot Results:

For this study, karyopherin α1, which is homologous to KPNA1, SRP1, and importin α 1,

was chosen for its prevalence in most systems. Because the nomenclature for karyopherin α can

be confusing, any reference to Karyopherin α (Kap α) in this study is strictly related to

karyopherin α1. The associated antibody is the KPNA1 antibody, discussed in ‘Materials and

Methods’ and will be referred to as anti-Kap α.

4.1.1 Karyopherin Alpha1 is a 60 kDa Protein Associated with the Membrane-fraction of the

Bovine Sperm Head

The commercially purchased polyclonal C-terminal anti-Kap α antibody (Santa Cruz

Biotechnology, Santa Cruz, CA) isolated a major 60 kDa peptide in isolated, sonicated bovine

sperm heads (SSpH) in sample buffer. The use of bovine SSpH was chosen specifically because

SubH2Bv was well-characterized (Aul and Oko, 2002) in this species, and the sonication process

is known to break the head-tail junction of the sperm and disrupt the plasma membrane and

OAM—leaving behind only the IAM, PT and nucleus of the sperm head. The identification of

Kap α in bovine SSpH confirmed Kap α as a sperm head peptide, and its corresponding molecular

weight with cited literature (Gorlich et al., 1994; Wang et al., 2004; Goldfarb et al., 2004), made

this sperm head fraction the designated control. (Figure 10, lane 1).
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Sequential extracts of bull SSpH, incubated with 0.2% Triton-X-100 (Tx), 1M potassium

chloride (KCl) and 0.1 M sodium hydroxide (NaOH) were run on 10-12% SDS-polyacrylamide

gels. Western blots of these gels were probed with the polyclonal anti-Kap α antibody to

biochemically assess to which remaining compartment of the sperm head Kap α localized. A

single 60 kDa immunoreactive band was labelled in all three extracts that matched the SSpH

control, under varying conditions. Kap α was most prominently extracted in Tx (Figure 10, lane

2) and was not seen in the subsequent KCl and NaOH blots when the samples were loaded

equally (Figure 11A). Comparing a simple blot prepared using Tx-extracted isolated sperm heads

and the remaining pellet from the untreated sperm heads, anti-Kap α labelled the 60 kDa import

protein in the Tx fraction and was not seen in the pellet when loaded equally on a sperm number

basis (Figure 11B). Kap α’s presence in Tx tentatively localized the polypeptide to a

hydrophobic association with the sperm head.

Proteins can generally be associated with specific structures or components of the sperm

head, based on the extraction protocol used (Oko and Maravei, 1994). Triton’s non-ionic nature

is known to solubilize the remaining membrane fraction of the sperm head after sonication,

removing the IAM and the NE; the perinuclear theca and the nucleus remain relatively

unaffected. NaOH-extracted polypeptides, on the other hand, are characteristically identified

with the PT while KCl and other high-salt preparations have been the preferred treatments that

dissociate ionic protein attachments to the IAM (e.g., IAM38) (Yu et al., 2006), and to the

postacrosomal sheath (e.g. core somatic histones) (Tovich et al., 2003). Analyzing different runs

of Triton, KCl and NaOH trials, labelling of Kap α is always strongest in Triton, with some

weaker labelling in NaOH, suggesting that Kap α is membrane-associated, most likely with the

NE. Kap α's faint presence in NaOH-extracted SSpH is not surprising, since the PT is closely
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applied to the NE and thus residual Kap α labelling would be expected. In addition, there could

still be some residual attachment of Kap α to SubH2Bv.

4.1.2 Karyopherin Alpha is Found Developmentally in Rat Round Spermatids.

Although it’s prudent to use samples from the same species throughout a study to show a

consistent progression of results, the developmental western blot required a substitution of rat

samples, more specifically rat round spermatids, to demonstrate that Kap α was found in the

sperm cells undergoing spermiogenesis. To our knowledge, a dependable technique for isolating

bovine round spermatids has not been successfully developed. The van der Hoorn laboratory at

the University of Calgary (Calgary, Alberta, CA) having a protocol for rat germ cell fraction

elutriation (adapted from Grabske et al. 1975; Romwell et al., 1976) generously provided us with

samples needed for experimentation. Rat round spermatids (90RS) in SDS were run on 12%

SDS-PAGE and labelled a specific band at the 60 kDa level observed with the bull SSpH western

blots (Figure 10, lane 3). Our identified spermatid rat Kap α was also consistent with the

predicted molecular weight of rat karyopherin, KPNA1 (60 136 Da), characterized by Wang et al.

(2004). Kap α’s localization in both rat and bull sperm heads also eliminated Kap α as a species

specific protein in germ cells.

4.1.3 Major Labelling of SubH2Bv’s 15 kDa Protein Band in Bovine and Rat

Affinity-purified anti-SubH2Bv antibodies were created using 3rd boost 427 and 1449

rabbit serum (raised against PT proteins) purified on western-blot-isolated protein bands
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prescribed by Oko and Maravei (1994) (Figure 12A). 427 and 1449 refer to the corresponding

rabbits that produced the serums. The Ab were tested against rat and bull PT-NaOH extracts to

affirm that SubH2Bv is found in both species. It should be noted that Perf 15 is a dominant

muridae protein that has a tendency to mask SubH2Bv. To work around this, rat round

spermatids were used in place of rat sonicated sperm heads to detect SubH2Bv in the rat, on the

presumption that PERF would not be such a dominant protein at this phase of development.

