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ABSTRACT

This research entailed investigations on the organisation of spermatozoa

chromatin from the fat-tailed dunnart (Smintlnpsis crøssica'udntfl), an Australian

insectivorous marsupial. The sperm atozoa of this dasyurid species have two

distinct nuclear regions; a homogeneous and amorphous interior (C1)' and a

fissured, peripheral region (c2). The objective of this research was to elucidate

the molecular structural organisation of the spermatozoa nuclei' Some studies

that were caffied out include, (1) biochemical analyses of the nuclear proteins' (2)

determination of the higher order chromatin structure using the atomic force

microscope (AFM), and (3) molecular characterisation of DNA from the two

nuclear regions.

spermatozoa nuclear proteins were characterised using acetic acid'urea

PAGE and fractionated by reverce-phase HPLC. The main protein component

was partially sequenced and was determined to be protamine 1' A full hlstone

complement consisting of lillrHlzB'rrI2LrH3 and H4 was also detected and these

histones constituted approximately 25-3OVo of total protein.

Immunofluorescence and immunoelectron microscopy revealed specific

labelling of anti-histone antibodies to the c2 region. Treatment of nuclei with

micrococcal nuclease showed that the cL chromatin was resistant to digestion' a

feature that is characteristic of nucleoprotamines. The enzyme, however'

preferentially cleaved the C2 chromatin from the rest of the nucleus to produce

30-38 nm agglomerates.

AFM imaging demonstrated that the higher order chromatin structures in

the c1 region were particles of 50-80 nm in diameter. The c2, nucleohistone

region, howeyer, contained clusterc of l2o-l4o nm sized'particles.

DNA from the nucleohistone region was isolated using micrococcal

nuclease, cloned into PCR-Script, and characterised by sequencing' a database

seareh indicated shared sequence homology of the cloned fragments with a family

of long interspersed repeat elements (LINEs)'

southern hybridisation using a probe made from a LINE insert named'

LlSc, did not label to DNA from the micrococcal nuclease-resistant, cl region' By

contrast, the probe hybridised to a large series of fragments from the untreated

genomic DNA. These results indicate that LlSc may occur exclusively in the

nucleohistone region of the spermatozoa nuclei'
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This was supported by fluorescence in situ hybridisation studies that

demonstrated localisation of LLsc probes to the peripheral chromatin of the

spermatozoon nucleus' corresponding to the nucleohistone region ' ln Sminthopsis

fïbroblast chromosomes, LlSc probes were localised within the dark R-bands that

contain the AT-rich and gene-poor, isochores of the genome' Therefore' there

may exist defined genomic clustering of LINE sequences in both the chromosomes

and spermatozotnuclei of this species'

In conclusion, sperm atozoa of sminthopsis crassica'udhta appear to contain

both histones and protamines in well-defined regions of the nucleus' Histones

have been localised to the peripheral C2 region, whereas protamines are likely to

occur in the nuclease-resistant Cl region' The histones organises DNA within the

c2 region into 1L nm nucleosomal structures that form larger fibres of

approximately L2O-L4O nm in diameter as measured from topographic AFM

images. AFM also shows that the putative nucleoprotamine region (C1) may

consist of tightly packed nodules of about 45'60 nm in diameter' Finally' the

spermatozoa histones appear to have a preference for the packaging of the

nongenic isochore, which consists mainly of LINE repeats, whereas protamines

may bind to the gene'rich isochore of the genome'
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Ghapter 1. LITERATURE REVIEW

1.1. INTRODUCTION

The spermatozoon is a highty specialised cell that futfils roles in the

transport of the haptoid paternal genome within the female tract and in the

fertilisation of the oocyte. Some key structures involved in these functions

include a flagellum that is equipped with mitochondria and the machinery for

motility, an acrosome which carries hydrolytic enzymes that aid in the

penetration of oocyte coats, and a highty compacted nucleus that contains the

male haploid genome. Although these features can be found in the spermatozoa

of most species including invertebrates, there are, neYertheless, considerable

differences in the morphology of the male gamete between species from different

taxa. sperm morphologf is, however, conserved within taxonomic groups and

has been used in comparative studies to determine or confirm phylogenetic

relationships (Harding et al., 1982;Breed, 1983; Temple'smith' 1984)'

During veltebrate spermiogenesis, significant changes in the structure and

biochemistry of chromatin occur' such as alterations in the methylation level of

DNA (Mazo et al., lgg4)rand, with the exception of some fish and anurans' the

replacement of histones with protamines (Balhorn, 19S9)' The DNA packaging

protein, protamine, which is low molecular weight and highly basic' is largely

responsible for the condensed and biochemically iñert state of spermatozoa

chromatin (Marushige and Dixon, 1969). There is large interspecies variation in

the amino acid sequence of protamines and in the types expressed' This contrasts

with the high degree of conservation in somatic cell histones' Histones have an

important role in transcription by regulating the accessibility of DNA to

transcription factors. This occurs through post-translational modifications of the

proteins, such as acetylation of the amino terminus of histone Hl (Grunstein'

1991). In addition, the winding of the DNA helix around the histone octamer

allows close range interactions between control elements that are separated

within genes (van Holde' l'993)'

Protamines, unlike histones, do not appear to have any specific roles in

gene expression or replication. The high sequence divergence of protamines may

reflect a lack of selective advantage in preserving characteristics that relate to
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gene function. Protamines may have a Primary role in the packaging of DNA to a

minimal volume and may thus serve to protect the genetic material during

transportation of the spermatozoa within a viscous medium' flowever' there

exists some intriguing similarities between DNA packaging in somatic cells and

spermatozoa,thatisdiscussedinmoredetailinSectionl.4.

somatic histones of germ cells are replaced by arginine'rich, sperm'

specific protamines during spermiogenesis in mammals, however, a subset of

histones are retained in the mature spermatozoa of some species such as mice,

rams and humans (o'Brien and Bellvé, 1980; Biggiogera et al., 1992; Moss et al',

1989; Uschewa et al., t982; Tanphaichitr et al., 1978; Gatewood et al., 1987;

Gusse et al., 19S6). In vertebrates, two major families of protamines, Pl mùP2'

are known to exist. The P2 protamines are' howeYer, incorporated within the

spermatozoa nuclei of only a small number of species that include mice' humans

and stallions (McKay et al., 1986; Belaiche et al', 1987; Bellvé et al'' 1988)' Most

vertebrate species express type I protamines, but, those of marsupials (Retief et

al., 1995a; Fifis et at., 1.990), birds (chiva et al., 1937) and reptiles (Kasinsky et

â1., 1937) differ from eutherians in the general absence of inter' and

intraprotamine disulphide bonds'

In this thesis, some basic questions regarding the organisation of the

spermatozoa chromatin of a dasyurid mansupial, sminthopsis crassicaudnta have

been addressed. The spermatozoon of this species disptays a Yery peculiar

nuclear morphology. ultrastructurally, the nucleus consists of (1) a homogenous

core structure and (2) fissured structures at the periphery' The morpholory of

spermatozoa nuclei in eutherians, is more akin to the firct structure which has a

condensed and homogenous appearance. In some species, holeYer, irregularities

such as the nuclear vacuoles of human spermatozoa, also exist (Tanphaichitr et

al.,1982).

It is unknown how the variability in the morphology of mammalian

chromatin relates to the diverse array of spermatozoa nuclear basic proteins

(sNBPs) incorporated in the nuclei. For example, there is, hitherto' no

comprehensive study on the localisation of different proteins such as sperm

histones, and P L and P 2 protamines within the spermatozoon nucleus' It

remains obscure whether or not this multiplicity of proteins translates into a

heterogeneous chromatin organisation. \ryith the pronounced features of the two

chromatin regions in sminthopsis spermatozoon' this animal lends itself as a good
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model to study the disjunction or compartmentalisation of the chromatin and the

cause and/or selective advantage for this occurrence'

In the following sections, several topics wilt be introduced ineluding' (L)

spermiogenesis during which nuclear condensation occurs, (2) the different types

of sperm nuclear basic proteins (SNBPs), such as histones, histone-like proteins'

Íntermediate proteins and protamines, that are incorporated in spermatozoa of

various species, (3) protamine structure, function and evolution, (4) structures of

nucleohistones and nucleoprotamines and, finally, (5) the organisation of DNA

sequences such as the telomeres and satellite repeats in spermatozoa nuclei'

These topics are designed to provide an overview of the morphogenesis of the

sperm nucleus, the DNA packaging proteins involved including some aspects of

their evolution, and the spatial distribution of certain DNA elements in the

spermatozoa nuclei.
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I.2. SPERMATOGENESIS IN MAMMALS

spermatogenesis encompasses two meiotic divisions of a male germ cell to

produce four haploid spermatids and their subsequent transformation into

spermatozoa that is equipped with flagella, acrosomes, and compact nuclei' The

morphological changes that take place during spermatogenesis are essentially the

same in all mammals and can be divided into several stages' Each stage is

represented by four or five layers of germ cells that exhibit various degrees of

development (Fig. 1.1). These cellular associations are conserved amongst

mammals and relate closely to the functions of sertoli cells (sharpe' 1993)'

stem-cell spermatogonia initially divide into two daughter cells (amman'

1931). one of the cells prevails as a stem cell' called proliferative

spermatogonium, while the other, differentiates into a Type B spermatogonium'

The nomenclature for stem cells is Ai"olut"d (A¡) spermatogonia, proliferative

cells are, Apairea (ap) and A atigned (A 
"r) 

spermatogonia, whereas differentiated

cells are known at various stages of development to be Ãb L2, As, 44,

Intermediate(In),andTypeB(B)spermatogonia'spermatogoniacanbe
distinguished in histological sections by the amount of chromatin lying along the

inner aspect of the nuclear envelope; Typ" A has essentially none' and Type B

contains a large amount (Parvinen et al', 1991)'

Type B spermatogonia undergo a final mitotic division to give rise to two

daughter cells that enter ù prolonged meiotic phase as preleptotene

spermatocSrtes. Preleptotene spermatocSrtes are very similar to B cells but are

slightly smaller. These cells are at an active stage of DNA synthesis (Parvinen et

al., 1991.).

Leptotene signals the initiation of the meiotic prophase, which is long'

lasting and may extend for up to three weeks. The nuclei of leptotene cells lack

peripheral chromatin but condensed chromosomes are apparent in the form of

chromatin threads. During zygotene, homologous chromosomes become paired

with the aid of the pairing apparatus or synaptonemal complex, and the

chromosomes have a thicker appearance'

At pachytene, genetic recombination or crossing over occurs in the fully

paired chromosomes. During mid'to late pachytene stage, there is prolific RNA

synthesis (Tres and Kierszenbaum, 1rg77). The cells grow rapidly in size and the

chromosomesbecomemorewidelydispersedwithinthenuclei.Diploteneisa
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brief phase and the remainder of the cell division occurs rapidly to produce

secondary spermatocJrtes.

The second meiotic division, or meiosis II, soon follows and results in four

haptoid spermatids for every pachytene spermatocyte (sharper 1994)' Meiosis II

cells are considerably smaller than their meiosis I counterparts. Both secondary

spermatocytes and step 1 spermatids are similar in having very little

heterochromatin but the spermatids are distinguishable by their smaller size' At

this stage they are known as 'round spermatids' as the shape of the cells and the

nuclei is roughly spherical. During spermiogenesis, each round spermatid

differentiates into a spermatozoon whitst undergoing profound physiological'

biochemical and morphological transformations'

spermiogenesis in mammals is subdivided into three phases; these overlap

in the commencement and completion of the morphological changes that occur in

the spermatid. The acrosomal phase involves the development of the acrosome in

early spermatids. The acrosomer however, continues to change and mature well

into the later stages of spermiogenesis'

During the second phase, elongation of the flagellum, accompanied by the

accumulation of mitochondria at the mid-piece, take place' At the same time'

nuclear condensation and a progressive reduction in cytoplasmic volume occur

(Sprando and Russell' 1987).

The final phase involves the elimination of the remaining cytoplasm and

the release of the spermatozoon into the lumen of the seminiferous tubules (Fig'

1.1). The gradual reduction in cytoplasmic volume occurs through specialised

structures, the tubulobulbar complexes, that form between the Sertoli cell and the

head region of the spermatid. The release of the mature spermatozoon into the

tubular lumen is partly mediated by severing links with the tubulobulbar

complexes (Russell, 1990).



Literature Review 6

rê

'44\
,\8).vP

6vP

e'G'
. {¿}',/

G.
?¿.)--/.

fi
. Y!t/ P¡

,ã
€1

â
'@,.@,

P

'./
,/

LLt.

tlllll IV V VI VII VIII IX X XI XiI XIII XIV

Stages of the cycle

7 .1 32.3 17 .6 14.1

Duration in hours
34.8 23.3 6.0 13.0 1¿.7 2ô.5 62.8 21',3 7 '1 7 '1

Ø S æi'¡ì1al cg cnial
(rel¡c¿îive) Phas€

lJeolic phese Acrcscriìal phese N Nuclear ænCels¿tìon /

elongation phase

r-r! Cv'looìasnic elininatior
l:..:::t::::::l -' . 

fgtgaSe phaSe

Fig. 1.1. Germ cell ass spermatogen¡c

cycle in tÉe rat. Each:stage ¡s cells that are ¡n

assoc¡at¡on with Sertoli cells at ubule is located

to ttre top of the diagram and th Sharpe' 1993)'

1.2.1. Nuclear changes during spermatogenes¡s

At the onset of spermiogenesis' the round spermatid is still capable of

mRNA synthesis and is active in the production of heterogeneous nuclear RNA

(hnRNA) (Kierszenbaum and Tres, lg75), and protamine RNAs (Hecht, 1990)'

However, during the elongation phase, the nucleus becomes transcriptionally

inert as nuclear condensation progresses. At this time in eutherian mammals,

histones become replaced by transition proteins, which in turn become displaced'

and substituted with protamines (Hecht, 1990). Thus, the bulky nucleosomal

(histone octamer and associated DNA) type of DNA packaging becomes
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transformed into a highly compact nucleoprotamine structure (ward and coffey'

1991). Concomitantly, the nucleus becomes greatly reduced in size and adopts

the species-sPecific shaPe.

Fawcett et al., (lgll) suggested that the generation of the nucleoprotein

complex may be an intrinsic factor that is responsible for the shaping of the

spermatozoa nuclei. other structures believed to be extrinsic determinants of

nuclear shaping are the manchette (Russell et al., 1983), and perinuclear theca

components such as the subacrosomal layer (Bellvé et al., 1992), and the

postacrosomal nuclear sheath (calyx) (Longo and cook, 1991)' Given the lack of

available evidence, none of these factors can be ascribed a predominant role in

the shaping of the nuclei of spermatozoa'

The manchette is an organelle that appears around the caudal region of

the nucleus during early spermiogenesis and disappears just before spermiation'

It consists of an array of microtubules linked to the nuclear ring (Holstein and

Roosen-Runge, 19S1). The microtubules occur close to the nuclear envelope and

form attachments to the fibrils of the condensing chromatin' During the

elongation phase, the nuclear ring and the associated manchette move towards

the posterior of the nucleus and may thus have a subsidiary role in nuclear

shaping in eutherians (Russell et al', 1991)'

The subacrosomal layer labels with antibodies to actin and this labelling is

high during the elongation phase and subsequently disappears prior to sperm

release (Fouquet et al., 19S9). Actin may form a temporary framework that

guides the assemblage of other proteins of the perinuclear cytoskeleton (Fouquet

et al., 1992).

lnyoungspermatids,theperinuclearsubstance(PNS)'appearsbetween

the developing acrosome and the nuclear envelope. as the development of the

PNS progresses to the postacrosomal region, the postacrosomal dense lamina

appearìs in elongating spermatids. cytochemical studies indicate that these thecal

components are rich in basic proteins (Dadoune and Alfonsi, 1986; Dadoune'

1995). The proteins that have been isolated include the 60 kDa calicin' which

may be related to keratin (Longo et al., 1987), and the thecin family of high

molecular weight proteins (Bellvé et al., 1990)' The perinuclear theca has been

suggested as forming a dense mesh that interconnects the acrosome' nucleus and

postacrosomal material, thereby providing consistency to the overall shape of the

spermatozoon head. This view is supported by the finding that following the
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extraction of protamines and DNA from the mouse sperm nucleus, the original

shape of the nucleus is retained and is maintained by the perinuclear matrix'

consisting of the perinuclear theca and a network of fibres (Beltvé et al, 1992\'
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1.3. VERTEBRATE PROTAMINES

During spermatogenesis in species from the different taxonomic groups'

there is a high degree of compositional and structural variability in the

spermatozoa nuclear basic proteins (sNBPs) that eventually become associated

with DNA. There are several categories of sNBPs, classified according to their

cytochemical and biochemical properties (Bloch, 1969). Type L proteins are the

true protamines that are rich in arginines and found in many vettebrate groups

such as fish, marsupials and birds. Type 2 a¡re the keratinous protamines that

contain cysteine residues and found in eutherian and cartilaginous fish

spermatozoa. Type 3 are the intermediate protamines, which contain lysine and

histidine amino acids as well as arginines and they occur in the spermatozoa of

Xenopus, Mytiltts and others. Typ" 4 are the somatic-like histones retained in the

spermatozoa of Ranarechinoderms and goldfish. Typ" 5 are unknown entities

that are not basic proteins, found in the non-motile spermatozoa of crabs (Bloch'

1e69).

Bony fish, cartilaginous fish, mammals and birds represent the various

vertebrate groups that incorporate protamines. These proteins are small in

molecular weight and arginine'rich. Cysteine residues occur in the keratinous

protamines of eutherians, cartilaginous fish, and one species of marsupial (Retief

et al., 1995a), but not in the protamines of birds (chiva et al., 1987), reptiles and

other marsupials (Balhorn, 1989). Despite these similarities, there appear to be

several lines of evolution leading to the various protamines, for example, the

protamines of bony fish are likely to have evolved separately to those of birds'

and mammals. Amongst the mammals, the P2 protamine family is restricted to a

few species, mainly rodents and primates, and differs significantly from the P1

family of protamines. Therefore, the categorisation of sNBPs according to Bloch

(1969) is strictly according to their biochemical properties' The classification

does not necessarily reflect the phylogenetic relationship of the sperm proteins'

The following sections describe the characteristics of the various protamines in

terms of their gene and amÍno acid sequences and their evolutionary associations

with one another.

1.3.1. Protamine genes

Amongst eutherians, there exist two families of protamines called P1 and

P2. The protamines of both families are keratinous and the genes code for up to
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six cysteine amino acids. unlike that of PL, however, the P2 gene also code for

several histidine residues (Kleene et al', 1985)'

Most mammalian genomes appear to have genes for the P1 protamine, but

the distribution of the P2 gene is more limited and has only been found in

humans, mice, guinea pigs, and stallions (McKay et al., 1986; Bellvé et al.' 1988;

Belaiche et al., 19S7). However, the genomes of diverse eutherians' marsupials

and the platypus, a monotreme, appear to contain sequences that hybridise to

cDNAs that code for mouse protamine 1 and protamine 2 under low stringency

conditions in southern blots (Johnson et al., 19SSb). The Pl and P2 probes used

did not cross-hybridise under similar conditions. Therefore, the positive signals

detected for the various species could not be due to exclusive hybridisation to

stretches of arginine codons. The hybridisation signals of mouse P2 probes'

although reproducible, were much weaker in the genomic DNA of human' boar'

dog, bull, insectivorous bat, wallaby, and platypus companed to that in the rat

and hamster (Johnson et al., 19SSb). In the same study, no hybridisation signal

has been detected for the stallion spermatozoa, however Pirhonen et al., (1990),

have subsequently isolated twoP2variants and a single P1 protamine' Sequence

analysis of the P2 variants in the stallion, indicates that not only is there a

difference in the amino terminal length, but also in several amino acid residues

present. The P2 variants may be coded by two homologous P2 genes which may

have resulted from gene duplication followed by point mutations (Pirhonen et al"

1ee0).

Although P2 protamine is absent in the rat sperm, its mRNA is detected,

albeit at a level of only l-2Vo of that in the mouse (Bower et al., 1937). A genomic

DNA fragment of protamine P2 from the rat demonstrates )9O7o nucleotide

sequence homology with the mouse P2 (Tanhauser et al., 1989)' The low

expression of the P2 gene in the rat, may be due to an alteration in the regulatory

sequences leading to reduced transcription of the P2 genes (Johnson et al'' 1988a)'

The cDNAs for the mouse P1 and P2 protamines share little homology and

do not cross-hybridise (Johnson et al., t988a). The mammalian PL gene' contains

a single intron (Kleene et al., 1985; Retief et al., 1995a) and in eutherians, the

gene codes for six to nine cysteines. PL and P2 mouse protamine genes are

present on chromosome 16 as single copy genes (Hecht et al., 1986)' They are

transcribed onty in the testis and are translationally regulated (Kleene et al',

1934). Northern hybridisation studies show that mRNAs for both genes are first

detectable in round spermatids, the first haploid precursors' These stable and
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very abundant mRNAs are stored for up to 8 days prior to translation in the

elongating spermatids during which nuclear condensation occurs (Kleene et al.'

1e83).

PI protamine is synthesised as the mature protein (Kleene et al', 1985)

whereas P2 is synthesised as a precursor protein (Elsevier, 1982; Yelick et al.'