Consistent with the characterization study of SubH2Bv (Aul and Oko, 2002), the affinity-purified

antibodies labelled the major 15 kDa SubH2Bv band in bovine PT-NaOH extract (Figure 12B,

lane 1), and likewise, the same band showed immunoreactive labelling on the rat PT blot (Figure

12B, lane 3).

4.2 Developmental Karyopherin Alpha Immunohistochemical Results

The most practical way to study the developmental expression of Kap α was to examine

the immunolabelling of the adaptor protein in various stages of sperm development, best

represented by testis cross-sections of the seminiferous tubules. These chronological snapshots of

spermatogenic events adeptly staged the expression of Kap α as they did with SubH2Bv.

4.2.1 Karyopherin Alpha Acrosomic Labelling in Haploid Round Spermatids

Histoimmunolabelling paraffin sections of rat seminiferous tubules with anti-Kap α

identified the early expression of Kap α in step 1-2 spermatids. Immunostaining was associated

with the PGs and seen to clearly demarcate the surface of the granules as they travelled from the
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trans-Golgi network to the NE, prior to fusing to form the acrosomic vesicle (Figure 13A). Kap

α’s early expression in spermiogenesis and association with the precursory acrosomic structures

(i.e. the PGs), demonstrates that not only does Kap α localize to the acrosome, but that it is

present at the onset of acrosome biogenesis.

The polyclonal Ab showed continued antigenicity in step 3 spermatids during

spermiogenesis. Fusion of the dense-cored, hydrolytic PGs created a single acrosomic vesicle,

redistributing the labelling that surrounded the individual PGs to the entire perimeter of this new

vesicle (Figure 14A). No labelling was seen within the acrosome. As the vesicle expanded, Kap

α labelling at the beginning of the acrosome’s cap phase remained around the growing vesicles

(Figure 14B) until the acrosomal matrix began to compact, flatten and lengthen along the nuclear

surface to cap the acrosome. When this occurred, peroxidase labelling was seen to diminish from

the OAM, and Kap α localization concentrated to the subacrosomal margin (between the IAM

and NE). The peroxidase staining became increasingly more curvilinear in this region as the

acrosome progressively capped the nucleus (Figure 14C). Kap α was also seen to associate with

the acrosome in elongated spermatids.

Similar immunostaining results were found in bull paraffin cross-sections, with early

peroxidase labelling of Kap α around the acrosomic vesicle during the Golgi phase and specific

curvilinear labelling at the subacrosomal margin during the cap phase (Figure 15A-B). The bull

immunoperoxidase results provided a clearer picture of Kap α labelling during the

acrosome/elongation phase (step 8-11 spermatids) which revealed sustained immunolabelling at

the subacrosomal margin, and continued exclusion of Kap α nuclear labelling (Figure 15C).

Again, Kap α localization was associated with the acrosome in elongating spermatids (Figure
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15D). As another comparison, an immunolocalization study was also done with mouse testicular

cross-sections, which revealed similar Kap α labelling results to the bull and rat.

Generally, rat, bull and mouse testes tissue sections probed with the polyclonal antibody

against Kap α showed localization to the same haploid cell population as SubH2Bv. Labelling

was specific to the acrosomic system and absent from the nucleus. Kap α’s presence in haploid

round spermatids suggest that this well-recognized nucleocytoplasmic transport receptor is a

player in spermiogenesis.

4.2.2 Distinct Karyopherin Alpha Golgi and Cap Phase Labelling Patterns in Spermiogenesis

The transition from the Golgi phase to the cap phase showed two distinct expression and

labelling patterns for Kap α in spermiogenesis that seemed to coincide with the Golgi’s secretory

phase during acrosome biogenesis and period of acrosomal shaping. This is exemplified in a

mouse cross-section of step 3 and step 5 spermatids (Figure 16). In the Golgi phase (step 1-3

round spermatids), Kap α labelling localizes to the vesicular surface of the acrosome (and PGs),

delineating the entire vesicle. During the cap phase (step 4-7 spermatids), after the acrosome has

finished growing and begins to flatten and take shape with the elongating nucleus, Kap α

localization is curvilinear and concentrates to the subacrosomal margin which lies beneath the

developing acrosome. The two characteristic labelling patterns may help specify Kap α’s

distinct role in spermiogenesis.
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4.2.3 Immunoperoxidase Labelling of Karyopherin Alpha Mimics Staining Results of SubH2Bv

Developmental localization of Kap α is remarkably similar to SubH2Bv.

Immunohistostaining of the two peptides showed that both were expressed and localized to

haploid round spermatids at the beginning of spermiogenesis and developmentally migrated from

the periphery of the PGs (and acrosome) to the subacrosomal margin of the PT permanently. The

immunoperoxidase evidence strongly suggests that the two peptides co-localize, and based on

SubH2Bv’s bipartite NLS and Kap α’s affinity for them, co-localization suggested that they

interacted to actively function in acrosome biogenesis. Figure 17 provides a schematic summary

of Kap α and SubH2Bv’s developmental expression in spermiogenesis.

4.3 Recombinant SubH2Bv Affinity Pull-Down Results Show Binding Affinity

Although evidence of SubH2Bv and Kap α co-localization was promising,

immunohistochemistry could not conclusively corroborate that the two peptides interact during

spermiogenesis. It only showed that the two proteins were similarly expressed and localized to

the same regions during acrosome development. To establish protein-protein interactions and a

binding relationship between Kap α and SubH2Bv, the pull-down methodology was incorporated

into this study, instead of the more commonly used immunoprecipitation protocol, because of

insoluble nature of SubH2Bv.

Bull recombinant His-tagged SubH2Bv (recSubH2Bv) was stabilized on Ni-NTA agarose

and was used to bait Kap α from 0.1% Triton-extracted bovine SSpH. The conjugated protein’s

hexa-histidine tag has an affinity for nickel, which allows the recombinant to bind and stabilize to
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the Ni-NTA agarose beads. The success of this assay was dependent on Kap α’s ability to retain

its tertiary structure to recognize and bind to SubH2Bv’s bipartite NLS, as it would in vivo. The

recSubH2Bv-Ni-NTA chromatography pull-down successfully showed that Kap α and SubH2Bv

had a binding relationship with the labelling of both polypeptides from the Ni-NTA purified

elutriate (Figure 18).

Immunoblots were prepared from 0.1% Triton-extracted bull SSpH (Tx), Ni-NTA

affinity-purified Tx-extracted sonicated sperm heads (Tx-Ni-NTA), Ni-NTA affinity-purified

recSubH2Bv (PT 15-Ni-NTA), and Ni-NTA affinity-purified recSubH2Bv, preincubated with

Tx-extracted sonicated sperm heads (Tx-PT 15-Ni-NTA). Being the source of Kap α, the 60 kDa

protein was identified in Tx, using the anti Kap α antibody, and served as the Kap α control for

the study (Figure 18, lane 1). SubH2Bv would have been excluded from this protein fraction

being a detergent-resistant PT peptide. In the Tx-Ni-NTA blot, Tx extract was affinity-purified

on the column to demonstrate that non-specific binding did not occur, and helped establish that

any Kap α binding to recombinant SubH2Bv in the assay was significant (Figure 18, lane 2).

Without His-tagged-SuBH2Bv, Kap α lacked the affinity to bind to the nickel charged agarose

medium and was absent in the blot. The positive labelling of the 15.5 kDa SubH2Bv protein in

the PT 15-Ni-NTA blot showed that the recombinant SubH2Bv was successfully conjugated to

the His-tag and was designated the SubH2Bv control for the assay (Figure 18, lane 3). Major

labelling of Kap α and SubH2Bv in the Tx-PT15-Ni-NTA assay showed that Kap α was able to

maintain the tertiary structure to bind to SubH2Bv’s NLS with enough affinity to be pulled with

the recombinant (Figure 18, lane 4).
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4.4 Karyopherin Beta Results Show Labelling in Rat Pachytene Spermatocytes and Rat

Spermatids

Knowing the existing relationship between Kap α and Kap β as transport heterodimers, it

was necessary to extend the study to include Kap β and see if it could lend insight into the

investigation. SDS-PAGE and western blot analysis was only able to verify the presence of Kap

β in Triton-extracted rat sonicated sperm heads using both the commercial monoclonal

Karyopherin β Ab (BD Biosciences, Franklin Lakes, NJ) and polyclonal KPNB1 Ab (Santa Cruz

Biotechnology). Both labelled the same band with the monoclonal showing less non-specific

labelling (Figure 19, lane 1-4). More importantly, Kap β was identified in isolated rat round

spermatids (fraction 90) (Figure 19, lane 5), corroborating the localization results in haploid cells

found in Yang and Sperry (2003). Several attempts were made to isolate Kap β in bovine sperm

heads without success.

Kap β’s immunoperoxidase labelling differed greatly from Kap α’s, highlighting the

specificity of Kap α’s labelling to the acrosome during spermiogenesis (Figure 20).

Immunostaining of Kap β predominantly localized to the pachytene spermatocytes in the rat

seminiferous tubules, forming a concentrated halo of Kap β peroxidase labelling around the

nucleus. Less prominent antigenicity was observed in the haploid cells, which supports the

observations of Hogarth et al. (2006). This is not to say that Kap β is not somehow involved in

acrosome biogenesis or attachment. Though minimal, the recognized labelling appeared to be

associated with the acrosome, but to a lesser extent than Kap α, and again coincides with the

importin β/Kap β acrosomal labelling observed in Yang and Sperry (2003).
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Figure 10 - Immunoblots of a 60 kDa Karyopherin α Receptor in Bovine and Rat

A compilation of immunoblots that show Kap α as a 60 kDa protein using 1:500 dilution of Kap α

and 1:10 000 dilution of secondary rabbit anti-goat (H+L) antibody. Lane 1: Isolated sonicated

bull sperm heads (SSpH) in sample buffer showed the commercially purchased anti-Kap α

antibody worked and labelled Kap α at the 60 kDa level (KPNA1, Santa Cruz Biotechnology Inc.,

Santa Cruz, CA). This result also confirms that Kap α is a sperm head protein. Lane 2:

Immunoblot of 0.2% Triton X-100 extract (Tx) from isolated sonicated bull sperm heads.