1937). The P2 precursor binds to the condensing DNA before subsequent post-

translational processing into the mature P2 protein (Yelick et al., 1987)' Cleavage

at a His-Arg bond at positions 43-44 removes from the precursor' a 43'amino

acid sequence at the amino terminus (Yelick et al" 1987)'

1.3.2. Amino acid sequence of protamines

ln osteichthyes or bony fTsh, the protamines invariably contain a neutral

amino-terminal residue which tends to be either a proline (24 out of 28 species) or

an alanine (4 out of 28 species) (oliva and Dixon r lggl\. A tetra'arginine cluster

follows the amino-terminal residue and all has a serine residue at position 9 or l0'

This serine residue forms part of a di-serine or tri'serine motif in the protamine

of many species from this group. At position 12, a proline is usually present

followed by either a valine or isoleucine at position 13' A penta'arginine cluster

then occurs. The carboxy-terminal portion is also well conserved with the

consensussequencebeingPRYsRoGGR¿(olivaandDixon,1991).

In the rainbow trout, six protamines have been isolated and are grouped

into three families, family-l, -2 and -3. There is, however' some uncertainty

whether all rainbow trout contain the same six protamines (Christensen and

Dixon Lg82). There also appears to be some developmental regulation of the level

of expression in particular protamines (Ling et al., l97I). Protamine la of

rainbow trout has two fewer amino acids than protamine 2b due to loss of codons

6 or 7 and 22 or 23 (to remove one serine and one arginine residue respectively)'

protamine 3a is different from the famity-2 sequences because it has an apparent

frame-shift in the centre of its sequence resulting in differences in the lengths of

two arginine tracts (Iwai and Ando, L967)'

The two dogfish protamine s zl nd z2 are similar in having a high lysine

content (Berlot-Picard, et al., 1936). As in all other protamines, they contain

clusters of positive residues separated by neutral amino acids' The cysteines are

evenly spaced along the molecule, similar to those of the eutherian P1 protamine

(Berlot-Picard, et al.' 1986).
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Prot¿mine L of eutherians' marsupials and birds (Balhorn 1989) shares a

characteristic amino-terminal tetrapeptide sequence ARYR (alanine, arginine'

tyrosine, arginine). one exception is the rabbit protamine (Ammer and

Henschen, 1988), which has a valine at the first residue instead of alanine' This

difference is unlikety to affect the overall nucleoprotamine structure as the amino

acids have similar chemical properties. Following the ARYR tetrapeptide' is a

conserved SRSR (serine, arginine, serine, arginine) sequence and a cluster of five

to seven arginines. At position 8, there is either a serine or a threonine; both are

polar hydroxyl amino acids susceptible to phosphorylation' The carboxy-

terminus seems less conserved than the amino terminus' There are' howevert

certain identifiable trends such as the argÍnine clustering, the presence of valine

at position 44, tyrosine at position 52, and the carboxy'terminal tyrosine'

There are also a number of cysteine residues in the Pl of eutherians and

they occur between clusters of positive amino acids. cysteine is generally lacking

ln the PL of birds and marsupials (chiva et al., 1987; Retief et al.' 1995a; 1995b)'

and this may reflect a less crucial function of the cysteines compared to the

conserved amino acid clusters. In one genus of marsupials, the planigales' the

protamines appear to be contain cysteine residues. This occurrence' however' is

likely be the result of convergent evolution of protamine I' of the planigales to

resemble that of eutherians (Retief et al., 1995a). Cysteines may participate in the

final stabilisation of the already condensed nucleoprotamine, but are not involved

in the actual condensation process'

p2 differs mainly from the mammalian-Pl or avian protamine family by

the presence of histidines, replacin g 25'3OVo of the arginines' In humans'

protamine HPl (P1 family) has only a single histidine residue compared to nine in

]HP2 (P2family) and eight in HP3 (P2 family) (McKay et al', 1986)' In the mouse'

mP2 (P2family) contains 13 histidÍnes while mP1 (Pl family) lacks this amino

acid. Although both contain high levels of arginine, the arginine residues of mP2

are scattered throughout the entire molecule and are not clustered in the central

region of the protein as in PL vertebrate protamines (Kleene et al', 1985)' In both

PL and P2 protamines, the location of cysteine residues and their spacing along

the molecules are very similar. It is tikely that alignment of cysteine residues may

be important for proper interaction, cross'linking, and deposition of mPl and the

mP2 precursor onto the DNA during nuclear condensation (Yelick et al', 1987)'

cysteine, serine and glycine frequently separate the positive amino acid clusters

in the protamine P2 molecule. As in Pl, the motif sc (serine, cysteine) is

a
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repeated three times. In addition, GC (glycine, cysteine) and T/YC (tyrosine'

cysteine) usually sptit the positive amino acid clusters (McKay et al.' 1986)'

In primates and rodents, protamine P2 comprises 50-60vo of the total

protamine content (Hecht, 19S9). Human P1 shares a 68'8Vo amino acid

homology with that of mice and their respective P2 sequences share a 75'5Vo

homolog¡r. flowever, comparison between PL and P2 protamines reveal a lower

homology. For example, in the mouse there is 56c/o homology between Pl and P2'

and for human pl and p2, there is a 56.3Vo identity (Bellvé et al., 1988; McKay et

al., 1986).



Literature Review 14

1.3.3. Evolution of Protamines

The existence of multiple protamine variants makes it difficult to develop a

formal molecular model for the evolutionary relationship of protamines' It

remains unresolved whether these variants reflect a common origin or whether

they are the result of convergent evolution to serve a common function' Although

fish and mammalian protamines have similar chemical properties and are

repetitive in terms of the distribution of arginines, there is no apparent conserved

amino acid sequence to show that they share a common predecessor' Similarly'

this situation applies to the Pl and P2 protamines' By contrast, the avian and

mammalian P1 protamines appear to share a common ancestor' There may be

two major evolutionary lines for protamines; the first describes for that of fish

and the second, for the protamines of mammals, birds and possibly reptiles'

1.3.3.1. BonyÍìsh

The osteichthyes are a vertebrate group that incorporates a range of

proteins from histone-like to arginine'rich protamines in the mature sperm and

offers an interesting insight into the evolution and function of these sperm

nuclear basic Proteins.

All protamines including those of fish have a core element that is arginine'

rich. This has led to the suggestion that an ancestral "basic pentapeptide core"

ARRRR, may have evolved into fish protamines through successive partial gene

duplications and a few amino acid mutations (Krawetz and Dixon, 1988)'

There are two hypotheses for the origin of the basic pentapeptide core'

The first hypothesis suggests that protamines may have evolved from a histone or

a histone-like protein (von Holt et al., 1984) and has stemmed from studies of

sNBPs from echinoderms. In the echinoderms, the sperm basic proteins consist

of histones (type H) and in some cases' highty specialised or sperm'specific

histone Hl and H2B variants, such as types H+Hl and H+4. The N'terminal

regions of these histone variants differ from their somatic counterparts due

primarity to the presence of repetitive tetrapeptides (von Holt et al.' 19E4)' The

consensus sequence of the tetrapeptide is ser'Pro'basic-basic, known as the

SPKK motif, where the basic residue could either be lysine or arginine (Poccia'

l99l; Poccia and Green r lgg2). It is conceivable that protamines could be an

assembly of tetra-or pentapeptides that resemble the clusters of amino acids
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within the echinoderm sperm variants of histone H1 and H2B (von Holt et al.'

19S4). Accordingly, the evolutionary pathway for protamines could be described

as stemming from histones (somatic'like) --- specialised sperm histones

(echinoderms) -' protamines (fish)'

a second hypothesis suggests that the basic repetitive unit could have an

original and intrinsic function as a nuclear targeting sequence' such a sequence

is essential for transporting proteins from the cytoplasm to the nucleus' A

consensus sequence may consist of a cluster of two basic residues, a spacer region,

and a basic cluster consisting at least three basic amino acids (Dingwall and

Laskey, l99l; Hanover tgg2). Some of these basic clusters are similar to those

proposed bY Krawetz et al., (1987)'

The divergence between protamines and histones may have occurred

several times during the evolution of the bony fish. Although the relative

frequency of this divergence is quite significant between orders, it is remarkably

small during the differentiation of genera and species (intrafamily variation) and

during the differentiation of families (interfamily variation) (saperas et al.' 1993)'

A model by saperas et al., Lgg4, suggests that the origin of protamines in fish is

tikely to be due to a retroviral transmission. The subsequent heterogeneous

distribution of sperm basic proteins may be caused by either loss of expression of

the protamine gene or loss of the gene itself such that histones become as

prevalent as protamines in the bony fish sperm'

t.3.3.2 Mammalian and avian

In mammals and birds, the "basic pentapeptide core" Ala-Arg-Arg'Arg-

Arg of protamines may have originated from one or more retroviral transmission

events, and could have evolved into modern protamines through a series of

duplications and some point mutations (Black and Dixon,1967; Krawetz et al.'

1987). This hypothesis is partly supported by protamine sequences from trout'

bull, and mouse that demonstrate homology to certain viral arginine'rich core

protein sequences (Krawetz and l)ixon, 1988; Jankowski et al., 1986)'

Evidence to support a duplication mechanism comes from the presence of

an oligonucleotide stretch that occurs in multiple copies in both chicken and

mammalian Pl genes. This otigonucleotide sequence contains an overlap of the

actual termination codon with a sequence that codes for an additional arginine

cluster (oliva et al., 19S9). Another possible view, however, is that the modern
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chicken protamine gene might have evolved from a longer avian protamine

sequence through the mutation of an arginine codon (cGA) to a termination

codon (TGA) (Otiva et al., 1989)'

In the protamine P2 gene, the 5' precursor segment shares substantial

nucleotide sequence homolog¡r with a segment of the Epstein-Barr viral genome'

This observation suggests that the P2 ancestral gene may have originated from

the integration of the viral sequence into an ancestral PL-like gene (Krawetz anù

Dixon, Lgss). ln addition, a 94-bp sequence at the 3t'untranslated region of the

human P2 protamine gene is thought to have been duplicated with minimal

sequence deviation (Oliva et al., 1989)'

The eutherian and bird protamine gene lines may have diversified

following species differentiation, perhaps around 300 million years ago (oliva

and Dixon, 1990). Diversification of protamÍnes may have occurred through

either the appearance of cysteine residues in the mammalian protamines or the

loss of cysteines in those of birds. since marsupials which separated from

eutherians about 150 million yeans ago, do not generally have cysteine residues in

the protamines, it is likely that these residues have evolved separately in the

eutherian protamines. A possible mechanism is the mutation from a cGC or

cGT arginine codon to the TGC and TGT codons for cysteine present in the

modern eutherian protamines (Oliva and Dixon' 1990)'
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I .4. CHROMATIN STRUCTURES

The term chromatin used within the context of this thesis means the large

scale packaging of DNA by proteins that are usually histones in somatic cells and

sNBPs in spermat ozoa of eukaryotes. The resultant DNA'protein complex

economises the nuclear volume required to contain the genome which measures

approximatetyonemetreinthefullyextendedDNA.ThelevelofDNA
compaction in sperm atozoa is almost six times higher compared to DNA in

mitotic chromosomes (Ward and Coffey' 1991)'

1.4.1. Nucleohistones

, .4.1 .l . Somatic cell nucleohistones

ThebutkofDNAinmosteukaryoticcellsisorganisedintonucleosomesat
a first level chromatin folding (Finch and Klug, 1976). Approximately 146 bp of

DNA rvraps around a histone octet in a linear beads-on'a'string lL nm

nucleosomal filament. The histone cores do not bind randomly to the DNA' but

are positioned preferentially at certain locations (wolffe, 1994; Englander and

Howard, 1995). For example, regions rich in A'T base pairs have naturally

narroly minor grooves and wide major grooves in the DNA helix and are ideally

suited to contact the nucleosome core. This is because the tight wrapping of the

DNA around the protein core requires compression of the minor grooves and this

is facilitated by clusters of two or three A'T base pairs (wolffe' 1994)'

Linear arrays of the lL nm nucleosomes appear to be further coiled into 30

nm fibres often observed by electron microscopy (Finch and Klug, L976)- Earlier

symmetrical models of higher chromatin structures such as the 30 nm solenoidal

coils, assume that the length of the linker DNA is invariant and thus results in

regular conformations. It is however, widely accepted that the internucleosomal

linker length is not constant, but varies about a mean value (van Holde' 1988;

Leonardson and Levy, 19S9). The length of linker DNA and the pitch of the DNA

helix are important determinants of the chromatin structures that may result

from nucleosomal folding (widom, lgg2). when an appropriate variation in

linker length is taken into consideration in computer simulations of chromatin

folding, the outcomes are irregular 'fibres' (woodcock et al.' 1993)' These

simulated fotding patterns correspond closely to in situ and in vifro observations
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of non-symmetrical fibres (Leuba et al., 1994\ resolYed from scanning force

microscopy

In somatic cells, nucleosomal fibres of both interphase chromatin

(Yogetstein, 1980; Lebkowski and Laemmli, 1982'.) and metaphase chromosomes

(Lewis and Laemmti, 1982) are organised into loops. Non-histone proteins of the

nuclear matrix (Vogetstein et al., 19S0) and the metaphase scaffold (Lewis and

Laemmli, Igs2) confer topological constraints to each loop which forms an

independent domain of supercoiling (cook and Brazell, 1976)' The DNA

attached to the matrix appears to be sequence-specific and occulìs at specific sites

(Mirkovitch et al., 1987; Cockerill and Garrard, 1986). These attachment sites

relate to gene function and contain replication origins (Vaughn et al" t99O;

Pardoll et al., 19S0) and active genes (Mirkovitch et al-, 1987; Cockerill and

Garrard,1986).

, .4. I .2. Spermatozoa nucleohistones

There two main circumstances under which nucleohistones occur in the

spermatozoa. In the first case, histones are the exclusive basic proteins that

interact with DNA such as in the spermatozoa nuclei from echinoderms (Brandt

et al., 1979i Poccia and Green r lgg2) and some species of fish (Muñoz'Guerra et

a1.,1982). In the second group' histones comprise a small percentage of the basic

nuclear proteins, the majority consisting of protamines or protamine'like

proteins such as in the spermatozoa of bivalve molluscs (AusÍo, 1986; Olivares et

al., 1986) and in some eutherians (Moss et al., 1989; Gatewood et al., 1987; Gusse

et al., 1986).

Nucleohistone structures of the spermatozoa from the mature sea urchin,

Arbacialixulnrhave been well studied in the past. Each core nucleosomes consists

of L46base pairs of DNA and an octamer of histone proteins (rI2^-rI2B'-H3'H4)

(Brandt et al., lgTg). There are, howeYer' seYeral significant differences in the

spermatozoa chromatin from the somatic counterpart. The spermatozoa

nucleosomal structures contain 100-110 base pairs of linker DNA' and these

rrepeats' are the longest ever reported. The sea urchin spermatozoa histones (Sp

HL and sp H2B) are restricted to the male germ line and are larger than their

somatic equivalents. The amino-terminal regions of sp HL and sp H2B contain a

set of tandemly repeated, basic, tetrapeptide elements with two basic residues

flanking the serine-Proline residues ('SPKK' motifs). The spermatozoon

chromatin is exceptionally stable to thermal or ionic denaturation. Its chromatin
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is also more resistant to linker digestion by micrococcal nuclease and more

densely packed compared to mitotic chromosomes (Poccia and Green, t992\'

floweyer, not all spermatozoa nucleohistones are specialised such as those

of A lixulø. For example, in the goldfish C øurøtusrthe five histones present in the

spermatozoa nuclei, |f¡lr|1|21-r|dtzF', H3 and H4, are no different biochemically

from the somatic histone counterparts (Muñoz-Guerra et al., l9S2)- The length

of the chromatin repeats (205 bp) is shorter than that in the spermatozoa of the

echinoderm, A lixula Qal bp). The variability in the length of these repeats is

attributed to difÏerences in the content of basic residues such as lysine and

arginine in the histones, in particular that of histone Hl. Consequently, although

the tength of the nucleosomal repeats is consistently 146 bp long, the linker length

is variable and range from 110 bp inAlixula to 56 bp inc auratus.

within the sperm atozoaof humans, histone H1 is absent and of the other

histones, H2A and H4 are in the acetylated forms (Gatewood et al" 1990)'

Acetylation of histones is a post-translational mechanism that causes a relaxation

in the protein-DNA bonds and has a role in facilitating histone removal from the

chromatin. The histones from the mature spermatozoa ol humans may therefore

be residual from the testicular variety that undergo post'translational changes

during the period of nucleohistone-nucleoprotamine transition'

'1.4.2. NucleoProtam¡nes

Balhorn in 1982, proposed a model for DNA-protamine interaction which

has since been widely accepted. In the model, the central polyarginine segment of

protamines binds to DNA such that each arginine residue neutralises a negative

charge on the phosphodiester backbone of DNA. Each turn of the DNA double

helix accommodates an individual protamine molecule' In eutherians'

protamines are cross-linked around DNA by inter' and intraprotamine

disulphide bridges that form at the C' and N-terminal ends of the molecule'

Balhorn (19S2) suggests that the DNA-protamine complex may align linearly

along the length of the nucleus to produce a compact chromatin structure'

Two separate studies, however, indicate that nucleoprotamines may have

tertiary coiled structures. Firstly, linear dichroism measurements of native

chromatin from equine sperm' reveal that the DNA helix axis is perpendicular to

the fibre tength (sipski and wagnerr lgTT). This suggests that DNA-protamine

complex may coil into superhelical structures and is not arranged in a linear
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complex may coil into superhelical structures and is not arranged in a linear

mode. Secondly, recent atomic force microscopicat (AFM) studies demonstrate

the existence of 60-100 nm nodules in the chromatin of both bull and mouse

spermatozoa (Allen et al.' 1993). These results, therefore, suggest that the

nucleoprotamine complex folds into larger fibres that contain higher order sub-

spherical units of an average of 70 nm in diameter. on the basis of computer

simulation results, Hud et al., (1993) proposed that the basic packaging unit of

nucleoprotamines may be a toroid (sphere with a central indentation or doughnut

shape), and this may account for the variation in size of the AFM chromatin

nodules. These spherical units or toroids may further align in either a linear

(Koehler et al., 1983) or random array.

Chromatin fibres composed of spherical units are topologically

constrained in loop domains by anchorage to both the nuclear matrix and the

nuclear annulus (Ward et al., 1989; Ward, 1993). The latter structure abuts the

internal nuclear membrane and occurs at the implantation fossa in hamster

spermatozoa. The nuclear annulus anchors a small percentage of DNA that

forms mini-loops of approximately 5 to 10 kb in tength (\ilard and Coffey' 1989)'

The rest of the genome radiates outwards from the annulus and adheres to the

nuclear matrix. From the matrix, the DNA forms larger loops of about 46 kb

long (Ward et al., 19S9). Southern blot hybridisation studies show that probes

made from genes isolated from both matrix attachment sites and the outer loops

associate exclusively with their respective regions of isolation (ward and coffey'

1990). Therefore, it is possible that genes are spatially organised and have

specific locations within spermatozoa nuclei'

1.4.2.1. Spermatozoa localisatíon of DNA sequences

In many cases, the localisation of genes and especiatty DNA repeat

sequences within spermatozoa nuclei is contradictory in the published literature'

In the spermatozoa of a salaman det (Ptethodontid. cinereus), in situ

hybridisation studies using tritiated satellite RNA as probes, showed that the

centromeres cluster at the base of the nucleus. Tritiated ribosomal RNA probes

localised the ribosomal genes to a region anterior to the centromere cluster in the

caudal half of the nucleus (Macgregor and Walker, 1973)' The ribosomal RNA

probes used are known to anneal specifically to the nucleolar organisers which

are located at two loci near the centromeres in the chromosomes of P cinereus'

These observations indicate that the nucleolar organisers are compacted into a
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relatively short length of the nucleus and that in P cinerezs they are located near

to the cluster of centromeres. A model for the Pl.ethodonfúd sperm nucleus

suggests that the chromosomes organise into a U formation with the centromeres

at the caudal end, and the chromosomal arms aligned along the long axis of the

nucleus.

The nuclei of fresh Pl.ethodonfüd sperm examined between crossed

polaroids revealed a negative birefringence with respect to length which is likely

to reflect a lengthwise orientation of nucleoprotein fibres. However, the author:s

could not reconcile this type of orientation with the granular condensation of the

nucleoprotein, nor does the orientation reconcile with the scheme in which each

chromosome arm extends forwards no furfher than the length of the spermatid

nucleus and does not double back on itself. They conclude that the "chromatin

fibres in all the chromosomesr arms must be extensively coiled, folded, or

bunched and are yet aligned along the length of the sperm nucleusrr (Macgregor

and \ilalker' 1973).

In the rat, Moens and Pearlman (1989), using in situ hybridisation of

biotinylated rat sateltite DNA probes, showed that there is no specific distribution

of centromeric DNA in the sperm nuclei. This is supported by

immunofluorescence studies by Palmer et al., (1990) who showed that whole

CREST1 antisera localised to mature bovine spermatozoa in dispersed foci. To

identify the centromeric protein detected by the antisera, immunoblotting of

nuclear proteins resolved on sDS-polyacrylamide gels was carried out. These

experiments showed that cENP-A and not cENP-B is present in the bull sperm

head. CENP-A appears quantitatively retained in discrete foci in bull sperm

nuclei but without a clear pattern of distribution.

In contrast, similar studies in bovine and murine sperm (Powell et al.,

1gg2), revealed preferential localisation of centromeric DNA to the posterior

region of the head, and predominantly on the dorsal side (convex surface

underlying the acrosomal crescent).