Finding a single 60 kDa Kap α band in Tx confirms that it is a Triton-extractable protein. Lane 3:

Elutriated rat round spermatids in SDS (RS90). The labelling of the import receptor in these rat

haploid cells confirm that 1) testicular labelling of Kap α is not species specific (labelling both rat

and bovine samples), and 2) that Kap α is found developmentally in round spermatids, which are

the cells that undergo spermiogenesis, implicating Kap α in the process.
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Figure 11 - Immunoblots of Karyopherin α in the Membrane-Associated Fraction of the

Bovine Sperm Head

Kap α is found predominantly in the Triton-extractable (membrane-associated) fraction of the

sperm head. Equal sample loads were pipetted into the wells, run on 12% SDS-PAGE and

labelled with anti-Kap α at 1:500 and a secondary rabbit anti-goat (H+L) antibody diluted at

1: 10 000. A) Sequential extraction of isolated sonicated bovine sperm heads (SSpH) were tested

for Kap α. Lane 1: SSpH extracted with 0.2% Triton-X-100 (0.2% Tx). Lane 2: SSpH extracted

with 2% Triton-X-100 (2% Tx). As a trial, SSpH were extracted with 2% Triton-X-100 to see if

more protein would be extracted compared to 0.2% Triton-X-100. The difference was negligible.

Lane 3: SSpH after 0.2% Tx, extracted with 1 M KCl. Lane 4: SSpH after 2% Tx, extracted with

1 M KCl. Lane 5: 0.1 M NaOH extract of SSpH after 0.2% extractions. Lane 6: 0.1 M NaOH

extract of SSpH after 2% extractions. Lane 7: SSpH in sample buffer (Control). No labelling of

Kap α was observed in lanes 3 to 6, only in lanes 1and 2. Triton is a non-ionic detergent that is

commonly used to solubilize membranes and break hydrophobic bonds, indicating that Kap α has

a hydrophobic association that may be related to the inner acrosomal membrane or nuclear

envelope. B) A simplified immunoblot showing that Kap α is Triton associated. Lane 1: isolated

sonicated bovine sperm heads (SSpH); the control. Lane 2: 0.2% Triton-X-100 extract of SSpH.

Lane 3: the residual sonicated sperm-head pellet after Triton extraction (Pellet) in SDS.
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Figure 12 - Immunoblots of SubH2Bv in Bovine and Rat

SubH2Bv is a 15.5 kDa protein in both bovine and Rat. The arrows indicate the 15.5 kDa level

where SubH2Bv is found. A) Affinity-purified SubH2Bv was prepared using 3rd boost anti-PT

serum 427 and 1449 against an affinity column. The antibodies were concentrated and identified

SubH2Bv in the bull PT-NaOH preparation. Lane 1: Affinity-purified 427. Lane 2: Affinity-

purified 1449. B) Because Perf 15 is such a prominent PT protein that can mask SubH2Bv, rat

round spermatids were prepared. The cells were pelleted and incubated with 0.1% Tx. The

extract supernatant was collected and was tested along with the remaining pellet using affinity-

purified 1449 for SubH2Bv. Lane 1 is the bull control. Lane 2 is the Triton extract from rat

round spermatids. Lane 3 is the remaining pellet after Triton extraction.
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Figure 13 - Early Karyopherin α Expression in Round Spermatids

Immunoperoxidase staining around proacrosomic vesicles of step 2 rat round spermatids show

early Kap α expression at the beginning of acrosome biogenesis. A) The reaction product is seen

to demarcate the individual vesicles as they fuse and attach to the nuclear envelope (arrows).

Labelling is specific to the acrosome of haploid cells and not found in the nucleus or other

supporting cells within the tubule. B) This shows the rat phase contrast microscopy control using

normal goat serum. Bar = 5 μm.
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Figure 14 - Rat Testicular Cross-sections: Immunohistochemical Labelling of Karyopherin

α During Spermiogenesis

Kap α, in rat testicular cross-sections, specifically labels the acrosomic system throughout

spermiogenesis. A) Anti-Kap α immunoperoxidase labelling of step 3 spermatids can be seen

encircling the single, newly formed acrosomic vesicle (arrows) created from the fusion of

proacrosomic granules. B) Step 5 spermatids show the continued localization of Kap α to the

entire periphery of the developing acrosome (arrows) as the Golgi continues to contribute

material for the growing acrosomal matrix. C) Step 6 spermatids show the gradual transition of

immunolabelling from the outer periphery of the vesicle to predominantly label between the IAM

and NE (arrows), the subacrosomal margin, where the acrosome attaches to the NE. Labelling

from the OAM has diminished. Bar = 5 μm.
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Figure 15 - Bovine Testicular Cross-sections: Immunohistochemical Labelling of Bovine

Karyopherin α During Spermiogenesis

Kap α specifically localizes to the acrosomic system throughout bovine spermiogenesis. A)

Consistent with the labelling results in rat, step 3 bovine round spermatids show labelling that

clearly defines the early acrosomic vesicle (black arrows). B) Immunostaining of step 5 round

spermatids show the same curvilinear labelling at the subacrosomal margin (black arrows), as the

acrosome expands and caps the nucleus, and regression of OAM labelling. The duplicate images

are set in different focal planes. C) Step 9 round spermatids show sustained anti-Kap α labelling

at the subacrosomal margin, and exclusion of this typical nuclear import protein from the nucleus.

The immunoreaction product delineates the boundary where the acrosome attaches (black

arrows). D) Acrosomal labelling of Kap α in elongating spermatids near the end of

spermiogenesis is still associated with the acrosome (black arrows). The blue arrows lead to the

diagrammatic representation of the immunolabelling observed. Bar = 5 μm.



70



71

Figure 16 – Distinct Karyopherin α Immunolabelling During the Golgi and Cap Phase

Two distinct immunostaining patterns are observed during the Golgi and cap phase of

spermiogenesis that provides insight into Kap α’s potential role(s) during this process. Above:

the mouse cells in this stage, step 3 round spermatids, show the characteristic

immunohistochemical distribution pattern of the Golgi phase where labelling occurs around the

periphery of the acrosomic vesicle (arrow). Below: The curvilinear immunoperoxidase staining

that is typically observed during the cap phase is represented by step 5 spermatids (arrow).

Bar = 5 μm.
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Figure 177 - Schematic Summary of Karyopherin α and SubH2Bv Immunolocalization in

Haploid Round Spermatids During Spermiogenesis.

Kap α and SubH2Bv co-localize specifically to the acrosomic system of spermatids throughout

spermiogenesis in an identical manner, and are excluded from the sperm nucleus. Both proteins

associate with the acrosome at the beginning of spermiogenesis to surround the surface of the

PGs, and both label the growing acrosomic vesicle around its periphery. In elongating

spermatids, localization of Kap α and SubH2Bv is specific and diminishes or shifts from the

OAM to concentrate to the subacrosomal margin in a curvilinear manner. The Red dots

represents the immunostaining pattern of Kap α and SubH2Bv labelling observed in the

corresponding stage of sperm development.
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Figure 18 - Affinity Pull-down of Karyopherin α with Recombinant SubH2Bv (PT15)

Affinity pull-down results showed that Kap α has the ability to bind to SubH2Bv. Sonicated bull

sperm heads were extracted using 0.1% Triton-X-100 (TX). The Triton extract was then

incubated with His-tagged recombinant SubH2Bv (PT15), followed by purification using a Ni-

NTA column to pull-down SubH2Bv associated proteins. Bull recombinant SubH2Bv acted as

the bait. Nickel-purified samples were western blotted and immunostained with anti-Kap α and

anti-SubH2Bv. Tx (lane 1): Triton-X-100 extract alone showed labelling of Kap α at 60 kDa.

Tx-Ni (lane 2): TX extract purified over the Ni-NTA column showed no labelling for either Kap

α or PT15. PT15-Ni (lane 3): His-recSubH2Bv purified over Ni-NTA column showed labelling

only of the recombinant PT15 at the 15.5 kDa level. PT15-Tx-Ni (lane 4): Tx preincubated with

PT15 and then purified over Ni-NTA column showed labelling of both Kap α and PT15.
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Figure 19 - Immunoblots of Karyopherin β

Kap β can be extracted in both rat round spermatids and rat sonicated sperm heads (SSpH), but

not in bovine samples. Lane 1-4: Rat and bull comparison using monoclonal Kap β (lane 1 and 2)

and polyclonal Kap β. Equal sample loads were loaded into the wells and electrophoresed using a

10% gel gradient. The monoclonal antibody failed to detect Kap β in bull SSpH and only labeled

Kap β in rat SSpH. The polyclonal antibody was also used to pick up labelling of Kap β in both

rat and bovine samples. Again, successful labelling was found only in the rat. Lane 5:

Immunoblot labelling the major Kap β band in rat round spermatids (RS90).
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Figure 20 - Immunoperoxidase Labelling of Kap β during Spermiogenesis

Kap β immunoperoxidase labelling localizes more to the acrosomic region of haploid cells

compared to the distinct labelling around the nucleus seen in the pachytene spermatocytes (P).

A) Immunolabelling of polyclonal Kap β in mouse seminiferous tubules in Stage III and VII of

spermiogenesis. B) Kap β in magnified step 3 spermatids show focal labelling in the vicinity of

the nucleus and Golgi-acrosomic system (arrows). C) Curvilinear labelling can be seen

sometimes in magnified step 7 spermatids (arrows).
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5. Discussion

Many studies have followed the acrosome through its developmental morphology, its

interplay with the oocyte and its choreography in fertilization, giving us insight into its hydrolytic

cocktail of enzymes, structure and biogenesis. Knowing that acrosome development is largely

dependent on the Golgi to synthesize PGs that fuse to form the acrosomic vesicle, tells us only of

its organization, but fails to comprehensively model its transport pathway and docking

mechanism. Consequently, the undertaking of this study was to assess the acrosome’s targeting

and transport machinery, and perhaps suggest a method for its attachment and stabilization to the

nucleus.

In 2002, Aul and Oko characterized a sperm-specific novel histone variant identified as

SubH2Bv, and established that it was a major peptide component of the sperm head in several

mammalian species. Found in the subacrosomal layer of humans, bulls and the perforatorium of

muridae at the 15.5 kDa level (Oko and Maravei, 1994), it shared a histone motif with H2B, but

interestingly had never been found developmentally in the sperm nucleus. GFP, salt elution and

DNA-cellulose chromatography studies conferred a functional histone fold and an unprecedented

working amino-terminal bipartite NLS (Aul and Oko, 2002, from the Ph. D. thesis of Aul, R.,

2003, Queen’s University). Looking at all the elements, SubH2Bv’s tertiary structure predicted

its success and function in dimerizing with DNA and other peptides, but its bipartite NLS

suggested that it was primed for a distinctive, major signalling role.