Zalensky et al., (1995), using in situhybridisation of biotinylated ct-satellite

(centromeric DNA) probes and three-dimensional reconstructions of confocal

images, showed that alt 23 centromeres cluster into a compact chromocenter

l,lp""t from histones, other somatic cell proteins that have been identified in sperrnatoma include

r 
"t^*, 

of proteins which organizes the centromeric regions of chromosomes' The antisera used

came froir patients with CñEST sclertderma (Guldnõr et at., 19-84; Earnshaw et al', 1984; L985)'

CEI{p-A, inXp-n and CEIIP-C are the human CREST antoantþens with Mw of 17000' 80 000'

and 140 000, rcspectively @arnshaw and Rothfield 1985)'
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positioned within the interior of the nucleus of the human spermatozoon. The

consensus telomeric repeat (TTAGGG)n used to probe the sperm nuclei showed

that the telomeric ends of the chromosomes are localised to the periphery of the

sperm nuclei. Localisation of unique subtelomeric sequences of the p and q arms

of chromosome 3 indicates that the telomere sequences of the chromosome arms

occur as dimers at the nuclear periphery.

The results of both the centromere and telomere studies by Zalensky et al.'

(1995) suggest that the chromosomes in the human sperm nucleus form a hairpin'

like configuration by looping from the periphery to the interior and back to the

perÍphery.

The discrepancy between the localities of centromeric proteins and DNA

discussed above may be due to differences in the sample preparations' For

example, 0.2 M NaCl, 2.5 .'4urea' and 10 mM dithiothreitol were used by Palmer

ct al., (1990) to decondense the bovine sperm heads, whereas, sonication and

partial decondensation with 2-mercaptoethanol and 0.1'0.2 mg/ml trypsin have

been used in the in situ hybridisation studies by Powell et al., (1992). In addition'

the specificity of the probes and antibodies used to localise the anticipated target

may not be accurate. The rat satellite DNA I probe used by Moens and

Pearlman, (19S9) labetled centromeres and telomeres of many chromosomes as

well as some interstitial regions (Sealy et al., 19S1). Similarly, a 93'amino acid

cooH-terminal domain of the 140 amino acid CENP-A polypeptides share a

62Vo identity with the nucleosomal core protein, histone H3 (Sutlivan et al., 1994).

Zalensky et al., (1995) used a relatively gentle method of spermatozoa

nuclei preparation for in situ hybridisation that preserved the shape of the

spermatozoa. In contrast to the previous two-dimensional images obtained from

fluorescence microscopy, they have reconstructed three'dimensional images using

confocal optical sections. The added depth of view has allowed the deduction of

the DNA sequence location in three-dimensional space within spermatozoa nuclei.
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I.5. TRANSFORMATIONS OF SPERMATOZOA CHROMATIN

1.5.1. Nucleohistone-nucleoprotamine transition during

spermatogenes¡s

The chromatin of spermatogonia, spermatoc¡Úes, and round spermatids

consists of the nucleosomal structure such as found in chromatin of somatic cells'

During spermiogenesis this structure becomes lost in most species and is replaced

by a highty compact, genetically inactive, nucleoprotamine complex.

Nuclear condensation during spermiogenesis studied at the ultrastructural

level in various organisms indicate that there is great interspecific variability'

The chromatin may align into fibres and then gradually condense, as in the pond

snailCipøngopaludina(Yasuzumi and Tanaka, 1935)' In Nucellalapillus' the dog

whelk, chromatin fibres condense into sheets which subsequently fuse (Walker

and Macgregor, 196S). In most eutherians, however, the fibres coalesce into a

homogenous mass, asin Felis domestfua (Burgos and Fawcett' 1955)'

sperm nuclear condensation in mammals (Balhorn, 1989)' birds (Nakano'

1976) and reptiles (Kasinsky, 1.987) is accompanied by the replacement of

histones with protamines (Fig. 1.2). Several processes have been implicated in a

sequential and regulated mechanism to coordinate histone removal and

subsequent repackaging of DNA into nucleoprotamines under physiological ionic

conditions.

During spermiogenesis, histone acetylation, especially the hyperacetylation

of H4, induces a localised decondensation of chromatin which aids in the

displacement of histones (christensen et at., 1984). Topoisomerase activity

induces local nicks in the DNA and this changes the topology of DNA by

removing the negative supercoils associated with nucleosomes (Ristey et al., 1986;

McPherson and Longo, 1.993). Transition proteins precede the actual binding of

protamine molecules and disappear from the chromatin during spermatid

maturation in the testis (Balhorn et al., 19S4). These proteins may represent a

form of precursor protamine and/or have a role in facilitating protamine

deposition onto DNA (Balhorn et al., 1984)'

During the incorporation of protamines, the chromatin begins

condensation into the nucleoprotamine configuration. The final step is the

dephosphorylation of protamines that are phosphorylated at the time of initial
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binding to the DNA. The process of phosphorylation'dephosphorylation

facilitates the binding of protamines to DNA and is mediated through the

primary hydroxyl group of serine and threonine (Marushige et al.' 1969)' It is

speculated that upon phosphorylation, serine and threonine which are susceptible

to phosphorylation, acquire additional negative charges from the phosphates'

The phosphorylated amino acids can then form electrostatic links with

neighbouring cationic amino acids and therefore function like disulphide bonds'

In birds, serine or threonine residues seem to occur at the cysteine positions in

eutherian protamines (Otiva and Dixon' 1990)'

The process of nucleohistone-nucleoprotamine transition occurs only after

the spermatid has adopted its characteristic head shape and hence is independent

of nuclear flattening (Fig. 1.2) (Courtens et al., 19S3). However, morphological

changes of the chromatin from course fibres to a homogenous appearanee are

still evident during the incorporation of protamines which occurs in the nuclei of

step 12 spermatids in the mouse (Biggiogera et al.,1992) and ram (courtens et

al., 1983). Therefore, there appea6 to be a correlation between the condensing

effect of protamines, and the morphological changes observed during protamine

incorporationin vivo. During spermatozoa transit in the epididymidis of

eutherian species, further cross'linking and stabilisation of the chromatin occur

by the formation of inter- and intra-protamine disulphide bonds'

In vitro attempts to establish the transition from nucleohistone to

nucleoprotamine structures have not been successful to date' This may be due to

incomplete removal of the histones, and./or a different order in the removal of

each class of histone from the in vivo situation (Marushige et al.' 1978)' The

mechanism of exchange is not simply an electrostatic competition process'

whereby the small and highly basic protamines have a stronger affinity for DNA

and displace the histones competitiv ely. In vivort|¡¡e mechanism is more complex;

the least tightly bound histone, Hl., is the last to be removed while the most tightly

bound core histon erH4ris the first to be displaced (christensen et al.' 1984)'
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1.5.2. Methylation of spermatozoa DNA

, Maternal and paternal genomic imprinting in mammals is a mechanism

that generates differential exPnession of genes in relation to their Parental or¡gin'

The molecular mechanism for this epigenetic inheritance is not well defined but

should meet the following criteria: (1) the imprinting Pattern should be

transmitted through ensuing rounds of DNA replication, and (2) the imprint

should be reversible during gametogenesis (Sapienzaetal', 1989)' Methylation of

DNA at the cytosine rrcsidues aPPears to meet the requisites of both heritability

and reversibility, and is consÍdered a basis for imprinting (Razin et al', 1984)'

In both the male (Mazo et al., lgg4) and female germ cells (Driscoll and

Migeon, 1990), a demethylation Process occurs dgring meiosis- Demethylation of

the DNA begins in meiotic cells and culminates in the haploid round sPermatids

rvhich have the lowest level of methylation. During spermatid differentiation, fu
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w)vo methylation of specific genomic regions occurs which may promote

differential imprinting of the paternal genome from the maternal genome'

one model which explains the selective methylation of DNA sequences

suggests that steric hindrance by protein factors excludes the enzyme' DNA

methyltransferase from binding to target DNA regions' In vertebrates' these

regions consist of cpG islands where methylation by DNA methyltransferase

occurs at the cytosine residue of the CpG dinucleotide (Razin et al., 1984)'

flowever, binding of the enzyme and hence, methylation of the cpG islands can

be prevented by specific proteins that aflix themselves to the same site'

Inthemouseorhamsterhousekeepinggene'adenine
phosphoribosyltransferase (aprt), the binding sites for a protein, spL, required to

protect a flanking CpG island from de novo methylation' are located within the

promoter (Macleod et al., Lgg4). In vivo footprinting studies using the island as a

template show that three GC boxes clustered at the 5' edge of the cpG island are

bound to proteins which are likely to be spL. In a transgenic mouse assay'

deletion or mutagenesis of the sp1 sites resultsin de novo methylation of the cpG

island. This shows that the peripheral Spl sites are necessary to prevent

methylation of the aprt island (Macleod et al', 1994)'

A protein isolated from human spermatozoa nuclei called, sperm alu

binding protein (SABP), selectively protects Alu elements from methylation iz

vitro (Chesnokov and Schmid, l'995) and is consistent with the model suggested

earlier. alu sequences are short repeats that are widely distributed throughout

the human genome and are unusually rich in CpG dinucleotides (Schmid and

Maraia, 1gg2). Although they are entirely methylated in somatic tissue and

oocytes, Alu repeats are hypomethylated in the male germ line (Schmid' 1991)'

This differential methylation may be pertinent to genomic imprinting in germ

line cells or reflect differences in AIu transcriptional activity between these cell

types.

In vitroessays show that the activity of sABP is specific to the Atu cpGs in

preventing methylation and may explain the unmethylated state of alu sequences

in the male germ line (chesnokov and schmid, 1995). There are, howeYer' some

Alu sequences that are fully methylated. A hypothesis suggests that the

heterogeneity in the methylation of Alu sequences may be explained by the

presence of sABP in one of either the nucleoprotamine or nucleohistone

compartment of sperm DNA (Chesnokov and schmid, 1995)' Alternatively, some
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alu sequences may have dysfunctional SABP binding sites that prevent the

protein from binding to the sequence, and are consequently unable to protect the

methylation of CPG islands.

1.5.3. Sperm nuclear decondensation in oocytes

In mammals, one of the first morphological events following spermatozoa

incorporation into the oocyte is the disintegration of the sperm nuclear

membrane. The perinuclear material then becomes dispersed in the ooplasm and

the nucleus starts to decondense (Yanagimachi and Nodar lgTo\' In eutherians,

nuclear decondensation requires the presence of reduced glutathione (GsH)

which is synthesised by the mature ooc¡rte (calvin et al., 19S6). GSH functions to

reduce the disulphide bonds of protamines that stabilise the nucleoprotamine

complex. Protamines are eventually removed from the nucleus by molecular

chaperones (Dingwall and Laskey, 1991) such as nucleoplasmin.

In Xenopus ooc¡rtes, hyperphosphorylation of nucleoplasmin enables these

molecules to compete successfully with DNA for the binding and subsequent

removal of protamines (ohsumi et al., 1995; Leno et al., 1996). On exposure to

toad nucleoplasmin in vitro, protamines become removed from human

spermatozoa resulting in the decondensation of the nucleus (Itoh et al.' 1993)'

Although nucleoplasmin has not been isolated from eutherian ooc¡rtes, the male

pronucleus growth factor (MPGF) required for the decondensation of the

spermatozoa nucleus has been implicated to have a similar function to

nucleoplasmin (Thibault and Gerard, 1973; Yanagimachi, 1994)' Following the

removal of protamines, there is a period where sperm DNA is bound to neither

protamines nor histones. The naked DNA then binds to histones that are

abundant Ín the ooplasm and the chromatin subsequently develops into the

pronucleus.

The ovulated oocyte which is arrested at second meiotic metaphase

becomes activated upon sperm'egg binding, and eventually completes meiosis'

Both spermatozoa and egg nuclei compete for the pronucleus formative material

(PFM) (Austin and Braden, 1955). In the mouse' the male pronucleus has a much

greater affinity for PFM than the egg pronucleus, resulting in a larger pronucleus

of the sperm compared to that of the egg (Austin and \üalton, 1960).

Approximately 8 h following fertilisation in the mouse' both male and

female pronuclei begins DNA synthesis (Howlett and Bolton' 1985)' In the mouse'
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maternal control of DNA transcription is relinquished to the zygote during the

early or mid-t\üo-cell stage. Pronuclear eggs also synthesise proteins using stored

mRNAs and these proteins are thought to have a role in initiating mitosis

(Howlett, 1986).

The sperm and ooc¡rte pronuclei migrate to the center of the oocyte aided

by the cytoskeletal machinery such as actin (Karasiewicz and soltynska' 1985)

and microtubules (Maro et al., 1936). The pronuclei approach one another' and

at close proximity, form complex processes that eventuatly interdigitate'

Yesiculation of the pronuclear envelope occuls followed by the disappearance of

the membranes and formation of mitotic spindles in preparation for cell division

(Longo, 1973).
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I.6.GoNSEQUENGESoFsPERMATozoANUGLEARPAGKAGING

Protamines, unlÍke histones, do not appear to have any specific roles in

gene activity. The variability in the types of protamine expressed and the high

divergence of the amino acid sequences may suggest a role in DNA condensation

rather than involvement in specific gene functions' These conjectures have been

recenfly supported by transgenic mouse studies that showed undiminished

fertility rates in mice that express gøllus protamine (gattine) transgenes (Rhim et

al., 1995). This elegant study indicates that DNA interacts indiscriminately with

mouse protamines and galline, which is however, not that surprising given the

very basic (positively charged) nature of all protamine types'

It is, however, premature to rule out the significance of protamines in

determining functional chromatin structures in view of the determination that

the sperm atozoaof infertile men have abnormal protamine ratios with selective

absence of certain protamine subtypes, in particular those from the protamine 2

family (Balhorn et al., 1988; Belokopytova et al., 1993; DeYebra et al', 1993)' In

addition, the two mouse protamines Prm L and Prm 2 have been shown to bind

DNA in approximately 1:2 stoichiometry, a ratio that persists in transgenic mice

that have over threefold increase Ín expression of Prm I protein (Peschon et al"

19S7). This observation implies that the two protamines are assembled into

chromatin in a very specific manner. Transgenic studies that aim to diminish the

ratios or amounts of protamines subtypes, are required to carefully screen the

various possibilities of the roles that protamines may have in causing male

infeÉility.

Abnormal spermatozoa chromatin may cause embryonic genetic defects,

which are the most prevalent contributor to early spontaneous aboltion (wilcox

et al., 19SS). Chromatin structural abnormalities have been found in the

spermatozoa of infertile males in several eutherian species including humans

(wilcox et al., 198E; Jager 1990; Evenson et al., 1994). It is however, uncertain

whether abnormal chromatin is a direct cause of infeÉility or embryonic defects.

It is difficult to gauge the level of disruption to mouse spermatozoa chromatin

caused by transge nic gøllus protamines constructed by Rhim et al.' (1995)' for

example, there is no evidence to suggest that the spatial distribution of DNA has

been either altered or preserved. The consequences of abnormal chromatin

structure in sperm atozoa function in terms of DNA configuration and

organisation, remain to be determined'
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The study of spermatozoa chromatin would be incomplete unless more is

known about the structural organisation of DNA in spermatozo^' This is

important in view of recent in situ hybridisation studies by Zalensky et al.' (1995)

that demonstrate precise location of telomeric and centromeric DNA in the nuclei

of human spermatozoa. The observations suggest that the nucleus may be

spatially organised and may thus have important consequences in the manner in

which spermatozoa DNA later translates into genetically active chromatin in the

zygote (Zalensky et al., 1995). It remains to be seen whether disruption in the

ordered distribution of DNA in spermatozoa is linked in any way to male

infertility and/or embryonic abnormalities'

studies on sperm atozoa chromatin remain at an incipient stage even

though there is a wealth of knowledge about the amino acid and gene sequences

of the packaging proteins. This is partty due to difficulties associated with

studying a highly condensed nucleus. There are still many gaps in the science of

spermatozoa chromatin structure. some fuÉher questions that remain to be

answered include (1) what are the evolutionary history and consequences of the

different protamine types? (2) how does DNA interact with protamines? (3) do

specific DNA sequences influence the organisation of the genome in spermatozoa?

(4) how does sperm atozoa chromatin structure influence the imprinting of the

male eukaryotic genome? (5) what is the link between spermatozoa nuclear basic

proteins including sperm-specific histones, and male infeÉility?
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I.7. SUMMARY

In vertebrates, the transformation of the germ cell into a specialised male

gamete involves fundamental chromatin changes such as the formation of the

haploid genome during meiosis, elimination of imprinting and the development of

a new imprinted genome, and the removal of somatic cell packaging proteins

(histones) and their replacement with the smaller molecular weight protamines'

although these processes are highty complex dynamic systems, much can be

learnt from the final existing structure that can help us understand the

underlying mechanisms that drive each system and identify how they relate to

one another. For example, the specific localisation of telomeres and centromeres

and the identification of loop domains, indicate some level of DNA spatial

organisation in spermatozoa. This may be the consequence of an ordered

mechanism of DNA condensation that is partty reliant upon the architecture of

the nuclear matrix.

A major change in the chromatin that takes effect during DNA

condensation is the replacement of a set of histones with protamines' The

mechanism appeal.s to preserve the topology of the chromatin as deduced from

structural studies of higher order chromatin organisation' However, at the

primary level of DNA-protein interaction, there is a vast difference between

nucleohistones and nucleoprotamines. The former occurs in the form of

nucleosomes where DNA winds in approximately L.7 turns around a histone

octamer, whereas protamines may bind to either the major or minor groove of

the DNA molecule. There are, however, some similarities between nucleohistone

and nucleoprotamine higher order structures. For example, the primary fibres of

both chromatin types are likely to fold into larger fibres that are approximately

30 nm for nucleohistones, at least in extracted chromatin, and 50'100 nm for

nucleoprotamines. In addition, the anchorage of DNA to the nuclear matrix' the

formation of DNA loops and the specific location of DNA sequences are common

for both somatic and sperm cell nuclei'

a fraction of Alu repeats in humans remain unmethylated in spermatozoa'

Methylation appear"s to be dependent on the accessibility of chromatin to specific

DNA-binding proteins that protect the DNA from methyltransferase enzymes' A

point of speculation is whether the hypomethylated and hypermethylated Alu

sequences may belong to different structural fractions of spermatozoa chromatin

such as nucleohistones and nucleoprotamines'
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In addition, the primary structures or the amino acid sequences of

protamines and histones have given insight into the evolution of protamines

which stemmed from retroviral transmission and duplication events' Thist

however, begs further questions on why protamines have evolved, what their

function is and how their evolution relates to genome size and metabolic rates of

individual species.

Although much is known about the amino acid and gene sequences of

protamines there is either a great paucity or confusion of data in relation to

chromatin organisation in spermatozoa that include: (1) physical data such as

those obtained from X-ray crystallographic studies on DNA'protamine

interactions, (2) the relative distribution of the different protamines (for example

pL and p2) as well as histones in the mature spermatozoa nuclei, (3) the

localisation of specific DNA sequences such as telomeres, centromeres and single-

copy genes in the spermatozoa nuclei'



Chapter 2. RESEARCH PROJECT

2.I. INTRODUCTION

The theme of this project is on the chromatin organisation of sminthopsis

crassica.udatn, anAustralian marsupial which belongs to the family' Dasyuridae'

The sperm atozoa of species from Dasyuridae and Peramelidae, contain two

distinct regions in the nucleus (sapsford et al., 1969; Harding et al.' 1982; Breed

et al., 19S9). This peculiarity is especially prominent in the dasyurids where the

sperm nucleus comprises a central region with a homogeneous electron-dense

appearance(C1),andaperipheralregionthatappearsdeeplygroovedor
indented (C2) (Breed et al., 1994).

we have previously shown that these two nuclear regions have a different

substructural organisation (Breed et al., lgg4). In addition, the c2 region

appeans faintly fluorescent when stained with DNA fluorochromes such as DAPI'

ethidium bromide or propidium iodide, whereas the cl region is brightly

fluorescent and it has thus, been unclear whether DNA is present within t}re C2

region.

In some other species of mammals, the spermatozoon nucleus is also not

completely electron-dense and homogenous. For example, in humans and the

Asian rodent, Bandicotn, there are numerous vacuoles with no fixed location'

present within the mature sperm nucleus (Tanphaichitr et al'rl9E2; Breed' 1983)'

Plcthod.ontid.salamanders have an electron-opaque concentric lamellar structure

located anteriorly in the mature spermatozoon (Macgregor and Walker' 1973)'

In another Urodele, Notophtha'lmus viridescens (Fawcett, l97O) a structure' called

the nuclear "cote", surrounds the chromatin in the postacrosomal region and

tapers to a thin rod anteriorly. The internal structure of the cote consists of

minute tubular subunits packed in hexagonal array and the tubules align parallel

to the long axis of the nucleus (Picheral, L971). The composition of the cote may

be proteinaceous. Its function however, is unknown'

Untike that of the nuclear inclusion (cote) of the urodele species' the

internal organisation of the peripheral indented (C2) nuclear region in the sperm

of sminthopsts cannot be resolved into any detailed structural organisation at

a
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high magnification. At present, the composition and function of tlne c2 region is

still unknown.

a further unusual aspect of the dasyurid caput epididymal spermatozoon

is the presence of an expanded nuclear envelope (ENE) which surrounds the

caudal extremity of the nucleus (Breed et al., 1994). Within the ENE, flocculent

material and electron-dense inclusions ane present' Although the occurrence of

redundant nuclear envelope has been reported in the bandicoot (peramelid)

sperm (sapsford et al., IgÍg)rthe electron-dense inclusions appear to be unique to

the dasyurids (Harding et al., 1982).

2.2. AIMS

This project aimed to determine the organisation of the chromatin in the

spermatozoa nuclei of Smintlnpsis crassica.udntn. For thls, a systematic series of

investigations vyas carried out. These included (l') a study on the ultrastructure

of spermiogenesis to determine the morphogenesis of nuclear condensation and to

compare the timing of chromatin condensation in both nuclear regions, (2) a

qualitative evaluation of the distribution of DNA within the nucleus including the

electron-lucent areas surrounded by the ENE, (3) isolation of spermatozoa

nuclear basic proteins (SNBPs) and, whenever possible, immunolocalisation of

the sNBPs within the sperm atozoa nuclei, (4) determination of the higher order

chromatin structures using transmission electron microscopy (TEM) and atomic

force microscopy (AFM), and (5) molecular cloning and localisation by

fluorescen ce in situhybridisation of DNA from the two chromatin fractions' (cL)

and (C2).

2.3. ANIMALS

To avoid repetition in the following chapters, details on the sacrifice of

animals and on how spermatozoawere obtained will be described below'

sminthopsis crøssica.udata (or fat-tailed dunnarts) were obtained in the

years 1993 and Lgg4.rfrom the Department of Genetics, university of Adelaide'

In subsequent years, from 1995 to 1996, they were purchased from DepaÉment
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of Animal Services, University of Adelaide' Adult Sminthopsis crassicaudøtú

males (10 to 12 months old), were used in all studies and were sacrificed by

peritoneal injection with sodium pentobarbitone (Nembutal, Boehringer) at a

dose of 0.5 mVkg bodY weight.

All animals were caged in a room with a lighting regime of 16h of light and

th of darkness. They were maintained on a diet of cat food supplemented with

mealy worms' and water ad.Iibitum (Bennett et al', 1990)'



Ghaprer 3. ULTRASTRUCTURE OF NUCLEAR CONDENSATION AND

LOCALISATION OF DNA AND PROTEINS2

3.I. INTRODUCTION

As described in chapter 2, thle spermatozoa of sminthopsis have two

distinct nuclear regions; one which has a homogeneous and amorphous

appearance (c1), and the other which occurs at the periphery and has deep

grooves or fissures (c2). In addition, there is an expanded nuclear envelope

(ENE) in caput epididymal spermatozoa which eventualty disappears in the

cauda epididymidis, indicating that further development of the sperm nucleus

may occur during epididymal transit'

The aim of this investigation was to determÍne, by ultrastructural studies'

the morphogenesis of the nucleus during spermiogenesis, and whether DNA

condensation continues within the epididymis. The presence or absence of DNA

and protein within the two nuclear regions and within the BNE was investigated

using (t ) DNAase-gold labetling (zini et al., 1989), and (2) cytochemical staining

for lysine-rich proteins (Courtens and Loir' 1981a)'

This chapter has been pubtished as a paper in Mol ReprodDev 432217-227 (199Ð'
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3.2. MATERIALS AND METHODS

3.2.1. Transmission electron microscopy

Testes from a total of six mature srninthopsis crøssicøudntL males were cut

into 1-3 mm3 cubes and fixed for 4-8 h. Each epididymidis was divided into five

segments from the (1) caput, (2) junction of caput and corpus, (3) corpus, (4)

junction of corpus and cauda, and, (5) cauda. The segments were then cut into

small cubes and fixed witln 3%o glutaraldehyde (Appendix 2) for 4'8 h and

prepared for transmission electron microscopy (TEM) (Appendix 3A and B)'

3,2.2. Staining of lysine residues

Tissues from the epididymis and testis were obtained from four male

sminthopsis and cut into small pieces (1-3 mm3). They were fixed for 4 hr a¡t2vc

in 3%o glutaraldehyde and dehydrated by passing through a graded series of

ethanol. The tissues were then en blac sttined with 37o phosphotungstic acid in

absolute ethanol for L6 hr (Courtens and Loir, 1981'a), washed in ethanol and

embedded in spurr's resin. ultrathin sections were observed without

counterstaining.

3.2.3. DNAase-gold labelling

For DNAase-gold staining, epididymal and testicular tissues (1-3 mm3)

were fixed for 4 h in o.257o glutaraldehyde (Appendix 2) and processed as

described in Appendix 3C. The tissues lvere placed in gelatin capsules which

were filled with LRWhite resin and capped. The resin was polymerised by

incubating in the oven at 50oc for 48 h. uttrathin sections were cut and placed

on nickel grids. The sections vÍere washed twice in PBS, blocked wìtln O'SVo

ovalbumin (sigma) (Appendix 1) and washed again in PBS. To label the tissues'

the grids were placed on drops of 10pglml DNAase'gold conjugates (10nm' ICN

Biochemicals lcn., Aurora, ohio) for 45 min, and washed in PBS followed by

distilled water (zini et al., 1989). The sections were finally stained wit'n 2vo

uranyl acetate in water for 30 s, and 2vo lead citrate for L min before

visualization with the TEM. The specificity of labelling ÌYas determined by

incubating DNAase-gold with 1mg/ml of the appropriate substrate DNA type I

(from calf thymus, Sigma, St. Louis) before testing on tissue sections as above'
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3.3. RESULTS

3.3.1. steps of spermiogenes¡s in sminthopsis crassicaudata

Spermiogenesis of Smiz thopsis can be divided into 15 arbitrary steps based

upon ultrastructural observations of spermatid differentiation' A summary of

the steps is given below:

step 1. The Golgi complex surrounds the acrosomal vacuole which lies close to

the nucleus of the round spermatid'

Step 2. The acrosomal vacuole fuses with the nuclear envelope causing an

indentation on the nuclear surface.

step 3-4. The acrosomal vacuole enlarges and spreads over the nuclear surface'

The nucleus rotates within the cytoplasm to orient the acrosome toward the

basement membrane of the seminiferous tubule'

step 5. The nucleus begins to protrude anteriorly as the acrosomal vacuole

collapses. The basal plate of the implantation fossa and microtubules of the

manchette become visible.

step 6. A nuclear socket is present at the abacrosomal pole of the nucleus'

Microtubules of the manchette insert into the nuclear rings and surround the

nucleus extensively. Sertoli cell spurs are prominent at the periphery of the

acnosome.

step 7. The nucleus flattens so that its long axis lies perpendicular to that of the

sperm tail. Chromatin condensation proceeds dorso'ventrally' The condensing

chromatin appears granular and becomes increasingly electron'dense' The

acrosome at this stage is finely granular and moderately electron'dense'

Mitochondria accumulate within the cytoplasm just above the acrosome'

Step 8. The spermatid nucleus tapers caudally but the apical region continues to

condense. The chromatin appears finely granular. In the apical and caudal

regions, the nuclear envelope encloses electron'lucent areas that contain

flocculent material.
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Step 9. The spermatid rotates and the apical region of the sperm head becomes

tapered. A subacrosomal space occurs above the dorsal surface of the sperm

nucleus.

Step 10. The spermatid nucleus attains its distinctive spearhead shape' The

acrosome lies above the dorsal nuclear surface and tapers into a thin segment

caudally but folds upwards apically. Mitochondria migrate to the mid-piece of

the sperm tail.

step 11. An enlarged nuclear envelope is present around the caudal region of the

nucleus. A layer of electron-dense material deposits on the surface of the cL

chromatin at the caudal extremity. This layer, the nuclear mantle, has an uneven

surface at this stage. There is a cessation of nuclear condensation and

mitochondria align at the mid-piece of the sperm tail. Microtubules of the

manchette and the sertoli cell spurs have become disorganised.

Step 12. The nuclear mantle region has acquired an even surface' The smooth

surface of the condensed C1 chromatin becomes irregular as the C2 chromatin

region begins to form.

step 13. Development of ttle c2 region progresses with the aggregation of

spherical chromatin bodies.

Step 14. The spermatid nucleus develops characteristic indentations in the apical

region, and along the lateral and part of the ventral surface of the cl chromatin'

The spermatid head now lies perpendicular to the long axis of the tail'

step 15. Some cytoplasm is discarded and phagocytosed by sertoli cells but a

cytoplasmic droplet remains around the neck of the spermatozoon' Spermiation

occurs and testicular sperm atozoa_ are released into the seminiferous tubule

lumen.

3.3.2. Nuclear condensat¡on

Steps 1 to 9 are similar to those described for other marsupial species

(sapsford et al., L969; Harding et al., lg7g). In Sminthopsis, step 7 spermatids

have begun to lose their uniform tetragonal shape to assume a more

differentiated form and, by Step 10, they have attained the characteristic sperm

head shape (Fig. 3.14). By this time, the main nuclear region has a homogenous

appearance and condensation of the c1 region appeans complete. Nuclear speces
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at the apical and caudal regions are enclosed by the nuclear envelope and contain

flocculent material (Figs. 3.14 and B). At the cauda of the nucleus' distal from

the perinuclear ring, vesicles are present adjacent to the nuclear envelope (Fig'

3.18). The spermatid has begun to shift the position of its head relative to the tail

and mitochondria have started to migrate to the mid'piece of the tail (Fig' 3'14)'

In Step 11 spermatids, the nuclear envelope at the caudal nuclear region is

greafly enlarged (Fig. 3.24). Whorls of membranes are evident where the

nuclear and plasma membranes converge near the distal acrosomal region' At

this stage, mitochondria are aligned along the mid'piece of the tail (Fig' 3'24)'

In these spermatids, the c2 chromatin has not yet formed and at the apical

region of the nucleus, the nuclear envelope surrounds an electron-lucent area

(Figs. 3.24 and B). strands of filamentous material intersect this space and

connect the ventral surface of the c1 chromatin to the nuclear envelope' The

dorsal surface of the cl chromatin, however, is closely apposed to the nuclear

envelope (Fig. 3.28). At the cauda of the nucleus, spherical structures appear

adjacent to the inner aspect of the expanded nuclear envelope (ENE)' In

addition, the tip of the condensed cl chromatin is in contact with the ENE (Figs'

3.24 and c). A layer of material, the nuclear mantle, lies along the dorsal

nuelear surface, posterior to the acrosome and appears to have an irregular

surface (Fig.3.2C).

In Step 12 spermatids, c2 chromatin has begun to form. Irregular regions

of chromatin appear along the previously smooth surface of the Cl region in the

lateral and ventral areas of the nucleus (Figs. 3.3 and 3.4). In Step 13 spermatids,

the numerous globular structures that appear in the nucleoplasm adhere to the

C1 region and appear to coalesce (Figs' 3'5 and 3'6)'

Just prior to spermiation, step 14 spermatids have the characteristic

indentations of the c2 chromatin at the periphery of the nucleus (Fig. 3.74)' The

nuclear mantle has adopted a levelled sur{ace and is approximately 7l'2 * 5'4 nm

thÍck. The ENE sometimes has a few spherical inclusions, and fragments of

nuclear membranes containing flocculent material are present outside the

nuclear pores (Figs. 3.7B, and c). The ENE appears reduced from that of step 11

spermatids and the long axis of the sperm head is no\ü perpendicular to that of

the tail in a T-configuration.
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3.3.3. Nuctear changes in the epididymidis

caput epididymal spermatozoa retain the ENE. It is however' no longer at

the dorsal surface as in testicular spermatids, but has shifted to a ventral position'

with a concomitant adherence of the nuclear envelope to the nuclear mantle (Fig'

3.SA). Within the ENE, electron-dense inclusions and flocculent material are

apparent (Figs.3.8A and B). The spermatozoa retain a T configuration, inherited

from their testicular predecessors. The nuclear mantle is still present on the

surface of the Cl chromatin but is thinner (42.6 t 1.7 nm) than in spermatids

(Fig.3.8A).

At the caput-corpus junction, the spherical inclusions are no longer

present, but a large accretion of electron-dense material lies adjacent to the

nuclear envelope (Fig. 3.9). In the corpus region, the ENE appeans smaller and

large electron-dense structure(s) lies directly outside the nuclear pores (Fig' 3'10)'

The nuclear mantle has now disappeared, however, the nuclear membrane on the

dorsal surface appeans very electron'dense and may contain nuclear pores (Fig'

3.10).

at the corpus-cauda junction, small folds of nuclear membrane are visible

in the nolv very reduced ENE (Fig. 3.11). In cauda epididymat spermatozoa' the

ENE has completely disappeared and the caudal region of the nucleus has a

concave shape which accommodates the proximal mid-piece of the sperm tail

(Fig.3.12).

3.3.4. Phosphotungstic acid staining for lysine-rich proteins

The nuclear mantle of step L0 spermatids stains intensely following

treatment with alcoholic phosphotungstic acid (Fig. 3.1'3). The c2 region stains

lightly and the CL region is generally unstained. Granular material within the

ENE is electron-dense (Fig.3.13).

In caput epididymal spermatozoa, similar staining properties of the

nuclear structures are observed. The nuclear mantle is thinner in appearance'

Within the ENE, spherical structures appear electron'dense (Figs' 3'144 and B)'

In cauda epididymal spermatozoartheventral surface of the Cl chromatin

does not stain with PTA confirming that the nuclear mantle is no longer present'
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There are nuclear pores present in the nuclear envelope overlying the region

where the nuclear mantle had previously occurred (Fig.3.15).

3.3.5. DNAase-gold

In caput epididymat spermatozoon, the cL and c2 nuclear regions bind to

DNAase-gold (Figs. 3.164 and B). However, nuclear inclusions and flocculent

material within the ENE (Figs. 3.164 and B) as well as the nuclear mantle (Fig'

3.164) are not labelled. In control sections, the labetling is greatly reduced when

DNA is added to the enzyme-gold complexes prior to the incubation (not shown)'

indicating that binding of the tissue sections with the complex is by way of DNA

and DNAase interaction(s) (Bendayan' 1981)'
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3.4. DISCUSSION

The marsupial superfamilies, Perameloidea and Dasyuroidea are both

members of the Polyprotodonta and they are considered to be more closely

related to one another than to any other marsupial group (clemens, 1968;

clemens et al., 19S9). The sperm atozoa of both groups are noted for their large

size and their highly unusual flagelta structures (Harding et al', 1979\' In

sminthopsl's, total sperm tail length is about 25O pm (Breed et al.' 1994) which

makes it one of the largest of mammalian spermatozoa. The peramelids and

dasyurids also possess two chromatin regions in the spermatozoon' However' the

extraneous nuclear regions in peramelids are less prominent compared to tlne C2

region of Sminthopsli and occur as small globular structures at the caudal

extremity of the nucleus (Sapsford et al', 1969)'

ln snünthopsisrthe peripheral indented chromatin region (c2) occurs at

the apex of the nucleus, along the lateral surface of the homogeneous region (cL)'

and over 1/3 of the posterior ventral surface. There are some regions where C2

chromatin is not found: (1) at the basal plate of the implantation fossa' and (2)

beneath the acrosome (Breed et al., lgg4). These structures are formed prior to

chromatin condensation of the C2 region'

During spermiogenesis in sminthopsr's, condensation in the cl region

occurs dorso-ventrally and the chromatin changes uniformly from thread'like to

slightty granular and finally to a homogeneous appearance' At this time in Step

L0 spermatids, the distinctive tapered shape of the sperm head is apparent and

the cl chromatin region appears fully condensed. At the caudal extremity of the

nucleus, the nuclear envelope encloses an area that is electron'lucent and contains

flocculent material. Yesicles present in the close vicinity of the nuclear envelope

at the periacrosomal ring, may supplement the existing nuclear envelope (Vigerc

and Lohka, t99L) so that it becomes very enlarged in step 1l' spermatids' In

these spermatids, membranous whorls are present in the same region distal to the

acrosome where the vesicles occurred in earlier spermatids. The appearance of

spherical inclusions adjacent to the nuclear pores coincides with the formation of

the nuclear manfle. This structure overlies the dorsal surface of the Cl' region'

from the periacrosomal ring to the tip of the nucleus'

condensation of tlre c2 region commences in step 12 spermatids and is

observed as spherical chromatin structures along the surface of the C1 region'
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chromatin subunits also appear within the nucleoplasm and partially coalesce to

complete the nuclear structure prior to spermatozoon release into the

seminiferous tubule lumen.

The nuclear mantle is distinguishable from the c1 and c2 regions by not

containing DNA, and by staining strongly with alcoholic phosphotungstic acid

(PTA). The specificity of this method was discussed by courtens and Loir,

(19S1a) who showed that alcoholic PTA, (3Vo) stains preferentially for lysine'rich'

but not arginine-rich, nucleoproteins'

The nuclear mantle may be the equivalent of the basal knobs in the mature

spermatids of eutherians which occur at the posterior region of the nucleus and

are surrounded by a tnuclear pockett consisting of tredundant' nuclear envelope

(Courtens and Loir, 19SLb). The basal knobs stain strongly for alcoholic PTA in

late spermatids and appear to contain histone'like proteins (courtens and Loir,

1981b), as well as centromeric proteins (courtens et al.,1992)' ln sminthopsis,

the existence of the nuclear mantle is transient and occul"s from between the time

of its appearance in step lt spermatids to the completion of spermatozoa

migration to the corpus epididymidis. The material present in the nuclear mantle

may consist of proteins such as histones that are not bound to DNA but are

instead targeted for removal following nuclear condensation.

In the mature spermatid of dasyurids, and to some extent in peramelids

(sapsford et al., 1969) and eutherians (courtens et al., 1981b)' there is an

electron-lucent region surrounded by the nuclear envelope' In the dasyurid

spermatozoa, the nuclear envelope surrounds a much larger region and' within

this enlarged nuclear envelope (ENE), electron'dense globular and ringed

structures are present. we have previously suggested that in sminthopsis, these

inclusions may represent localised regions of condensed chromatin (Breed et al.'

lgg4). we have also proposed that nuclear condensation and gene activity' may

still occur within the ENE in caput epididymal spermatozoa (Breed et al.' L994)'

The present study demonstrates that the inclusions within the ENE do not

contain DNA but proteins are present. There are also nuclear pores present in

this region of the nuclear envelope which may indicate transfer of materials

between the cytoplasm and nucleus.

As the spermatozoon travels down the epididymis, the spherical inclusions

eventually disappear. flowever, a large accretion of electron'dense material

appears near the nuclear pores and is subsequently removed from the nucleus'
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Since the electron-dense inclusions in the caput sperm are not chromatin' we

surmise that nuclear condensation occunS primarily in the testis and that, in the

epididymis, redundant nuclear material is removed through the nuclear pores'

The latter process may include the depolymerisation and elimination of nuclear

mantle proteins.

In the study of snúnthopsis spermatozoon DNA, both cl and c2 regions

show positive labelling for DNAase'gold which indicate that DNA is present

within these regions. The C2 region is therefore an integral part of the genome'

A possible clue to its unusual morphology is revealed by the process of

nuclear condensation in the testis. Ultrastructural observations suggest that the

final condensation event at the nuclear periphery is incomplete and may have

resulted in the numerous grooves observed in the c2 region.
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3.5. CONCLUSION

Both the nuclear regions, (c1) and (c2) in the spermatozoaof sminthopsis

crassicaudnfø contain DNA. The mode of condensation of the two regions

appears to differ; the condensing c1 chromatin consists of fine granules that

eventually form homogeneously electron'dense chromatin, whereas that of c2

consists of globular structures that appear to partially condense to result in

chromatin that contains numerous electron-lucent grooves. A hitherto

undescribed structure, the 'nuclear mantler, first appears in step lL spermatids

and does not contain DNA, but is likely to contain lysine'rich proteins' This

structure is not present in the mature spermatozoa. The expanded nuclear

envelope at the caudal extremity, unlike similar structures in eutherians and

other marsupials, pensists in caput epididymal spermatozoa. spherical inclusions

within it do not bind to DNAase-gold conjugates but stain for lysine'rich proteins'

As the sperm travel down the epididymis, these inclusions amass near the nuclear

pores and become removed from the nucleus'



Fig. 3.14. Longitudinal section of Step L0 spermatid. The chromatin appears

homogeneously condensed (C1). Nuclear spaces cont¿ining flocculent material (f)

occur below the apical region and around the caudal segment of the nucleus.

Mitochondria (mt) migrate to the mid-piece region of the sperm tail. Bar = 2.0

//Ilr.

Fig. 3.18. Caudal nuclear segment of Step 10 spermatid. Nuclear pores (np) are

present on the ventral surface ofthe nuclear envelope. Note the occurrence of

vesicles (arrowheads) close to the dorsal aspect of the nuclear envelope distal to

the periacrosomal ring (pr). Bar = 0.30pm.

Fig.3.2A. Step 11 spermatid. An enlarged nuclear envelope (ENE) is present at

the cauda of the nucleus. Membranous whorls (w) at the nuclear envelope are

visible at the region of overlap with the sperm plasma membrane. The acrosome

(a) ties above the dorsal nuclear surface and folds upwards proximally and tapers

into a thin segment distally. Mitochondria (mt) align at the mid-piece of the

sperm tail. Bar =O.7O F.m.

Fig. 3.28. Apicat nuclear region of Step 11 spermatid. Nuclear envelope

(amowhead) is closely apposed to the dorcal surface of the nucleus above which

lies the subacrosomal space (s). On the ventral nuclear surface there is a space

between the condensed nucleus and the nuclear envelope (ne) which is intersected

by filamentous material (Ð. Bar = O.25 pm.

Fig. 3.2C. Caudal nuclear region of Step 11. spermatid. Spherical electron-dense

structures are apparent just inside the nuclear envelope (arrowheads). A layer of

electron-dense materiat (the nuclear mantle (NM)) lies on the ventral nuclear

surface. Bar = O.25 pm.
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Fig. 3.3. Parasaggital section of Step L2 spermatid showing spherical structures

(arrowheads) at the periphery of the previously smooth chromatin (Cl).

Bar = | Fm.