Immunohistochemistry and EM labelling directed the study to show that SubH2Bv was

involved with the acrosomic system (Aul and Oko, 2002), showing distinct labelling around the

acrosome and where it attached to the NE. In light of these observations and its absence from the
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surrounding testicular cells and tissue, SubH2Bv’s developmental expression in round spermatids

suggested that it was involved in targeting the PGs to the NE and somehow was an accessory to

acrosomal docking by remaining on the nuclear surface.

Modelling a vesicular transport pathway for SubH2Bv in spermiogenesis was needed to

test our assertions and evaluate how SubH2Bv would target, traffic, and anchor the acrosome to

the NE. A karyophilic, nucleocytoplasmic transport protein that is adapted to bind to bipartite

NLS cargoes with great affinity provided a solution (Riddick et al., 2007). Karyopherin alpha

(Kap α) is an import receptor that belongs to the superfamily of karyopherins involved in the

bidirectional translocation of macromolecules between the cytosol and the nucleus, including Kap

α’s transport cofactor karyopherin beta (Kap β) (reviewed by Goldfarb et al., 2004; Stewart,

2007). The 10 tandem armadillo repeats that form the binding domain and core of this cylindrical

superhelix, mediate the extensive protein-protein interactions between Kap α and its cargoes

(Conti et al., 1998), accommodating both monopartite and bipartite sequences (Weis et al., 1995).

The flexibility of Kap α’s sizeable binding domain is the reason for the family’s cargo diversity

and the success of karyophilic transport (Conti et al., 2006). Bound to Kap β at its N-terminal

(the autoinhibitory IBB domain), Kap β, Kap α, and its NLS cargo, form the functional ternary

transport unit (Reviewed by Goldfarb et al., 2004; Lange et al., 2007). Though Kap β is capable

of binding non-classical NLS bearing peptides, its main function, when complexed with Kap α, is

to dock the trimeric unit to nuclear pores (aqueous channels embedded in the NE) for nuclear

import (Reviewed by Gorlich and Kutay, 1999; Chook and Blobel, 2001). Kap α’s somatic

transport role and affinity for bipartite NLSs provided an underlying mechanism and explanation

for a SubH2Bv-directed role in acrosomal targeting and attachment.
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Western blot analysis identified Kap α1 as a soluble-membrane-associated sperm protein

and ubiquitous transport receptor that was present in haploid germ cells. Its presence in round

spermatids confirmed earlier evidence by Giarre et al. (2002) who isolated and mapped out three

clades of Kap α in Drosophila, uncovering that Imp α1 (homologous to the isoform used in our

study), was highly expressed during spermiogenesis. At that time though, no definitive role or

known function was assigned to the receptor molecule during this spermatic process.

Immunohistochemistry was a major tool in our study that helped solidify our formulated

perspective on Kap α’s role in haploid germ cells and the events that surround acrosome

biogenesis. Unraveling what was thought to be just a nuclear import receptor, our Kap α

immunolabelling findings suggested that Hogarth et al. (2006) was perhaps not too far off in

suggesting that Kap α may have a function independent from its recognized import role—

conceivably, to mediate an alternative nuclear transport process.

In this study, immunolabelling of testicular cross-sections characterized Kap α and its

role in germ cells. What it revealed was the specific expression and localization of Kap α to the

acrosome in bovine and muridae haploid round spermatids throughout spermiogenesis. Its

absence from the nucleus and its intimate association with the acrosomic system was seen

developmentally in the Golgi (step 1-3), cap (Step 4-7), acrosome (step 8-11 in bull, 8-13 in rat)

and maturation phases of spermiogenesis, making it evident that Kap α is an acrosome-related

protein. Given that the Golgi phase marks the beginning of spermatid cytomorphogenesis, which

involves the formation and delivery of the precursory acrosomic vesicles (PGs),

immunolocalization of Kap α to the PGs suggests that Kap α is not only associated with the

acrosome, but actively involved in its formation.
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Immunoperoxidase labelling of the seminiferous tubules provided chronological

snapshots of the developmental expression of Kap α in haploid cells that mirrored SubH2Bv,

suggesting that they interacted (Figure 17). This relationship was solidified by the successful

affinity pull-down of Kap α using His-tagged recombinant SubH2Bv. The assay demonstrated

Kap α’s capacity to dimerize with SubH2Bv’s NLS with enough affinity in vitro to be recognized

as binding partners, the real implication being that this interaction could be extended in vivo.

Nuclear import of core histones have been identified in the past as an importin-mediated process,

where H2B import was associated with the imp α/imp β heterodimer (Mulhausser et al., 2001).

Vesicular studies reviewed by Moreno and Alvarado (2006) and Ramalho-Santos et al.