Fig. 3.4. Step 12 spermatid in frontal plane of section. C2 chromatin has formed

on the surface of the CL region. Small nuclear inclusions are visible

(arrowheads). Bar = 0.3pm.

Fig. 3.5. Step 13 spermatid. At the apical region of the nucleus, spherical

chromatin structures form and aggregate (arrowheads). Bar = I Ym.

Fig. 3.6. Obtique section of a Step 13 spermatid. Formation and aggregation of

chromatin (arrowheads) are apparent. Bar = 0.3pm.
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Fig. 3.74. Step 14 spermatid prior to release into the lumen of the seminiferous

tubule. The mature spermatid nucleus has characteristic indentations in the

apical region (C2). From this section of view, the acrosome does not appear

folded. Bar = 1.2 pm.

Fig. 3.78. Caudal extremity of the nucleus of Step 14 spermatid. Fragments of

membranes (arrowheads) containing flocculent material are present outside the

nuclear pores. The surface of the nuclear mantle (NM) appears more even. Bar

= 0.15pm.

Fig. 3.7C. Step 14 spermatid. A double membrane (arrowhead) encloses

flocculent material outside the nuclear pores. C2 chromatin is present on the

ventral surface. Bar = 0.15 pm.
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Fig. 3.S4. Caput epididymal spermatozoon. The ENE is present on the ventral

region of the sperm head and contains electron-dense inclusions (arrowheads).

The nuclear mantle (NM) is stilt present at the caudal region of the nucleus. Bar

= 0.51m.

Fig. 3.88. Transverse section of caudal region of caput epididymal spermatozoa.

Nuclear inclusions are present (arrowheads) within the ENE. Bar = 0.5 pm'

Fig. 3.9. Transverse section of spermatozoon from the caput'corpus junction. A

large inclusion (arrowhead) is present at the edge of the nuclear envelope'

Bar = 0.3 pm.

Fig. 3.10. Longitudinal section of spermatozoon from the corpus epididymidis.

An electron-dense structure (small arrowheads) lies outside the nuclear pores

(np) of the ENE. Part of the ENE has folded into membranous whorls (w). The

nuclear mantle is no longer visible. The nuclear envelope is very electron-dense

in the region where the nuclear mantle had previously laid (large arrowheads).

Bar = O.4 pm.

Fig. 3.11. Transverse section of spermatozoon from the corpus'cauda junction.

The ENE has almost disappeared. Folds of nuclear membrane are present

(arrowhead). Bar =O.3 F.m.

Fig. 3.12. Longitudinal section of spermatozoon from the cauda epididymidis.

The sperm head has completed its rotation and is now closely apposed to the

flagellum. The ENE is no longer present. Bar = 1.5 pm'
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Fig. 3.164. Longitudinal section of caput epididymal spermatozoon. DNase'gold

labelling is visible over both Cl and C2 regions. The nuclear mantle region (NM)

and inclusions (arrowheads) within the ENE are not tabelled. Bar = O'3 pm'

Fig. 3.168. Transverse section of caput epididymal spermatozoon. Particles of

DNase-gold conjugate (10 nm) label both Cl and C2 regions. Bar = 0.3 pm'





Ghaprer 4. CYTOGHEMICAL STUDIES ON THE DENSIW AND

COMPAGTION OF SPERMATOZOA CHROMATIN

4.I. INTRODUCTION

Two characteristics of the c2 chromatin, (1) its high electron'density and

(2) the presence of fissures, vyere investigated by examining the staining and

condensation properties of the sperm atozoa chromatin'

Part 74. StaÍnìng Propertìes of Spermatozoa Chromatin

staining for electron microscopy utilises large cations such as uranyl, lead

and osmium. These heavy metal stains impart a greater potential for electron

scattering to specimens bombarded with a high density electron beam' In

conventional thin sections, the C2 chromatin of SminthopsÍs spermatozoa nuclei

appears more electron-dense compared to the cl chromatin. Therefore, in these

sections, the chromatin of the C2 region demonstrates a greater potential for

electron scattering compared to that of Cl'

Two factors that influence the amount of electron scattering are (1) afTinity

of structures for heavy metal stains, and (2) the mass thickness of the biological

material. The appearance of high electron'density in the C2 region may be due to

either one or both of these factors. To determine why there is a difference in the

electron-density between the two regions of the nuclei, the unstained spermatozoa

of Sminthopsis ÌYere compared with those that were stained with various

combinations of uranyl acetate, lead citrate and osmium tetroxide.

Partß. InductÍon of Chromatin Condenstíon in Spermatozoa

The presence of fissures or gaps in the c2 region of the spermatozoa is

inconsistent with highly condensed, protamine'packaged DNA' These fissures

may be caused by incomplete chromatin aggregation or partial DNA

condensation in trre C2region. To test this hypothesis, Sminthopsis sperm nuclei

were incubated with the basic proteins, herring and salmon protamines' and

observed by both fluorescence and transmission electron microscopy to
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determine whether the chromatin within the C2 region could be further

condensed bY the Protamines.

Protamines are highly basic proteins that bind to the DNA double helix'

possibly within the grooves, by electrostatic interactions (Balhorn, l'982)' The

positive charges of arginine residues, grouped in the central region of the

protamine molecule, neutralise every phosphodiester negative charge in the

backbone of the DNA helix (Balhorn, lg82). As a result, the repulsive forces

between nucleoprotein fibres become greatly reduced causing a collapse or the

aggregation of the fibres into an almost crystalline and homogeneous structure'

The nuclei of sperm atozoathat are packaged by more than one type of protein

may have chromatin that appears heterogeneous' In the case of Sminthopsis' the

highly indented c2 chromatin may be packaged by proteins that are less basic or

less positively charged compared to protamÍnes' Incubation of spermatozoa with

protamines may therefore be informative on whether the chromatin could be

further condensed using a presumably more basic protein than the one Ínherently

present within tlne C2 region.
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4.2. MATERIALS AND METHODS

4.2.1. Staining for transmission electron microscopy

Each cauda epididymidis from three mature sminthopsis males was cut

into approximately 1-3 mm3 pieces that were fixed for 4-8 h. The tissues were

washed twice in PBS, pH 7.5 and divided into two pools. The first sample was

immersed in l%o osmium tetroxide for t h, whereas the other was left

unosmicated. Att tissues were dehydrated by passing through a graded series of

ethanol, embedded in TAAB expoxy resin (TAAB Lab Equipment, Reading'

Berks) or LRWhite (LRW) resin (Probing and structure, Thuringowa central'

Queensland), and left to polymerise at 60"C in the oYen. Two different resins

were used to determine whether there may be varying degrees of penetration of

stains. Thin sections were cut using an ultramicrotome and were left either

unstained or stained with 2Vo uranyl acetate for 5 min and/or with 2Vo lead

citrate (Appendix 4) for L0 min. LRW sections were stained for L min in 2vo

aqueous uranyl acetate for 1 min and/or with lead citrate for 20s. The sections

were viewed with the transmission electron microscope (TEM) (Phillips CM100)'

To increase image contrast of the unstained specimens, the accelerating voltage

was lowered from 80 kY to 60 kv and the objective aperture size was decreased

from 5O pmto 2O Pm-

Table 4.1 indicates the different staining and embedding methods used for

the study of the effects of stains and resins on the electron-density of spermatozoa

chromatin. Letters (a)-(i) refer to the different combinations of heavy metal

stains and resins.

TABLE 4.I: COMBINATIONS OF EMBEDDING RESINS AND CATIONIG SALTS

Heavy Metal Stains

Resin Osmium

Tetroxide

Uranyl Acetate Lead Citrate All stains Unstained

(c) (e)TAAB (a) (Ð

c)

(s)

(h)(f)LRWhite (b) (d)
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4.2.2. lncubation w¡th protam¡ne sulphate

Spermatozoa from the cauda epididymidis from two mature Sminthopsis

males lvere expressed into distitled water and were partialty demembranated by

sonication followed by treatment with O.l%o Triton X'100 for 20 min'

A subsample of demembranated sperm was left untreated and used as a

control and the rest of the sample \ilas incubated with 3 mg/ml protamine

sulphate from heming or salmon (Sigma) for 3 h. The samples, including the

controls, were washed three times with PBS, pH 7.5. Drops of sperm suspension

were placed on slides and stained for L0 min with 5o yglml4"6'diamidino'2-

phenylindote (DAPI) (Sigma) and the slides \ilere mounted with anti'fade solution

(Molecular Probes, Eugene, USA). The samples were examined under a

fluorescence microscope (BH'RFL) using a dichroic mirror (DM'455) and a filter

combination, IF-490/530 nm.

The rest of the protamine treated- and control samples were centrifuged at

14 000 g for 2 min and the sperm pellet fixed with. 3Vo glutaraldehyde, and

prepared for conventional TEM (Appendix 3)'
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4.3. RESULTS

4.3.1. Transmission electron microscopy of sperm nucle¡

The C2 chromatin consistently appeared more electron-dense than the Cl

region (Fig. a.1A and B) in specimens staÍned with osmium tetroxide (osoa)'

uranyl acetate and lead sulphate. The results were the same regardless of

whether the stains were used alone or in combination with one another (Table

a.l: (a)-(h)).

The chromatin however, appeared more electron'dense in specimens

embedded in LR\il resin compared to those embedded in TAAB, even though

specimens embedded in LR\il were stained for a shorter period.

By contrast, the c2 region in the unstained specimens appeared more

electron-translucent than the Cl region (Fig. 4.24 and B)' The results were the

same for different types of embedding resin used (Table 4.1: (i) and (i))'

4.3.2. Protamine incubation studies

In the control samples, both intact spermatozoa (not shown) and those

treated with 0.1 7o Triton x-100, and stained with DAPI disptayed a brighter

fluorescence in the central region of the nuclei compared to the posterior and

apical regions, where tfle c2chromatin mainly occurs (Fig. a3A). Transmission

electron microscopy revealed that treatment with o.l7o Triton x'100 partially

removed spermatozoa membranes but left the chromatin intact (Fig' aJB)' The

characteristic indentations of the C2 chromatin were also apparent'

floweyer, following partial demembranation and treatment with

protamine sulphate, DAPl-stained spermatozoa displayed a more uniform

fluorescence in the nuclei (Fig. a.aA) where all regions including the apex and

cauda of the nuclei appeared equally brightly fluorescent. ultrastructurally, the

grooves that interweaved the C2 chromatin appeared largely reduced' In most

cases the grooves were completely lacking and the C2 chromatin had an almost

uniform and amorphous appearance similar to the cl region (Fig. a'aB)' Both

herring and salmon protamines produced similar results.
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4.4. DISCUSSION

Imaging in electron microscopy involves interactions between the electron

beam with the nuclei of positively charged atoms' Image contrast is created by

the extraction of electrons from the beam as a result of electron scattering.

on approaching the positively charged atomic nuclei, electrons of the

beam become scattered so that the emergent beam is no longer homogenous' The

voids in the emergent electron beam created by the scattered electrons' are

imaged by the magnifying system as dark areas of so called high electron'density'

Electrons of a certain velocity, at a given distance from the atomic nucleus' are

more strongly deflected by a nucleus which has a high positive charge'

Therefore, image contrast at any given voltage and aperture size is proportional

to the atomic number. The atomic number is directly related to the size of the

atomic nucleus hence, approximately to its density. Consequently, the greater the

specimen density, the greater is the probability of scatter' By contrast, the less

dense areas of the specimen scatter fewer electrons, therefore appearing brighter

or electron-lucent.

Another factor influencing the degree of electron scattering is the

thickness of the specimen. The number of atoms encountered by the electron

beam as it passes through the specimen increases with specimen thickness' Hence

the degree of scattering is dependent upon the product of specimen density and

thickness, termed the mass thickness @glcm2). variations in mass thickness in

the specimen result in differential electron scattering and thus creates image

contrast.

Cations such as osmium, uranyl and lead are used in TEM staining to

increase the contrast between biological structures. These cations have large

atomic nuclei that confer a higher probability of electron scattering when the

atoms are bombarded with an electron beam. The larger the number of atoms

the imaging electrons encounter in their passage through the specimen' the

greater will be the probability of scatter (Hayat' 19El)'

Other factors that influence image contrast include the operating voltage

and aperture size. small apertures will enhance the image contrast, however, the

ultimate resolving polver witl be reduced. At high voltages, the electrons scatter

at large angles and fall outside the objective aperture. These electrons can no
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longer participate in image formation. Therefore, to increase the retrieval of the

scattered electrons, the operating voltage is lowered'

For this study, the apeÉure size and accelerating voltage were reduced to

increase image contrast in the unstained specimen. These adjustments were not

expected to have a negative impact on the experiments, since similar adjustments

for the stained specimen would serve to enhance the effects of staining.

A variety of resins were used for embedding the tissues to determine

whether there is a difference in the penetration of the stains allowed by the resins'

The two types of resin, LRW and TAAB, produced similar results, although

LRW, a water-miscible resin, has a relatively higher rate of impregnation of

stains compared to TAAB, an epoxy resin'

In the unstained specimen, the Cl chromatin appears to be electron'dense

when visualised at 60 kV and using a 20 pm objective aperture' This was

consistent for all regions of the Cl chromatin, from the thin posterior part

(approximately L pm in thickness) to the thickest areas at the anterior end of the

nucleus (approxim ately 2.5 pm). Therefore variations in the thickness of the

specimen do not appear to affect the electron-density. since no cationic stains

have been used to enhance image contrast, the electron'density of the Cl

chromatin must be due to the inherent properties of its constituents. In the

context of chromatin structures, these results reflect a Yery condensed state of the

Cl chromatin.

By contrast, without the aid of stains, tlne c2 region appeared electron'

lucent. This could be due to (1) a low density of material, which gives a low

probabitity of electron scatter, or, (2) extraction of material during tissue

processing. Extraction of nucleoproteins to any great extent is unlikely since the

fixative used in all cases was glutaraldehyde at 3Vo which effectively crosslinks

proteins. Therefore it appears that the low electron-density of the unstained C2

chromatin reflects either a low concentration of chromatin in the region or a

relatively less dense packaging, or both'

When stained with cations and visualised at 8O kY using a larger, SOpm'

objective aperture (conventional applications in TEM), the Cl chromatin did not

appear any more electron-dense compared to the same region in the unstained

specimen. Therefore, the CL chromatin may have a low affinity for positively

charged stains such as uranyl, lead and osmium and this may reflect a lack of

available negative DNA charges that may bind the stains.
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on the other hand the electron-density of the c2 chromatin becomes

enhanced when stained with heavy metals so that it appears more electron-dense

than the cL region. This observation is invariable irrespective of the type of

heavy metal stain used or whether the stains are used by themselves or in

conjuction with one another. This indicates that the C2 region has a greater

aflinity for cationic metals which could reflect the presence of negatively charged

residues such as free phosphodiester charges of DNA molecules within the

chromatin.

At the ultrastructural level, the c2 region contains numerous fissures or

grooves that may indicate partial chromatin aggregation (Soon and Breed'1996)'

These fissures disappeared following incubation of spermatozoa with protamines

from herring and salmon. The binding of the added protamines to free

phosphodiester charges of DNA may have caused further chromatin compaction

that removed the fissures in the c2 region. It is therefore unlikcly that DNA

within ttle c2 region is naturally packaged by protamines which tend to

completely neutralise the negative charges of the DNA backbone and in essence

prevent any further binding to proteins. flowever, the DNA may be packaged by

proteins that are of a less basic nature or less arginine'rich compared to

protamines.

This study also provides an explanation for the perplexing observation of

differential fluorescence of Sminthopsis spermatozoa nucleus; when stained with

fluorochromes, the apical and posterior regions of the spermatozoa nuclei appear

less bright than the inner cL region (Breed et al., 1994\- The present study shows

that the nuclei can be induced to fluoresce uniformly by incubating spermatozoa

with protamine sulphate prior to staining with 50 yglml DAPI' Since the fish

protamines are likely to have further condensed the chromatin in th¡e c2 region,

lve can rationalise that the less bright fluorescence of the C2 chromatin in

untreated samples, is due to a lower density of DNA compared to the Cl region'
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4.5. CONCLUSION

c2 chromatin appears to have (1) excess negative charges as shown by its

strong affinity for cations and the ability of protamines to bind and further

compact the chromatin, and (2) a low densitv as suggested by its electron-

translucence in the unstained spermatozoa, and the ability of protamines to elicit

a qualitative increase in fluorochrome binding density within the region'

cL chromatin on the other hand may have a high density as the structure

appeared electron-dense in the unstained specimen. This region does not appear

have a great aflinity for cationic stains since the electron'density is not greatly

enhanced following staining with cationic salts'



Fig. 4.1.. Spermatozoa from cauda epididymidis of Sminthopsis stained

with l7o osmium tetroxide, 27o rïÐnJl acetate and lead citrate, and embedded in

LR\ry resin (A); spermatozoa stained with 17o osmium tetroxide alone and

embedded in TAAB resin (B). In both micrographs, C2 chromatin (small

arrows) shows greater uptake of stain and appears more electron'dense

compared to cl chromatin (large arrows). (a, acrosome; t, tail). Bar (A) = 1'5

pm;Bar (B) = 1.0Pm.

Fig. 4.2. Unstained sminthopsis spermatozoa from cauda epididymidis

embedded in TAAB resin (A); embedded in LRW (B). C2 regions (small arrows)

appear electron-lucent, whereas Cl chromatin (large arrows) is electron-dense'

(a, acrosome; t, tail). Bar (A) = 1.0 t¿m; Bar (B) = l'O ym'
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Fig. 4.3. Sperm partialty demembranated by 0.17o Triton X'100.

Fluorescence microscopy of DAPI stained spermatozoon displaying characteristic

faint fluorescence at the apical and posterior regions (arrows) (A); ultrastructure

of the apical nuclear region showing the presence of grooves within t}ae C2

chromatin (arrowheads) (B). Bar (A) =16 Fmi Bar (B) = 294nm-

Fig. 4.4. Partially demembranated sperm incubated with herring

protamine. Fluorescence microscopy of DAPI stained spermatozoa no longer

displaying the faint fluorescence at the apical and posterior regions (arrows) (A);

ultrastructure of the apical nuclear region showing disappearance of fissures in

t|ne C2chromatin (B). Bar (A) = L7 pm;Bar (B) = 360 nm.
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Ghapter 5. lsoLATlON OF SPERMATOZOA NUCLEAR BASIC

PROTEINS3

5.I. INTRODUCTION

The pattern of DNA condensation of the cl and c2 regions o1 Sminthopsis

spermatozol^ppearstobeverydifferent(Chapter3).ChromatinCl
condensation occurs by gradual changes from a granular state to a highly

compacted and homogenous structure. Condensation of tllre C2 region transpires

by way of partial coalescence of chromatin subunits' The incomplete

condensation of the chromatin produces the characteristic globular structures

and associated grooves of the c2 region (chapter 3 and 4)' In addition'

cytochemicat studies indicate that DNA within tlfle c2 region may be less

condensed than that of Cl (Chapter 4)'

The differences in the pattern of chromatin condensation of the two

nuclear regions may be due to a shift in basic protein composition or in other

factors that affect the ionic strength and the hydrophobic environment of the

condensing chromatin. Therefore, there is a possibility that chromatin within the

two nuclear regions may be organised by distinct proteins'

The objectives of this study were' to (1) isolate and identify the sperm

nuclear basic proteins (sNBPs) from sminthopsis by using reverse'phase HPLC

and gel electrophoresis, and, (2) localise SNBPs to the sperm nucleus by

immunoc¡rtochemistry (subject to the availability of antibodies)'

3.1{ork from this clapter has been included in a manuscript entitled "rsolation

related chromatin structures from spe rmaÛozoa nuclei of a dasyurid marsupial'

ir t¡""rr¿oø" submitted in JulY 1996ta J Exp Zool'

of histones, and
Sminthopsß
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5.2. MATERIALS AND METHODS

Adult sminthopsis crøssicaudütn males were used in all studies and they

lvere sacrificed as described in Chapter 2. All steps \ilere carried out tt 4"C

except where indicated.

S.2.l.Purificationandidentificationofprotam¡nes

cauda epididymal spermatozoa from ten sminthopsts were expressed into

Tris-HCl, pH 7.5 containing 1 mM PMSF, and washed three times with the

buffer. sNBPs were extracted using a modiflred version of the method by Balhorn

et al., (Lg77). Spermatozoa \üere decondensed by incubation in 5 M guanidine

hydrochloride for L h and nuclear proteins were extracted in I M urea and 2 M

NaCl, for another hour. Hydrochloric acid was added to 0.5 M and the sample

was incubated for lh and then centrifuged at 12 000 g for L0 min'

The supernatant containing sNBPs was run on reverse'phase HPLC

(Yarian 5000, walnut creek, usA) using a Yydac c'4 column (214TP54, Yydac

separation Group, Hesperia, ca) at a speed of L ml/min at room temperature

and the proteins were eluted using a acetonitrile gradient from lo to 3o%o in o'lvo

trifluoroacetic acid (Ammer and Henschen, 1988). UV absorbanee at254 nm ÌYas

recorded with an on-line detector and the protamine fraction was collected in an

Eppendorf tube and dried in a speedvac. The HPLC purified protamines were

electrophoresed in a mini-gel system (BioRad Laboratories, Pty Ltd, Richmond'

cA) containinglíqio polyacrylamide gel in 6.5 M urea at pH 3.2, and were also

further characterised by subjecting the HPLC fraction to automated sequencing

(Applied Biosystem s 47 5' Yictoria, Australia)'

5.2.2. Extraction and fractionation of spermatozoa histones

spermatozoa histones ÌYere extracted using a modified method of Ausio'

(1992t). Caput and cauda epididymides from four sminthopsis, were separated

into two pools, cut into 3-4 mm3 pieces and placed in distilled water'

Spermatozoa exuded into the water without additional force applied to the

tubules and were quickly collected, washed twice with PBS, and stored in 9ovo

ethanol until further use. Sperm samples were also checked under phase contrast

for somatic cell contamination.
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The ethanol cell suspension was centrifuged at 16 000 g in a microfuge for

10 min and the pellets were dried immediately in a speedvac' For the removal of

cytoplasmÍc membranes and tails, the pellets were resuspended in 150 mM NaCl'

20 mM Tris-HCl, pH 7.5 containing 0.5%ô Triton x'100, 0.4 mM PMSF and 10

yglmlTLCK (approximately 100p1 was used for a 0.5 x 106 cells pellet) and the

homogenate lvas incubated for 20 min'

The suspension was centrifuged and the pellets obtained were resuspended

and homogenised in 35Vo acetic acid and incubated for Lh at room temperature

with occasional vortexing. The samples were centrifuged at 16 000 g for L0 min

and hydrochloric acid was added to the acetic acid supernatants to a

concentration of 0.25 M. The extracts were precipitated with 6 volumes of

acetone at -2}"cfor t h, collected by centrifugation and dried in a speedvac' The

precipitates containin g Sminthopsts SNBPs were subjected to urea-acetic acid gel

electrophoresis.

S.2.3.Gelelectrophoresisandproteinquantitat¡on

Urea (2.5 M), acetic acid (57o) polyacrylamide gel electrophoresis of

sNBPs was carried out using the method of Ausio, (1992a). A stock solution (40

ml) contai ning3ovo acrylamide and o.2vo bisacrylamide was mixed with 10 ml of

43.27o acetic acid, 30 g of urea, and 70 mg of thiourea. Distilted water was added

to 79.5 mt. at the solubilisation of the urea' 0.5 mt of Sovo Hzozwere added to

the mÍxture, and the resulting solution was immediately poured into gel tanks'

Protein markers used included chicken erythrocyte histones (sigma)'

sNBPs from boar (from Dr. Zalensky) and salmon protamines (sigma)' The

stained gels were scanned using a Molecular Dynamics personal densitometer

(Model P.D) and quantitation of the bands was carried out by area integration'

5.2.4. lmmunocYtochemistry

The four polyclonal antisera used were (1) anti'histone H2B (from Gallus)

(Muller et al., 1984), (2) anti-peptide (1-20) H2A (calf thymus), (3) anti-peptide

(s5-102) H4 (calf thymus), and (4) anti-histone H4 from mussel sperm (Ivlytilus)'

all raised in rabbits. The peptide sequences of both H2A and H4 are surface

accessible regions on the nucleosome (Meziere et al', 1994; Monestier et al" 1993)'
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5.2.4. I . Immunofluorescence m¡GroscoPy

spermatozoa from three sminthopsis were extruded from the cauda

epididymidis into PBS, pH 7.5, washed three times with the buffer and fixed in

37o pararormaldehyde for 5 min. The sPerm were washed twice for 5 min each

time using 10 mM Tris, pH 7.7, containing 0.15 M NaCl, O.lvo Triton x-L(x), and

O.!7o bovine serum albumin (BSA) (fraction Y, Sigma' St Louis' MO)'

The sperm were then incubated in L:20 dilution each of the four antisera'

for 1.5 h at room temperature, washed twice with buffer for L0 min' and

incubated with FITC labelled goat anti-rabbit secondary antibody, for 30 min at

37oC. Following this, the sperm were washed twice and resuspended in 20pl of

mounting medium. a drop of the suspension Ìvas placed on a slide for

observation by confocal microscopy (MRC'1000, BioRad) using two filter

combinations of wavelength s 48Et522nm and 568/605 nm' In control samples the

primary antibodY was omitted'

5.2.4.2. lmmunoelectron microscopy

Epididymal and testicular tissues from three sminthopsis were cut into

approximately 1 mm3 pieces and fixed with O.25Vo glutaraldehyde and O'4Vo

paraformaldehyde (appendix L) for 4 h. The tissues Ìvere washed in 0'1 M

phosphate buffer, dehydrated in ethanol, and embedded in LR\il resin and

polymerised at 50oc (Appendix 3). Thin sections were placed on nickel grids

prior to immunolabelting with histone antibodies' Sections Ìvere washed twice for

5 min in PBS, pH 7.4 and then for 30 min in PBS containing o'lvo BSA and

o.olc/o Tween 20 (sigma). They were incubated in a 1:Lo0 dilution in PBS of

normalgoatserumfor10minandwashedinBsAandTween20.

The sections vyere incubated in L:10 dilution of the antisera for 30 min at

room temperature, and then for 16 h at 4oc, followed by two washes in 0'057o

Tween 20 and PBS. They were incubated in a 1:20 dilution of the secondary

antibody, goat anti-rabbit IgGs conjugated to L5 nm gold (sigma), for 30 min at

room temperature. Finally, the sections were washed in PBS, followed by

distilled water, stained wit} 27o aqueous uranyl acetate and visualised in the

transmission electron microscope (Phillips cM 100) at 60 kY' Control sections

were treated as above with the omission of the primary antisera'

a
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5.2.5. Production of antibodies to sminthopsts protam¡ne I

5.2.5.1. Preparation of antigen

For the production of antibodies to protamine I of sminrhopsisr T animals

were sacrificed and the spermatozoarobtained from the cauda epididymidis' The

protamines lvere extracted and purified as described in Section 5'2'l' The HPLC

purified factions, dried in a speedvac, were pooled into three tubes, each

containing approximately, 3o Fgof protamines. This amount was estimated by

area integration of HPLC peaks using salmon protamines of known

concentrations as standards.

saline (l7o pl) was added to 3o pgof protamines in an Eppendorf tube and

the mixture vyas vortexed until the proteins have dissolved. Heparin (30 pl at a

concentration of 1000u/ml) was added to the protamine solution and kept on ice

for 30 min to allow the molecules to conjugate. Freund's Complete Adjuvant

(2OO pl) was added and the solution was vortexed vigorously and passed through

a syringe attached to a2O G needle several times to create a thick emulsion'

Two 1.0-12 week old male Batb/c mice were each inoculated with

approximatety 200pI of the emulsion, given a booster injection after 3 weeks' and

another injection after 6 weeks. Retro-orbital bleeds from the immunised mice

were taken L0 days after the third injection and the final bleed took place a week

later. The blood was left for Lh to clot at room temperature, placed at 4"c for 6h'

and centrifuged at 10 000 rpm for 10 min. The serum was removed using a

pipette and stored at'2O"C until further use'

5.2.5.2. Fluorescence tesf,s for protamíne antÍbodÍes

.! mm nn o 
" 

rlt o c h em t s t t r¡

The method for this test has been described in section 5'2'4'l' The

antisera were dilut ed lz20,r 1:40, and 1:80 with PBS, pH 7'5, prior to use'

þoQsu¡aene latex 6eads a'ssAV

Polystyrene latex beads (1011) (Boehringer, Germany) were added to 100

pl or a solution of protamine 1 from sminthopsi¡ (10 yglml). The mixture \¡vas

incubated at room temperature for 2h in an Eppendorf tube to allow the

protamines to attach to the latex beads. The bead/protamine complexes were
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collected by centrifugation at 10 000 rpm for 5 min and washed twice with PBS'

pH 7.5. The complexes were blocked with a solution of bovine serum albumin

(BSA) (1 mg/ml) for 2h, washed twice with PBS and stored at 4"C in 10 mM

sodium azide. As a positive control, mouse IgG (Sigma) was incubated with latex

beads in place of Protamines'

The following fluorescent study was used to determine whether the

immune mouse serum contained antibodies to protamines from Sminthopsis' The

antisera were diluted L:1.0, lz2orlz4o and 1:80 with PBS, incubated with the

bead/protamine complex for th, and washed twice with PBS' This was followed

by incubation for 30 min with a secondary antibody, sheep anti'mouse IgG

conjugated to FITC (Silenus, Hawthorn, Australia) diluted 1:20 with PBS' After

two washes with PBS, an aliquot (2O pl) of the mixture was placed on a slide'

mounted with Slow Fade medium (Molecular Probes) and visualised using a

fluorescence microscope (olympus). For the positive control, the latex

bead/mouse IgG complexes were incubated with non-immune mouse serum

followed by the secondary antibody. For the negative control, untreated latex

beads Ìyere similarly incubated with non'immune mouse serum and the

secondary antibodY.
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5.3. RESULTS

5.3.l.Spermprotam¡nepur¡f¡cationandpart¡alsequenc¡ng

Reverse-phase HPLC revealed the presence of a single protamine class in

sminthopsis spermatozoa that was eluted at !97o acetonitrile following a 32 min

retention time (Fig. 5.1). Guanidine hydrochloride, urea, NaCl and PMSF were

eluted early during the flow. The purified protamine was partialty sequenced

and the N-terminus was found to begin with the ARYR tetrapeptide, a feature

characteristic of type 1 protamine or Pl (oliva and Dixon, 1991)' The partial

sequence was aligned and compared with the DNA derived amino acid sequence

of protamine 1 from Sminthopsis crassicaudøtn (Retief et al., 1995a) (Fig' 5'2)'

Acid-urea gel electrophoresis indicated tlfre smìnthopsis protamine to be a low

molecular weight protein that differed in electrophoretic mobitity from boar and

salmon protamines (Fig. 5.34)'

5.3.2. Extraction of spermatozoa histones

Approximately 5x10ó cauda epididymidal spermatozoa containing about

2O yg of DNA were used for the extraction of sNBPs. Phase contrast

observations showed no contamination with somatic cells.

In order to visualise the sNBP histone fraction, spermatozoa nuclei from

sminthopsis were flirst extracted with 35%o acetic acid. In contrast to 0'4 N HCI

which tends to extract both protamines and histones with similar efficiency, this

concentration of acetic acid preferentialy solubilizes histones (subirana et al.'

lg73\. Extraction of sNBPs from cauda epididymidal spermatozoa using this

method showed that alt five histones, Hl, }JlàB,rHi2LrH3 and H4 were present as

illustrated by acid-urea gel electrophoretic analysis (Fig' 5'38' Lane 1)'

Hydrochloric acid extraction following that of 35%o acetic acid, produced mainly

protamines (Fig. 5.38, Lane 2). Analysis of 0.4 N HCI extraction of caput

epididymidal sperm atozoanuclei showed that both histones and protamines are

present (Fig. 5.38' Lane 3).

Densitometric analyses of the electrophoretic patterns shown in Figure

5.38 measured the approximate amount of histones present in the cauda

epididymal and in caput epididymal spermatozoa fractions to be 25Vo a;nù 457o
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respectively. The maior SNBP component is the low molecular weight protamine

1

5.3.3. lmmunolabelling of histone antibodies

Immuocytochemistry showed that antiserum to histone H4, tabelled the

apical, lateral and posterior regions of the mature spermatozoon nucleus' The

localisation of histone H4 is illustrated in Figure 5'44 which is a composite of z'

series optical sections obtained by confocal microscopy. The labelling, shown in

green fluorescence, corresponded regionally to the location of c2 chromatin (Fig'

5.44). Similar results were obtained for the other histone antisera' H2B and

antisera for the peptides of histones H2A and H4 (not shown)' In the control

experiment, where the primary antibody lvas omitted, there was no positive

immunofluorescence of the nuclei (Fig' s'aB)'

EM sections of cauda epididymal spermatozoa following immunogold

tabe¡ing using histone H2B antibody, revealed 18-40 gotd particleslymz (from 30

spermatozoa; n=3 animals) in the c2 region (Figs. 5.54 and B)' There was

neither any significant labelling of structures in the cl region nor in the control

sections.

In testicular sperm rtozoa, an enlarged nuclear envelope (ENE) that

resulted following nuclear condensation (chapter 3; Soon and Breed' 1996)'

contained materiar which labelred positivery with the histone antibodies (Fig.

5.5C). During spermatozoa transport along the epididymis, the ENE gradually

disappeared as the spermatozoon head rotated from a T'configuration in relation

to the sperm tail, to a streamlined position (chapter 3; Soon and Breed' 1996)'

concurrent with the disappearance of the ENE, a reduction in antibody labelling

of the ENE material occurred in corpus epididymidal spermatozoa (Fig' 5'5D)'

In contrast, the c2 chromatin retained a positive tabelting for the histone

antibodies in the mature spermatozoon (Figs.5.5A, B and D)'

5.3.4. lmmunolabelling tests for antibodies to protam¡nes

5.3.4. I . ImmunocYtochemístrY

The spermatozoa nuclei of sminthopsis incubated with immune sera from

the two mice did not display any fluorescence (not shown)'
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5.3.4.2. Polystyrene latex beads assay

The positive control showed that the polystyrene latex bead/mouse IgG

complexes were fluorescent whereas the negative control did not display any

fluorescence as expected (not shown). However, there lvas no fluorescence

observed for the polystyrene latex bead/protamine complexes incubated with the

immune mouse serum indicating an absence of a primary antibody (to protamine

L) (not shown).
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5.4. D¡SCUSSION

This study shows that the mature spermatozoa of sminthopsis

crøssicøudafø contain protamine as the maior protein component' The N'

terminal region of the protamine molecule, as determined by sequential Edman

degradation, contains the tetrapeptide, ARYR that is characteristic of

mammalian (oliva and l)ixon, 1990), and avian (chiva et al., 1987;1988)' Pl' or

Type 1 protamine. This partial amino acid sequence is also identical to the N-

terminus of the complete protamine sequence deduced from the nucleotide

sequence of the gene (Retief et al., 1995a' b)'

The electrophoretic mobility of the protamine of sminthopsis indicates that

it has a higher molecular weight than both boar and salmon protamines' Indeed

sminthopsl's Pl consists of 65 amino acids (Retief et al., 1995a) whereas the

lengths of bull Pl and salmine are 45 and 30 amino acids, respectively (Balhorn'

1e8e).

The attempt to raise monoclonal antisera to sminthopsis PL has been

unsuccessful. I)ue in part to their small size, protamines are generally poor

immunogens (Le Lannic et al., 1993). However, polyclonal antisera to protamines

from ram (courtens et al., 1983), mouse (Rodman et al., 1984)' and boar

(courtens et al., 19SS) have been successfully elicited in rabbits. In addition, Le

Lannic et al., (1993) have raised monoclonal antibodies to both PL and P2

protamines of humans.

In an attempt to increase immunogenicity, human protamines have been

conjugated to significantly larger molecules such as methylated bovine serum

albumin (Roux et al., 19S7) and ram protamines have been complexed with RNA

(courtens et al., 19S3). In this study, sminthopsl's protamine I was associated

with heparin for the same reason. others have found that it is possible to raise

antibodies to unconjugated protamines (stanker et al., 1987, Le Lannic et al.'

1993) using protein concentrations of 80'100 pglinjection in mouse' \ühy this

present study has been unsuccessful can perhaps be partÍally explained by the

low amount of antigen used (1,5 pgliniectÍon) regardless that the protamines have

been coupled to heParin.

Electrophoresis of total proteins from the mature spermatozoa showed

that in addition to the protamine, also present is a subset of histones comprising

approximately 257o of nuclear proteins. Atl five histones (H1, H2A, H2B, H3,
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H4) are present in nearly stochiometric ratios. Approximately equal amounts of

'f,zL,lHzF,, 
H3 and H4 molecules are detected whereas histone Hl amounts to

half the concentration of the other histones. This ratio is similar to the

proportion of histones that occur in eukaryotic cells, regardless of the

physiological state of the cell (Kornberg and Klug, 1981)'

The amino acid sequence of histone molecules are remarkably well

conserved, for example, histone H4 from pea seedlings differs in only two out of

102 amino acids from histone H4 isolated from calf thymus (Kleinsmith and Kish'

lees).

Table 5.1 shows the different classes of histones and their approximate

molecular weights. These proteins are larger than protamines which have

molecular weights that range from 5000 daltons (Balhorn, 1989) to 80ü) daltons

asin SminthopsisPL. In addition, there are fewer arginine molecules in histones

compared to protamines which may contain up to 657o arginines.

TABLE 5.1: THE HISToNE ct-AssEs (Kleinsmith and Kish, r995)

Type of histone Number of

amino acids

Size (daltons) Arginine

H1 215 23 000 lVo

H2A 129 14 000 9Vo

H2B 125 13 800 6Vo

H3 135 15 300 L3Vo

H4 toz tt 200 t4clo

Although the amino acid sequence of the core histones is highty conserved'

the chromatin structure may be altered by differences in the sequence of histone

Hl. In the inactive chromatin of chicken er¡rthroc¡rtes and the spermatozoa of the

sea urchin, variable forms of histone HL are known to exist (Poccia and Green'

lgg2). Histones are also subject to reversible chemical modifications such as

acetylation (Ausio and van Holde, 1986), methylation (selker, 1990)'
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phosphorylation (Hunter and Karin, Lgg2), and ADP ribosylation (Latchman'

1e90).

It is unknown at this stage whether the spermatozoa histones of

sminthopsis are different with respect to the amino acid sequence compared to

somatic cell histones and whether they are post'translationally modified as in the

acetylated variety found in the mature spermatozoa of humans.

caput epididymal spermatozoa retain an enlarged nuclear envelope (ENE)

which contains nuclear pores (chapter 3; Soon and Breedr 1996)' In eutherian

testicular spermatids, there is a similar presence of an electron'lucent region

surrounded by a nuclear envelope (courtens and Loir, 1981b)' however' the

occurrence of this structure in caput epididymal spermatozoa appears to be

unique to the dasYurids.

The ENE does not contain DNA, but stains positively for lysine'rich

proteins (Chapter 3; Soon and Breed, 1996)' and the present

immunocytochemical study demonstrates that histones are present but become

removed along with the ENE as spermatozoa travel along the epididymis' In

addtion, extraction of sNBPs and densitometric measurements indicate that

spermatozoa from the caput epididymidis contain a larger percentage of histones'

approximately 45Vo, compared to those from the cauda epididymidis (25Vo)'

Histones within the ENE may be residual from sperm nuclear condensation in the

testis and become removed from the nucleus via nuclear pores during epididymal

transit.

The mature spermatozoon, however, retains a subset of histones within the

c2 chromatin region. untike the spermatozoa histones of other species of

mammals so far described (Gatewood et al., 1987), those of sminthopsds have a

defined location within the nucleus'

It is not clear whether the histones of c2 chromatin are acetylated or not.

This could have implications in both transcriptional activity (Grunstein ' l99l;

Turner, 1991; Ausio, 1992b; Felsenfeld r lgg2, \iloodcock et al.' 1993) and histone

removal during spermiogenesis (christensen and Dixon, 1982\' As shown in

chapter 3, DNAase-gotd conjugates have been localised to the c2 region and it

appears that the DNA binds to histones. Therefore the spermatozo¡ histones are

unlikely to be residual from spermatogenesis, but like the protamines' they may

have a role in the structural organisation of the chromatln' although the

significance of this is unknown, the impact on the physiology of spermatozoa
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transportation and survival must be profound since DNA of nucleohistones is

more vulnerable to attack by nucleases and damage by free radicals compared to

DNA packed within the almost crystalline structure of nucleoprotamines' This

raises the question of how this marsupial species protects its spermatozoa

chromatin, and a possible mechanism may be the secretion of high levels of DNA

stabilising factors such as polyamines within the reproductive tracts'
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5.5. CONCLUSION

Inthisstudy,spermnuclearbasicproteinswerefractionatedbyreverce-
phase HPLC and characterised using acetic acid-urea PAGE' The main protein

component was partially sequenced and identified as protamine L' A subset of

histones consisting of Hl, r|i21^, HizB., H3 and H4 was detected in nearly

stochiometric amounts and constituted approximately 25Vo of total protein'

Immunoc¡rtochemistry demonstrates that histones occur within the peripheral C2

regÍon but not in the cl chromatin. The contents of the ENE also localised to

histone H2B antibodies. The ENE may serve to remove testicular histones that

are displaced from the chromatin during nuclear condensation' In eutherians'

similar allusions to the basal knobs at the posterior of spermatids as being

residual histone and/or centromeric proteins that are eventually removed from

the nucleus, have been made (courtens et al., 1992). The attempt to raise

antibodies to protamine t has not been successful'
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Figure 5.1. Reverse-phase HPLC of total protein from Smínthopsís

spermatozoa. proteins were eluted in a l0 to 30Vo acetonitrile gradient with 0.17o

trifluoroacetic acid, within a run-time period of 45 min. Initial peaks represent

runoffs of urea, salt and PillsF. The bound protamine was detected as a major

peak elute d at lgVo acetonitrile following a retention time of 32 min'
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Figure 5.2. Protamine 1 partial sequence of Smínthopsis cr¿ssícaudata

obtained by automated sequencing of HPLC purified protein (A), aligned with the

fult protein sequence deduced from DNA (B) (Retief et al., 1995a).



Figure 5.34. Gel electrophoretic analysis of Sminthopsis protamine (Lane

1), in comparison to the spermatozoa nuclear basic proteins (SNBPs) from boar

(Lane 2). (CE = chicken erythrocyte histonesi Sl = salmon protamine (salmine);

Scr = Sminthapsts protamine; Br = boar protamine).