(2002) have identified a number of acrosomal surface proteins, that are believed to be involved in

acrosomal membrane trafficking, fusion and docking. V-snare VAMPS, t-snare syntaxins, RABs,

clathrin and β-COP are all associated with the acrosomic vesicles; however none are implicated

in transporting the PGs to the NE. Though clathrin and β-COP are linked to retrograde and

anterograde transport during spermiogenesis, their function is primarily tied to the retrieval of

missorted vesicles from the acrosome (Moreno et al., 2000b, Moreno et al., 2006). The co-

localization evidence of Kap α and SubH2Bv to the transitory PGs (in step 1 and 2 spermatids)

strongly affirmed their involvement in trafficking these vesicles to the NE, and marked Kap α as

the receptor for SubH2Bv’s NLS. As a natural import receptor that travels to the nucleus, it can

be argued that Kap α functions in acrosomic vesicle transport, trafficking the PGs and carrier

vesicles to the NE (by binding SubH2Bv’s bipartite cNLS), as both coat the acrosomic vesicles in

the early stages. Also, evidence of their co-localization and binding relationship had worked to

characterize SubH2Bv as a Kap-α-associated protein and recognized cargo. With the exception

of cylicin (a PAS protein), no other acrosome-associated surface protein found thus far is
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equipped with a functional bipartite NLS, making SubH2Bv (a SAL protein) the only protein,

with a nuclear targeting sequence capable of directing acrosomic vesicles, and consequently, the

only one capable of binding Kap α. Based on the Kap α/bipartite NLS consensus and their

expression patterns in haploid cells, SubH2Bv and Kap α are determined to be contingent players

in spermiogenesis with involvement in trafficking acrosome-associated vesicles to the NE.

Consideration should be given to the idea that Kap α may be part of an anti-aggregation

mechanism that prevents basic proteins from precipitating in the cytosol. Jakel et al., (2002)

identified how nuclear-bound proteins, like histones and ribosomal peptides, have a tendency to

aggregate in karyopherin-free cytosol when their basic binding domains are exposed and interact

with cytosolic polyanions. The multivalent interaction prevents them from solubilizing and being

transported to their targeted destination. Given the physical properties of SubH2Bv, as a histone

H2B variant, the co-localization of Kap α in spermiogenesis could be attributed to an alternative

role to chaperone and bind SubH2Bv’s basic domains and prevent protein aggregation in transit

to the NE.

The immunohistochemistry results from Kap α, mimicking SubH2Bv, showed the

redistribution of Kap α labelling from coating the periphery of the PGs and acrosome to linearly

converging at the subacrosomal margin (IAM-PT-NE margin). The loss of Kap α labelling from

the OAM suggests that Kap α expression is regulated or broken down, with its assumed transport

role completed. However, as a recognized nuclear import receptor, its absence from the nucleus

and continued curvilinear labelling with SubH2Bv at this nuclear boundary alludes to a

subsequent role separate from its expected nuclear identity. The nuclear exclusion of SubH2Bv

and Kap α (both expectedly nuclear peptides), and permanence at this margin, suggests a role in

acrosomal docking and stabilization.
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In recent years, the Kierszenbaum laboratory has introduced the acroplaxome as their

contending theory and answer to acrosome shaping and docking. This theoretical structure is said

to be an electron-dense keratin composite plaque, reinforced with actin filaments that is

visualized between the NE and the developing acrosome in the early stages of spermiogenesis.

As it synchronously grows in parallel with the developing acrosome, this subacrosomal

cytoskeletal plate is argued to be the primary docking mechanism for the acrosomic vesicle,

anchoring it to the NE and shaping it as it stretches along the outer marginal edge of the plaque

(Kierszenbaum et al., 2003; Kierszenbaum and Tres, 2004).

The Kierszenbaum lab, however, failed to show sufficiently early evidence of

acroplaxome formation and proposed the presence of actin in the early stages of spermiogenesis.

Studies in our lab have only successfully documented the presence of actin during the later stages

of spermiogenesis (step 6 or 7) with events that coincide with the arrival of the manchette,

making this a point of contention. Most of the evidence presented in the studies showed the late

emergence of the acroplaxome, appearing in the cap phase of spermiogenesis. The electron dense

debris suggested to be the docking template in the EM studies in reality was likely the PT.

Further evidence of the acroplaxome’s dissociation during nuclear elongation worked against its

convention as a docking platform, given that the acrosome remains long after the keratin structure

has been dismantled. Although promising, Kierszenbaum’s theory of a SAK 57-F actin

acroplaxome forgoes the notion that the perinuclear theca is involved in acrosome development

and attachment and ignores the published finding of SubH2Bv (Aul and Oko, 2002, Oko and

Maravei, 1995).

Human infertility syndromes like globozoospermia (Lalonde et al., 1988; Singh, 1992),

along with its related causes, makes it very difficult to ignore the impact of the PT on acrosome
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biogenesis, since these conditions are often symptomatic of defective PTs. Studies have shown

that Hrb- and GOPC-deficient mice are devoid of acrosomes since the pathways involving the

trans-Golgi transport to the NE (GOPC pathway) and PG fusion (Hrb pathway) are affected.

Subsequently, the disruption of these important pathways inhibit the delivery of PGs to the NE

(Yao et al., 2002), preventing them from fusing and docking to the NE or establishing the protein-

rich deposit that constitutes the PT (Kang-Decker et al., 2001). With nothing to support, anchor

or shape the acrosome during its development, the absence of the PT construct translates into

compromised, acrosomeless sperm heads, typical of globozoospermia (Courtot et al., 1987;

Lalonde et al., 1988; Escalier, 1990). The importance of the PT to the development of the

acrosome, argues in favour of the approach that a SAL-PT polypeptide would provide the

cytoskeletal framework for acrosomal attachment and stabilization.