Figure 5.38. Proteins extracted with 35Vo acetic acid from cauda

epididymides of Sminthopsr:'s (Lane 1), proteins recovered using 0.4 N HCt

following t¡¡e 357o acetic acid extraction (Lane 2), and, total proteins extracted

with 0.4 N HCt from caput epididymal sperm of Sminthopsr's (Lane 3). (CE =

chicken erythrocyte histones).
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Fig 5.4. Merged confocal optical sections of Sminthopsir sperm nucleus

showing localisation of histone H4 antibodies to peripheral chromatin (green

fluorescence), and propidium iodide counterstaining of chromatin is in red

fluorescence (A). Control sperm showed staining with propidlum iodide but not

with FITC (B). Bar = 5 Pm.





Fig 5.5. Immunogold labelling with histone H2B antibodies. Anterior

region of the sperm head from cauda epididymides showing localisation of

antibodies to C2 chromatin (A and B). Longitudinal section of the posterior

region of a testicular sperm, showing localisation of antibodies to material within

the ENE (C). Transverse section of the posterior head region of a spermatozoon

from corpus epididymidis, showing the last vestiges of the ENE and labelling of

the C2 chromatin (D). (Cyt, cytoplasm; ENE, enlarged nuclear envelope; N,

nucleus). Bar = 2L0 nm.
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Ghapter 6. VISUALISATION OF SPERMATOZOA HIGHER ORDER

CHROMATIN STRUCTURES: ATOMIC FORCE MICROSCOPE AND

TRANSMISSION ELECTRON MICROSCOPE STUDIES

6.1. TNTRODUCTION

The packaging of DNA into a small nuclear volume is facilitated by

tertiary level organisations of DNA-protein fibres of nucleohistones and

nucleoprotamines. The higher order organisation of chromatin has been

investigated using various microscopical methods such as transmission electron

microscopy, (Thoma et al., 1979; Rattner and Hamkalo, 1978) and more recently

the native three-dimensional chromatin structure has been studied using cryo'

electron microscopy (Woodcock and Horowitz, 1995) and scanning force

microscopy (Atten et al., 1993; 1995; Leuba et al., 1994). The lower level

organisation of the chromatin could be studied by unravelling the native

structure using enzymatic and/or diffusion techniques.

One of the objectives of the present study was to examine the peculiar

morpholog¡r of the spermatozoon nucleus of Sminthopsis crassicaudøta, using the

atomic force microscope (AFM). The AFM is a relatively new application in the

study of biological materials and has some advantages over other high resolution

imaging techniques especially in the relatively mild sample preparation required

for the scanning of organic surfaces. AFM allows visualisation of the unfixed,

uncoated, and paÉialty hydrated samples at nanometer resolutions (Hoh and

Ilansma, lgg2). The extensive dehydration and harsh processing conditions

required for transmission electron microscopy (TEM) is thus avoided. AFM

applications also include scanning in liquids, whereby cells are monitored and

studÍed under physiological conditions avoiding the effects of degenerative

changes.

AFM instrumentation (Topometrix) consists of the force sensor unit,

peizoelectric ceramics, a feedback electronic circuit (EPU unit)' and a computer

(CPU unit) containing softwares for the control of the instrument, conversion of

the electronic signals into a visual representation, and image processing and

analysis.
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A small video camera is focused onto the cantilever and is used to monitor

the distance between the probe tip and sample surface and to visually estimate

the position of the sample and probe.

The force sensor is an essential component of the AFM and offers very

high spatial resolution, routinely measuring distances with an accuracy of 1Å.

The sensor consists of a cantilever which secures the sensing probe, a laser

source, a pair of mirrors which reflect the laser beam and a photodetector that

transmits the imaging signals through the feedback circuit (Fig.6.1).

I.ASER

MIRROB

PHOTOOETECTOR

CANTILEVEFI

SAMPLE
TIP

Fig. 6.1. Force Sensor (Topometrix lnstrument Manual). During topographic image

acquisition, the distance between the probe tip and specimen surface is determined by

the peizoceramics and is kept constant by a feedback mechanism (not shown).

1'o begin imaging, the laser beam is focused onto the edge of the cantilever

and the probe is brought into contact with the specimen. The cantilever is

activated to raster across the surface. Deflections of the cantilever during

scanning are detected by the laser beam and reflected.by the mirrors to the

photodetector. The difference in light intensity reflecting movement of the

cantilever is translated into height data, and a feedback mechanism adjusts the

height of the stage (specimen holder) relative to the probe tip to mainíain

constant force (/distance). The feedback circuit therefore causes dimensional

changes in the peizo to keep applied vertical forces within a user-defined limit.
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The relationship between the cantilever's motion, x, and the force required to

generate the motion, F, is given by Hooke's Law:

F = -kx, where k is the force constant measured in newton/meter.

As the scanning continues, the x, y, and z data which depict the

topography of the specimen within a designated area, are collected and translated

into a three-dimensional image.

In this study, the AFM has been used to study the nuclear topology of

Sminthopsr's spermatozoa and as a comparison, spermatozot nuclei of another

species of marsupial from a different family, the brush-tail possum, Trichosntus

vu)pecula.rhave also been similarly imaged. Unlike the spermatozoa chromatin of

Sminthopsis which is packaged by both histones and protamines, that of

Trichosurus, is packaged by two types of protamines. Both the possum

protamines are arginine-rich and are likely to have similar biochemical

properties (R Balhorn, personal communication).

For AFM imaging, spermatozoa from both species ÌYere demembranated,

adhered to glass coverslips and scanned in both the fixed and unfixed states with

the AFM. Using an image analysis software, the size of the higher order

chromatin structures of the nucleohistone and nucleoprotamine regions were

measured.

Another objective of this study was to investigate the effects of micrococcal

nuclease on the spermatozoa chromatin of Sminthopsis. This enzyme has been

extensively used in the study of chromatin due to its abitity to discriminately

cleave the tinker region of nucleosomal DNA (Zabal et al., 1993). The

spermatozoa nuclei from Sminthopsis were incubated with mÍcrococcal nuclease,

and the digestion products, as well as the undigested sperm chromatin' ÌYere

observed using the TEM.
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6.2. MATERIALS AND METHODS

6.2.1. Atomic force m¡croscopy

Removal of sperm membranes

The cauda epididymides from three adult male Sminthopsis and two

brush-tailed possums were removed from the scrotum, cut into smaller pieces

and spermatozoarYere expressed into 10 mM Tris-HCl' pH 7.5. The sperm were

demembranated by incubating for 20 min in 5 mM DTT together with either LVo

MTAB or O.OSVo Triton-X 100. Following three centrifugations and

resuspensions of spermatozoa nuclei into 10 mM Tris-HCl, pH 7.5 to remove the

reagents, a sample of the nuclei was fixed witln 37o paraformaldehyde for 5 min

and another Ìyas left unfixed. The samples were washed with buffer and

resuspended in 5 mM Tris'HCl, pH 7.5.

Scanning with AFM

Droplets of the spermatozoa nuclei were placed onto coverslips, air-dried,

and washed twice with distilled water. Samples \ilere mounted on the Explorer

stage of the atomic force microscope designed for the imaging of biological

specimens (Topometrix, California). The nuclei were scanned in contact mode

which operated in the repulsive force region. The cantilever curved away from

the sample due to the forces generated between the surface of the specimen and

the tip of the probe. The displacement of the probe was signalled through the

feedback loop to adjust the z-piezoelectric ceramic so that a constant force was

maintained throughout the scan. The probe used, SupeÉips #10 (Topometrix)'

was fabricated as a thin extension of a pyrimidal base (Appendix 5; cantilever/tip

specifications). The sharp probe was susceptable to breakage and could cause

damage to the specimen due to the high forces generated during scanning.

However, with careful optimisation of scanning parameters such as the scan

speed and feedback settings, high resolution data within tens of nanometer or less

could be obtained.

Atl samples \¡yere scanned less than 12 h following sample preparation

unless otherwise indicated. Some Sminthopsds spermatozoa lYere desiccated in a

chamber containing sodium hydroxide pellets for more than 36 h and similarly

imaged with the AFM. Chromatin structures lvere measured using the
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microscope's image analysis package (Topometrix). Computer images in TIFF

format were converted to PICT files using Adobe Photoshop v3.0. Images ÌYere

grouped,labelled and printed as illustrated in the Figures, using Powerpoint v4.0.

6.2.2. Micrococcal nuclease d¡gest¡on

This study follows the method of zabal et al., (1993) with some

modifications. All buffers and solutions used contain I mM PMSF and

incubations were conducted at 4"C unless otherwise indicated. Epididymal

spermatozoa were washed three times in 15 mM Tris'HClr pH 7.5 containing

22Vo sucrose, 60 mM KCl, 15 mM NaCl, followed by a 30 min incubation with

O.OSTo Triton X-100 and 5 mM dithiothreitol (DTT) (Sigma) made up in the

above buffer. For cell lysis, spermatozoa Ìvere washed three times with 5 mM

Tris-HCl, pH 7.8.

The resulting sperm nuclei were digested in a solution containing 1 mM

CaCl2 and 300 units/ml micrococcal nuclease (\ilorthington) made up in 5 mM

Tris-HCt for 3 h, at 37"C. The reaction lYas halted by adding

ethylenediaminetetraacetic acid (EDTA) in 50 mM stock solution to a

concentration of 2 mM and incubated for 20 min. The sample \¡vas centrifuged at

12 000 g for 1O min and the supernatant containing digested chromatin was

collected. Hl-containing material was precipitated by adding an equal volume of

15 mM Tris-HCl, pH 7.4, containing 200 mM NaCI, to the supernatant and

incubated for 45 min (Zabal et al., 1993).

Chromatin was collected on coated grids for electron microscopy (Section

6.2.3), and pellets containing residual chromatin lvere fixed in 3Vo

glutaraldehyde, washed twice with 0.2 M phosphate buffer pH 7.5' post'fixed

wit¡¡ lqo osmium tetroxide and dehydrated in a series of alcohol. The sperm were

then embedded in TAAB resin which was polymerised at 60"C for 48 h

(Appendix 3). Thin sections were cut and stained with 27o uranyl acetate before

visualisation under the transmission electron microscope (Phillips CM100).

6.2.3. Transmission electron microscopy of nucleosomes

Micrococcal digested sperm chromatin was either placed immediately onto

carbon-coated grids or Ìvas spread using tri-L-(dimethylaminomethyl)phenol

(DMP 30) (Tousimis Research Corporation, Rockville, MD). DMP 30 was freshly

diluted in double-distitled water to 2 7o, and 5 7l was added to a2OO pl solution
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containing approximatety 0.2 Fg of DNA (Bratosin-Guttman, 1992). A 30 pt

droplet of the mixture lvas placed on a parafilm sheet, covered for protection, and

lett for 10 min at room temperature to allow a monolayer of DMP 30 to form at

the air-water interface. Celloidin- and carbon-coated grids were placed on top of

the droplets and the monolayers containing diffused nucleosomes' lYere tifted

onto the grids and left at room temperature for 3 min. The specimens lvere

washed by ptacing the grids on droplets of PBS. They were then fltxed with 37o

paraformaldehyde, washed again with distilled water, and stained witln 27o

aqueous uranyl acetate for 1 min. After a final wash in distilled water, they were

air-dried and viewed with the transmission electron microscope (Phillips

cMlo0).
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6.3. RESULTS

6.3.1. Atomic force m¡croscopy

Atomic force microscopy and image analysis of Sminthopsds spermatozoa

chromatin showed that the CL and C2 chromatin can be distinguished by

differences in (1) the arrangement of the higher order chromatin structures and

(2) the size of these structures. High resolution AFM images showed that the

higher order chromatin units from both regions were composed of nodules.

Those of CL chromatin appeared tightly packed against one another (Fig. 6.2L),

whereas nodules from the C2 chromatin have a loose arrangement (Figs. 6.2A'B

and C). The diameter of the higher order structures of Cl chromatin range from

45 to 60 nm. Larger nodules of 120-160 nm in diameter lvere measured for the

C2 chromatin (Fig. 6.2C, D; Fig.6.5).

Spermatozoa chromatin that was stored in a desÍccator consisted of

nodules that appeared somewhat flattened or depressed compared to those that

were not desiccated and imaged less than t 2 h following sample preparation

(Figs. 6.34 and B). In addition, nodules of the Cl chromatin in the desiccated

specimen have adopted a linear arrangement (Fig. 6.38). The chromatin nodules

of the Cl regions are smaller than those from the C2 region (Fig. 6.34). In the

possum, nucleoprotein particle sizes were of the similar magnitude as those

observed for the Cl chromatin in the dunnart (Fig. 6.44 and B). These nodules

were also tightty packed together similar to those of the Cl chromatin (Fig. 6.5).

There \üas no difference in the topology of the nuclear surfaces nor in the

size of structures measured for the fixed and unfixed specimens. However, the

chromatin rvas more readily disrupted when unfixed which caused the probe to

adhere to the chromatin resulting in distortions of the images and costly

replacements of probes. Unless scanning is conducted under physiological

conditions, the specimen is best fixed briefly in 3Vo paraformaldehyde prior to

scanning in air.

6.3.2. Microccoccal nuclease digestion

Following incubation with micrococcal nuclease for 3h, the C2 chromatin

Ìyas enzymatically cleaved from the Cl region (Figs.6.6A and B;6.7A, and B).

TEM of the separated C2 chromatin showed the Presence of 30'38 nm
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agglomerates (Figs. 6.64 and B) which appeared to disperse into smaller ll'14
nm structures (Figs. 6.74 and B) upon spreading of the chromatin using DMP 30

(Bratosin-Guttman, 1992). The remaining chromatin retained the shape of the

spermatozoon head as observed by UY fluorescence following treatment with the

nuclear fluorochrome, DAPI (not shown). When visualised with the TEM' the

residual spermatozoa lvere devoid of C2 chromatin and appeared to consist only

of C1 chromatin (Figs. 6.84 and B).
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6.4. DTSCUSSION

Atomic force microscopy of the spermatozoa nuclei of Sminthopsis shows

that the higher order chromatin structures of the two nuclear regions are very

different. The Cl region appears to consist of 45-60 nm chromatin nodules'

whereas the C2 chromatin contains bundles of 120-160 nm sized particles. In the

spermatozoa nuclei of the brush-tailed possum, only one nuclear region occurs'

and AFM scanning indicates that chromatin particle sizes are similar to those

found within the Ct chromatin of Sminthopsr's spermatozoa nuclei. In addition'

AFM studies on eutherian spermatozoa (mouse and bull), showed that the

chromatin consisted of closely packed 50-100 nm sized nodules (Allen et al., 1993i

1995). Therefore, it appears that the higher order structures of spermatozoa

nucleohistones (120-160 nm in diameter) in Sminthopsis, are considerably larger

than those of nucleoprotamines from Trichosurw (45-80 nm) and the eutherian

species (50-100 nm). Interestingly, the micrococcal nuclease'resistant C1

chromatin contain nucleoprotein structures (45-60 nm) that fall within the range

of sizes of nucleoprotamine higher order structures from the other species.

The organisation of chromatin particles appears to differ in those

packaged by histones from those packaged by protamines. AFM images show

that the nucleoprotamine particles of Trbhosurtn and the particles within the Cl

chromatin occur as a tight assemblage, whereas those of nucleohistones pack in

loose bundles. The clustered three-dimensional organisation of the latter may

account for the numerous fissures observed in EM sections of the C2 chromatin

in Sminthopsl's spermatozoa. Imaging at later stages following desiccation of the

samples, shows chromatin nodules that appear flattened and which adopt a linear

arrangement. \ilhether these are artifacts as a result of drying or whether they

give an insight into the arrangement of the particles is unknown. However, these

observations caution against interpreting linearity in chromatin organisation in

samples that have been extensively dehydrated.

There are some technical limitations associated with AFM imaging of

biological structures that could lead to anomalies in the images. The tip geometry

is sometimes convoluted into the image and the shape of the tip becomes

integrated into the topographic data of the specimen (Butt et al., 1992). Such tip

effects observed as 'edge broadening' (Fig. 6.34) are, to a certain extent, an

inherent part of AFM imaging.
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The resolution of the AFM is limited by the dimension of the tip of the

probe that is in closest contact with the specimen surface. Small contact areas

using sharp probes, although theoreticatty improves resolution, can bring

additional stress onto the specimen (Peachey and Eckhardt, L994). Tip

compression tends to occur during scanning at high resolution when force loads

are at the highest as the tip approaches very close to the specimen (\üorcester et

al., 1988). Most biological specimens are soft and have elastic properties. The

surfaces tend to flatten during scanning but regain the original dimensions once

the tip has moved on. This effect is also seen during the scanning of spermatozoa

nuclei at high resolutions. As an example, the nodules in the C2 region appear

clustered in the 4 ymscan but are more diffused in the 2 Fm scan (Figs. 2C and

D). Inelastic deformation causes mone permanent damage to the specimen and

this has happened in the unfixed spermatozoa.

The C2 chromatin is readily cleaved by micrococcal nuclease from the Cl

chromatin which remains intact even after a three hour period of digestion. This

suggests that the CL region consists of nucleoprotamines that form highly

condensed, and nuclease-resistant, chromatin (Tanphaichitr et al.' 1982)' in

contrast to nucleohistones in the C2 region. The product of micrococcal nuclease

digestion of C2 chromatin, as visualised on coated-grids, is fibres or agglomerates

of 32-38 nm structures that are of similar dimensions to the higher order

chromatin structures of isolated somatic cell chromatin (Thoma et al., 1979;

Rattner and Hamkalo, 1978). ln Sminthopsis, these structures unravel into 11-14

nm nucleosomal structures upon dispersion of the chromatin with a spreading

agent. These observations are consistent with the view of a somewhat irregular

folding of the lL nm nucleosomal fibre into a 30 nm fibre in the presence of

histone Hl (Horowitz et al., 1994; \iloodcock et al., 1993). In human

spermatozoa, which lack histone Hl in the histone complement (Gatewood et al.,

1990), higher order chromatin structures probably do not occur.
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6.5. CONCLUSION

The chromatin of spermatozoa from Trichosurus consists of nodules that

are between 45 to 80 nm in diameter and the Cl chromatin of the spermatozoa

from Sminthopsis, contain closely packed nodules of 45-60 nm in diameter. The

C2 chromatin which consists of nucleohistones, has larger, higher order,

structures that range from L2O to 160 nm in diameter. Enzymatic studies and iz

sifi¿ observations show that 11 nm nucleosomal filaments are arranged as larger

30 nm fibres. These are in turn folded into the 120-160 nm fibres of the C2

region, as observed by AF'M imaging.



AFM of the posterior end of spermatozoa nucleus of SminthopsÍs imaged
within l2 hours followíng sample preparatÍon.

Fig. 6.24. On the dorsal surface, imprints of the acrosome (a) and

periacrosomal ring (p) are evident. The C2 chromatin occurs along both lateral

sides (black arrows) of the nucleus and within an area, approximately 1.5 pm

from the caudal extremity of the nucleus. Two long furrows (black arrows) along

both sides of the nuclei may demarcate the border between the two chromatin

regions; C2lies on the outer edge and Cl occurs interior to the grooye. Note the

clustering of paÉicles in the C2 region that result in a loose arrangement, and the

presence of indentations or grooyes (blue arrows). By contrast, nodules within

the C1 region are closely packed against one another (unfilled arrows). Boxed

region represents the approximate area of magnification of Figure 6.28.

Fig.6.28. High resolution image of the dorsal nuclear surface posterior to

the acrosome. Green arrolys show the edge of the periacrosomal ring. Nodules of

the Cl chromatin appear closely packed together (unfilled arrows), whereas those

of the C2 chromatin are less elosely opposed to one another (blue arrows).
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Fig. 6.2C. Ventral surface of spermatozoa nuclei at the posterior, showing

nodules of L2O-140 nm in diameter, occurring as bundles within the C2

nucleohistone region (blue arrows).

Fig. 6.2D. High resolution of ventral surface of the nuclei. Red arrows

indicate an arbitrary division line between the Cl region (blank arrow) and the

C2 region (blue arrow). The C2 nodules appear less clustered due perhaps to

sur{ace deformation caused by high sample-probe interactive forces.
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Cauda regÍon of the nucleus of Sminthopsis spermatozoa (stored in a disÍccator for

more than 36h).

Fig. 6.34. Yentral surface showing larger nodular structures in the C2

chromatin (grey arrows) compared to those within the Cl chromatin (blank

arrows). These nodules have a more flattened appearance unlike those of Fig.

6.1. Black arrovys indicate artifactual imaging of the sides of the tip where there

is a sudden increase in height along the lateral edges of the nuclei. Boxed region

indicates the magnified area of the nucleus of Figure 6.38.

Fig. 6.38. High resolution of the Cl chromatin showing a linear alignment

of the nodules, parallel to the long axis of the spermatozoa nuclei. Note the

flattened appearance of the nodules.
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Fig. 6.44. Low resolution image of the ventral surface of Trichosunn

spermatozoon nucleus. Red arro\¡y shows the implantation site of the flagellum.

Fig. 6.48. High resolution scanning of the ventral surface of Trichosurus

spermatozoon nucleus. Particles within the size range of 50-80 nm are present on

the nuclear surface (blank arrows). Red arrow indicates region of flagellum

implantation.
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AFM OF SPERMATOZOA CHROMATIN
180

Sc(c2)
Species and Nuclear Regions

Tv

Fig. 6.5. Means and standard deviations of the diameter of chromatin

nodules measured for the respective nuclear regions of Sminthopris spermatozoa

(Sc) and for the nucleus of the spermatozoa of possum (Tv). The nodule sizes of

the Cl region (Sc(Cl)) falls within the range of those for possum. These nodules

are much smaller than those from tlne C2 region (Sc(C2)). The mean of nodule

diameter of Sc(C2) is approximately 140 nm and is more than twice the means for

that of Sc(Cl) (-50) and Tv (^ógnm).