Assessing the physical and functional properties of the known PT peptides, like calicin

(an actin binding protein) (Longo et al, 1987; von Bulow et al., 1995), stat4 (a transcriptional

zygotic gene activator), and RAB2A (vesicle trafficking protein regulator) (Mountjoy et al,

2008), SubH2Bv may have a reserve function in anchoring the acrosome to the NE. Its resilience

as a bipartite-bearing, non-nuclear subacrosomal peptide in the mature sperm head, and its

established subacrosomal co-localization with Kap α in this study, has strengthened the

preceeding argument that SubH2Bv has more than just the signalling role discussed.

Yang and Sperry (2003) did a co-localization study showing that Kap β and a C-terminal

kinesin motor protein (KIFC1) co-localized to round spermatids and were players in

spermiogenesis (Yang and Sperry, 2003). In studying KIFC1, they used an anti-Golgi matrix

protein (anti-GM130) and an anti-oligopeptide antibody for the motor protein and observed

antigenic staining of the Golgi, PGs and acrosome. Importin β/Kap β fluorescence and co-
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immunoprecipitation study with KIFC1 were also run and showed co-localization of the two

peptides to the acrosome in a manner reminiscent of the curvilinear localization of SubH2Bv and

Kap α. This suggested to Yang and Sperry that KIFC1 and Kap β were involved in acrosome

biogenesis and supplemented the acrosomal transport pathway.

Their localization of Kap β to late-stage haploid spermatids and the acrosome, along with

its association with a motor protein, helps advocate a conceptualized model for SubH2Bv

acrosomal docking which is based on the convention of bipartite/Kap α/Kap β nucleocytoplasmic

transport. Effectively, Kap α would function as the intermediary peptide that would bind

SubH2Bv-coated acrosomic cargo and work in tandem with Kap β to dock the complex to the NE

via nuclear pores. The entire transport unit’s motor supply would be powered by Kap β-bound

KIFC1 (or a comparable motor protein), hydrolyzing ATP as it travels along microtubules to the

NE. Backed by Yang and Sperry’s findings, this premise comprehensively accounts for the

biomechanical targeting, transport and docking of the acrosome.

The only factor that complicates this theory is the caudal migration of the nuclear pores

towards the tail implantation fossa at the beginning of spermiogenesis (Tovich et al., 2004).

Theoretically, without the nuclear pores, there is nothing for Kap β to dock to and no means to

anchor or stabilize the acrosome. However, Yang and Sperry definitively showed the anterior

labelling of Kap β, and KIFC1 capping the NE in step 6-7 of spermiogenesis that mimicked the

immunolabelling of Kap α/SubH2Bv. At this stage, the nuclear pores would have long

descended, leaving behind the notion that acrosomal docking is dependent on transitory, cytosolic

nucleoporins (that can stabilize Kap β at the NE), nucleoporin-like peptides (such as hrb) (Fritz et

al., 1995), or nuclear surface proteins that can facilitate docking, based on our suggestion.
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There is a possibility that neither nucleoporins nor the Kap β subunit are involved in the

anchoring process at all. Although Kap β was found in rat sperm heads, it was not detected in the

bull in this study, indicating that Kap β may be discarded in the residual bodies of some species

and is not an important sperm head component of spermatozoa. Acrosomal docking might be

mediated by Kap α alone or in association with another protein. Plant studies conducted by

Smith and Raikhel (1998) and Hubner et al. (1999), documented that a Kap α plant homologue

found in Arabidopsis (At-IMPalpha), was able to mediate protein import into the nucleus in the

absence of Kap β, meaning Kap α had the means to independently bind the nuclear pore to

transport its cargo. Kotera et al. (2005) found a similar independent pathway in mammals,

showing that Kap α was able to translocate CaMKIV into the nucleus, making it possible that this

system could exist in sperm cells.
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6. Conclusion

This study confirmed that Kap α is a ubiquitous sperm-head protein that is expressed

during spermiogenesis in haploid cells. More importantly, it showed that SubH2Bv and Kap α

co-localize to the acrosomic system of round spermatids and have a binding relationship in vitro.

These fundamental conclusions have helped corroborate SubH2Bv’s and Kap α’s adjunct role in

acrosome biogenesis, transporting the acrosomic vesicles to the NE, and also suggested their

involvement in acrosomal docking or stabilization. As much of this research is unprecedented,

there still remains a considerable amount of work to pursue, directed mainly toward knock-out

trials of Kap α and determining what effect this would have on the acrosome and male fertility.

Given the nature of their relationship, these studies will be an important resource in

understanding Kap α’s limitations and role in the acrosomic system and help further characterize

SubH2Bv as a PT peptide. Greater emphasis should also be placed on conducting more affinity

pull-down trials to see if the multimeric complex of Kap α, Kap β and their cargo can be isolated.

This will answer whether or not acrosomic vesicle transport follows the classical Kap α/Kap β

heterodimer transport pathway or a Kap β-independent system. It will also disclose if Kap β is

involved in docking the acrosome, and determine the extent to which we need to investigate

alternative solutions to account for the caudal migration of the nuclear pores.
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