Sc(c1)



Fig. 6.6. C2 chromatin cleaved with micrococcal nuclease showing

agglomerates of 30-38 nm in diameter (A and B). Bar = 144 nm.

Fig. 6.7. Smaller (ll-L{ nm) structures (arrows) unravelled at the edges of

30-3E nm agglomerates, following spreading of chromatin using DMP'30 (A and

B). Bar = 102 nm.
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Fig. 6.8. Transmission electron microscopy of sperm nucleus incubated

with micrococcal nuclease, showing the absence of C2 chromatin. C1 chromatin

however, remained condensed. Transverse section at the mid-region of

Sminthopsis sperm nucleus (A) and (B) illustrates an oblique section. Bar = 389

nm.
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Ghapter 7. CHARACTERISATION OF DNA FROM THE NUCLEOSOMAL

REGION OF SPERMATOZOA NUCLEI

7.I. INTRODUCTION

This study aimed to (1) determine whether or not DNA from the two

nuclear regions, CL and C2, contains sequences that are specific to each region,

(2) characterise region-specific DNA sequences, and (3) localise these sequences

and other structural DNA such as telomeres to the spermatozoa nuclei.

In Chapter 6, it was shown that C2 chromatin (nucleohÍstone region) can

be separated from the CL region using micrococcal nuclease. Ultrastructural

observations indicated that CL chromatin remained intact following incubation

with the enzyme, whereas C2 chromatin was preferentially digested. In the

present study, micrococcal nuclease was used separate the two chromatin regions

and DNA from tlrre C2 chromatin was purifïed for molecular cloning. Plasmids

containing the cloned DNA fragments from tlne C2 region were radiolabelled for

use as probes in Southern blot analyses to determine whether the probes localised

to specific genomic factions of spermatozoa DNA. The cloned sequences Ìrere

also biotinylated for fluorescence in situ hybridisation studies to determine the

localisation of the sequences within the spermatozoa nuclei and within fibroblast

chromosomes. In addition, the cloned inserts were characterised by sequencing.

Purified DNA from the Cl chromatin region was used in similar Southern

analyses and in sdfø hybridisation studies to ascertain whether or not the DNA

occurred in regions of the spermatozoa and fibroblast genome that are different

from DNA derived from tlre C2 region.

Human telomeric sequences were made into probes to determine the

localisation of telomeres in the spermatozoa of Sminthop¡is. Telomeric DNA caps

the ends of linear eukaryotic chromosomes and protect the chromosome ends

against recombination. These sequences consist of simple tandem repeats that

are G-rich on one strand, and are highly conserved between species. The same

human telomeric repeat, (TTAGGG)n is found in Neurosporø crassø, a

filementous fungus (Schechtman, 1990). The localisation of telomeric DNA in

spermatozoa nuclei may help to further elucidate the organisation of the

chromatin, given their distinctive position at the tips of chromosomes.
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7.2. MATERIALAND METHODS

7.2.1. Micrococca¡ nuclease digestion

Spermatozoa chromatin from four animals was digested with micrococcal

nuclease as described in Section6.2.l. The reaction lYas halted with 2 mM EDTA

and the sample was centrifuged at 14 000 g for L0 min. Proteinase K was added

to the supernatant containing the digested C2 chromatin and incubated for two

hours at 37"C. The DNA (Fraction I) was extracted using phenol-chloroform,

and precipitated ingÙ%o ethanol. Salts were removed by washing the precipitate

with TOVo ethanol. The DNA was collected by centrifugation at 14 000 g for 10

min and the ethanol removed with a micropipette. The purified DNA was air'
dried, resuspended in distitted water and stored at -2O"C until further use in

molecular cloning. DNA from spermatozoa CL chromatin which remained intact

after micrococcal nuclease digestion (Fraction II) was similarly purified for

Southern hybridisation studies.

7.2.2. DNA cloning

Micrococcal nuclease digested DNA was end-filled using T4 kinase

(Boehringer, Mannheim, Germany), co-precipitated with tRNA and resuspended

in distilted water. The blunt-ended DNA fragments were incubated with a

cloning vector, PCR-Script (Stratagene, Melbourne, Australia), a restriction

enzyme Srfl, which recognises the octanucleotide sequence 5''GCCC/GGGC'3"

and T4 DNA ligase (Boehringer, Mannheim). Following a two hour incubation

at room temperature and a 10 min incubation at 65oC, the ligation sample was

ethanol precipitated, resuspended in distilted water, and transformed into

competent DHScr E coli bacteria by electroporation (BioRad' Richmond, CA,

USA) (Appendix 6). The cells were spread onto agar plates containing ampicillin

and incubated for 10 h at 37 oC. White colonies were selected, streaked onto agar

plates and grown overnight at 37oC. Positive transformants were selected to

grolv overnight in LB broth (Appendix 6). A plasmid preparation lvas made

from the bacterial harvest and used for hybridisation studies and sequencing as

described in the following sections.

!
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7.2.3. DNA sequenc¡ng

The inserts lyere characterised by automated DNA sequencing (Model

3734, Apptied Biosystems).

7.2.4. Southern hybridisation

7.2.4., . Genomic and spermatozoa DNA preparation

Liver tissue (-1 g) from two Sminthopsis was homogenised in 2 ml of 5 M

guanidine thiocynate (Promega) and left to cool on ice for 5 min. Sodium acetate

(3M, pH 5.2\ (2OOpl) was added and the solution was chilled on ice until the

reaction has stopped. An equal volume of phenol:chloroform (1:1) in 0.1M Tris

buffer containing 10mM EDTA, PH 8, was added to the homogenate, and

incubated for 15 min on ice followed by eentrifugation at 13 0ü) g for 15 min.

The supernatant containing liver DNA was removed and the DNA was

precipitated with an equal volume of isopropanol. The isopropanol was removed

following centrifugation at 13 000 for 5 min and 7O7o ethanol was added to

remoye excess salts. The ethanol was removed following centrifugation of the

sample and the petlet of DNA was left to dry at 37" for 15 min. The dry pellet

was resuspended in TE buffer PH 8, containing 0.5 M NaCl. RNAse (lO pglml)

(2O pl) was added and the solution was left at room temperature for 3h. The

DNA. was purified using 1:1 phenol-chloroform, precipitated as before, and

dissolved in TE buffer, pH 8.0 until futther use.

Spermatozoa DNA was purified as described in Section 7-2-l-

7.2.4.2. DNA transfer and hybridíntion

Approximately equal amounts of DNA (lO Fg) from Flaction II (Section

7.2.1\ and total Sminthopsds genomic DNA were digested with EcoRl (Promega'

Madison, WI, USA), electrophoresed in a 1.5%ô agarose gel, transferred onto a

nylon membrane (Hybond, Amersham) and UV cross-linked for L min (365 nm).

The membrane was incubated in a solution containing a blocking reagent

(Boehringer, Mannheim) (Appendix 1) for four hours. The clones were labelled

with 32dCTP by nick translation according to instructions from the Bionick kit

(Promega). The probe was hybridised to the membrane overnÍght at 42"C. The

radioactive solution was removed the fotlowing day and three washes with a
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solution containing 6xSSC (Appendix 1) and 0.17oSDS lYere carried out at42"C.

The membrane lvas exposed to X-ray film at -80oC for 24 h and

autoradiographed.

7.2.5. Fluorescence in sr'Íu hybridisation

7.2.5. l. Metaphase chromosome PreParatíon

Sminthopsis fibroblasts were grown overnight until confluent in RPM1

1640 medium (CSL Biosciences, YIC, Australia) containing tÙ%o fetal bovine

serum (CSL Biosciences). On the following day the culture medium was

discarded and the cells were rinsed three times with PBS. Trypsin (0.O5%o) (CSL

Biosciences) was added to the cells and incubated at37"C for a few minutes. The

cells were dislodged by tapping the flask, added to 10 ml of medium and collected

by centrifugation at 15 000 rpm for 5 min. Following two more washes in culture

medium, the cells were grolyn in a new flask containing I pllml of S-bromo'

deoxyuridine (BrDU) (CSL Biosciences) for 7 h at 37oC. Two drops of colchicine

(lüOpglml) were added to the cells which were incubated for another hour. The

cells were harvested (Appendix 7) and rinsed with 75 mM KCl. Fixative (3:1

methanol:acetic acid) was added and a drop of cell suspension was placed onto

clean slides and air-dried.

7.2.5.2. Spermatozoa DNA preparation

Cauda epididymal spermatozoa from two male Sminthopsis were treated

wit|n O.O57o Triton X-100 and 5 mM DTT for 2O min at 4oC. The spermatozoa

were washed three times with PBS to remove the reagents and resuspended in

distitled water. The cells were fixed with (3:1) methanol and acetic acid and

drops of the sperm suspension were placed onto clean slides and air'dried.

7.2.5.3. In situ hybrídísation

DNA from spermatozoa and chromosomes was denatured by placing slides

in a coplin jar containingTOVo deionised formamide heated to 70oC, for 2 min.

The DNA was cooled inTOVo ethanol at 4oC for 2 min, dehydrateùin SOVo'9SVo

and IOO{zo ethanol at room temperature and air dried. The three probes' (1)

Fraction I DNA (LlSc probes), (2) Fraction II DNA and (3) human telomeric

probes consisting of the 6 bp repeat, TTAGGG (Oncor, Bethesda, MD, USA)

were labelled with biotin-7-deoxyadenosine triphosphate by nick translation
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according to kit instructions (GIBCO BRL, Gaithersburg, MD, USA). The

probes \üere heated to 70'C, snap-cooled in ice water, and hybridised to the

samples at37"C for 16 h. The slides were washed in SOVo formamide at 42"C anù

rinsed three times under low stringency conditions.

Avidin-FITC (Boehringer, Mannheim) diluted lz2OO in l.OVo BSA was

incubated with the slides for 30 min at room temperature. Following two washes

with 0.057o Tween 2Orthe samples were incubated with biotinylated goat anti'

avidin for 30 min at room temperature. The avidin-FlTC step was repeated and

the slides were stained with 4 pglml propidium iodide. Following two twenty

second rinses with PBS, the slides were mounted with a high pH (pH 11) anti-fade

solution, PPD1l (Lemieux et al., 1992). PPDll contained 100 mg of p'

phenylenediamine free base (Sigma) diluted in 100 ml of nine parts glycerol to

one part PBS. A coverslip \ryas placed over each slide and the specimens were

vÍewed with both the fluorescent (Olympus) and confocal laser scanning

microscope (Bio-Rad MRC 1000).



Gharacterisation and Localisation of DNA 86

7-3. RESULTS

7.3.1. DNA cloning using PGR-Script and DNA sequenc¡ng

DNA from tþ¡e C2 region digested with micrococcal nuclease (Fraction I)

was cloned into PCRScript. Positive transformants were checked for inserts

using vector primers flanking the cloning site in a PCR reaction. The PCR

products were electrophoresed on an agarose gel (not shown). The sizes of the

cloned fragments were confirmed by removing the inserts using two restriction

enzymes, Pst I and Noú I, and separating the fragments by gel electrophoresis

(Fig. 7.1). Psf I and Not I are located 16 bp and I bp, respectively, on either side

the Sr/I site in the vector. Therefore, a short 24bp vector sequence is expected to

remain with the inserts. Of the eight plasmid clones cut with the enzymes, only

four had inserts; two were -72Obp long whereas two others were -550 bp in size

(Fig.7.1).

Automated sequencing of the plasmid inseús and database comparisons

(Genbank and EMBL) of the sequences showed that both 72O bp fragments

shared homolog¡r with a famity of long interspersed repeat elements called LINEs

(Fig. 7.2L). The 550 bp inserts however, contained some homology to

mitochondrial DNA (Fig. 7.28).

7.3.2. Southern hybridisation

A probe made from one of the Fraction I LINE clones, Ll.Sc, was used for

Southern blot analysis of (t) genomic DNA and (2) sperm DNA that remained

intact following micrococcal nuclease treatment (Fraction II). Hybridisation

showed that a range of DNA fragments (IOO-72O bp) of the genomic DNA was not

detected by Fbaction I probes in Fraction II of spermatozoa DNA (Fig. 7.3). This

indicates that micrococcal nuclease had effectively removed a fraction of DNA

from the sperm nuclei that was present in untreated nuclei. HotYever, the probe

also detected a faint l.E kb band in Fraction II DNA (Fig. 7.3) which showed that

micrococcal nuclease may not have completely removed LINE sequences from

the nuclei.
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7.3.3. Fluorescence in sffø hybridisation

Labelting of Nuclei wíth Fraction I probes (Dì{A from the c2 region)

Fluorescenee in situ hybridisation using LlSc probes showed localisation

to the periphery of the spermatozoa nuclei (Fig. 7.aA). This region corresponds

to the site of the nucleohistone or C2 chromatin where the probe had originated.

The same probe labelled the dark R-bands that correspond to Geimsa/Quinicrine

bands on metaphase chromosomes from Sminthopsis fibroblast cells (Figs. 7.48,

C and D). Figures 7.5^, B and C are the result of superimposition of confocal

scanning data obtained using both 485/522 nm and 568/605 nm filter

combinations. Figure 7.5D was obtained by confocal scanning at excitation-

emission wavelengths of 4SSl522 nm which limited data collection to fluorescence

induced by propidium iodide staining. The banding pattern in Fig. 7.4D was

induced by the raised pH of the anti-fade solution that was used (Lemieux et al.,

1gg2). Figures 7.4C and D, which both show the same chromosome set, clearly

illustrate that labelling of LlSc probes occurred in the dark R-banded regions of

t}ne S minthopsls flrbroblast chromosomes.

I_abellíng of Nuclei with Fraction ll probes (DNA from the CI regÍon)

Probes made from Fraction II DNA labelled to the spermatozoa nuclei

homogeneously (Fig. 7.54). A banding pattern was also produced on metaphase

chromosomes in a reverse manner to the pattern observed for Fraction I probes

(Fig. 7.58). Flaction II probes labelled the centromeres and the bright R'bands

as opposed to the dark R-bands labelled by Fraction I probe (Fig. 7.58).

l^abelling of Nucleí wÍth Human telomeríc probes

Human telomeric probes were localised to the nuclei of Sminthopsis

spermatozoa as fluorescent spots around the periphery of the nucleus (Fig.7.6).
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7.4. DISCUSSION

Histones occur in a defined region within the spermatozoa nuclei of

Sminthopsts, that has been shown, by immunocytochemistry, to be restricted to

the peripheral C2 chromatÍn. Protamines, on the other hand, presumably occur

in the nuclease-resistant Cl region of the spermatozoon nucleus (Chapter 6). In

this study, cloning of DNA from the C2 regÍon resulted in two positive inserts that

have sequences in common with mitochondrial DNA and may have been cloned

from mitochondrial DNA from the mid'piece of spermatozoa.

Among the cloned fragments are also sequences that bear resemblance to a

famity of interspersed repeats found in mammalian genomes' known as long

intersperced elements or LINEs. The human Ll family, 'LlH', consists of about

50 000 members and full length primate LL repeats are 6.4 kb in length. In some

Ll members, t\ilo long open-reading frames (ORF) are present (Fanning and

Singer, 1987). LLH contains a L-kb 5' ORF-I which is linked by a 33'nt segment

to a 4-kb ORF-2. The 33-nt segment is flanked by stop codons, which are

conserved in most of the member sequences (Martin et al., 1991). The product of

ORF-I is unknown but has been postulated to be a structural protein (Holmes et

al.r 1992). ORF-2, horyever, appears to code for a reverse transcriptase based on

enzymatic activity studies as well as sequence similarity (Mathias et al., 1991). It
is assumed that apart from the master sequences that retain their ability for

transposition, the rest of the LINE sequences are inactivated due to either

random mutations in the ORFs or from errors that occurred during reverse

transcription (Loeb et al., 1986; Prescott et al., 1992). The 5' end of many Ll
famity members contains internal deletions and rearrangements, but most have

very similar 3'ends.

Another family of repeats, known as short interspersed elements (SINEs)

have been well studied in recent years and have been implicated to perform

structural roles such as nucleosomal positioning (Engtander and Howard, 1995).

The human Alu sequence is found to be intrinsically flexible and bends at critical

regions to facilitate the wrapping of DNA around the histone octamer (Englander

and Howard, 1995). It is also recognized that SINEs have an important effect in

the transcription of gene by bridging control elements that are far apart in the

sequence (Burton et al., 1986; Norris et al., 1995). By contrast' LINE repeats

have, so far, not been determined to have any specific function in the genome

even though they may amount to 5-l5%o of total DNA content. Much of this
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represents relics of transposition events that have occurred in the evolutionary

history of LINEs that may pre-date the divergence of marsupials from eutherians

(Dorner and Paabo, 1995). The few functÍonal master genes code for a reverse

transcriptase, an enzyme that is required for its own amplification in the genome.

SINE sequences proliferate in the same manner as the LINEs but do not synthesis

their own reveft¡e transcriptase and may therefore be dependent on LINE master

genes as the major if not only, source of this enzyme in the mammalian 6host'

genome. Therefore the evolution of both types of interspersed repeats may well

be co-dependent on one another.

Southern hybridisation studies indicate that probes made from a 72O bp

segment (LLSc) of a Sminthopsis LINE repeat isolated from tlne C2 region,

detected a large array of DNA fragments in total genomic DNA. These probes,

howeyer, did not generally hybridise to spermatozoa DNA that was left intact

after treatment with microcoecal nuclease (Flaction II). Since the same amount

of DNA (lO pÐ for both genomic and Fraction II DNA has been loaded onto the

gels, the differences in the tabelting are likely to be real and not due to a

discrepancy in the concentration of DNA. It appears that the majority of LINE

sequences occur within the C2 region and most of it has been removed following

digestion with micrococcal nuclease since the LlSc probe did not generally label

to Fraction II DNA. However a faint band detected by LlSc probes may indicate

that not all LINE repeats have been removed from tlne C2 chromatin.

Alternatively, some LINE sequences may be present in DNA from the Cl region.

Bernardi et al., (19S5) has shown using density gradient centrifugation

that specific genomic regions called isochores are characterised by either (1) high

GC content, comprising short interspersed repeats (SINE) sequences and

expressed genes, or (2) high AT content, consisting mainly of LINE sequences.

Other evidence that suggests genomic clustering of SINE and LINE sequences

comes from fluorescence in situ hybridisation studies using probes made from a

human SINE sequence (Alu) and a human LINE sequence (Ll) (Korenberg and

Rykowski, 1988). In metaphase chromosomes, Alu and LL repeats representing

the two major families of SINEs and LINEs in humans are localised mainly to the

R- and G-bands, respectively (Korenberg and Rykowski' 1988). This observation

has prompted the suggestion that LINEs and SINEs may have a role in

determining chromosome structure. The specific conformity between GC'rich

isochores and R-bands, however, is still unclear, as GC-rich isochores are

compositionally heterogeneous. Further compositional mapping studies of

eukaryotic chromosomes are required to resolve this issue (Gardiner et al., 1990).
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Fluorescence in situ hybridisation using the Sminthopsl's LINE sequence'

LLSc, as a probe showed that it is localised to the periphery of the spermatozoa

chromatin corresponding to the site of the nucleohistone region. Therefore, it
appears that LINE sequences may occur mainly at the peripheral C2 region and

may be bound to histones. In fibroblast metaphase chromosomes LINE repeats

labelled to the dark R-bands (equivalent to Giemsa/Quinacrine bands) which

represent the AT-rich isochores of the genome. These results fit the concept of

defined genomic clustering of LINE repeats in chromosomes and, in the case of

Sminthopsl's, within spermatozoa chromatin as well. By contrast, labelling of

probes made from the Cl chromatin region (Fraction II) localised to the light R-

bands of the chromosomes (GC- and SINE- rich bands) and also to the

centromeres. In spermatozoa, the Cl probes labelled to the nuclei

homogeneously. These results indicate that the gene-rich isochore of the genome

and centromeric DNA may occur in the more interior regions of the spermatozoa

nucleus (Cl chromatin). Therefore, in spermatozoaof Sminthopsis, not only is

the DNA segregated or clustered, but that there may be a preference of each

isochore for different packaging proteins.

In the somatic cell, LINEs generally occur in the condensed

heterochromatin regions which are inactive, as opposed to euchromatin which

contains active chromatin in various degrees of decondensation. During meiosis,

LINEs are known to replicate late in the cell cycle and this is reflected in the

banding patterns of metaphase chromosomes (Korenberg and Engels, 1978;

Kuhn and Therman, 19S6). ln Sminthopsis spermatids, condensation of the

peripheral nucleosomal region which consists of LINEs' occurs late in

spermiogenesis following condensation of the inner chromatin region (Soon and

Breed, 1996). It may be that the structural constraints which cause the time lag

in DNA replication could also impose a delay in DNA condensation of the

nucleosomal-LlNE region of the spermatozoa nuclei. The effect is a profoundly

looped chromosomal structure where 1) LINE repeats and the telomeres are

situated at the periphery, 2) SINEs and gene-rich regions are looped inwards, and

by inference from the investigations by Zalensky et al.' (1995), 3) centromeres

may form a central tchromocentret in the spermatozoa nuclei. Howeverr to

ascertain whether this is also true for Sminthopsis, further studies on the

localisation of centromeric DNA in the spermatozoa of this species needs to be

conducted. Similar hybrÍdisation studies to determine the location of SINE and

single copy genes in the spermatozoa of this species will also be an interesting

exercise.



Fig. 7.1. Agarose (1.5c/o) gel electrophoresis of PGEM marker DNA (Lane 1) and

nucleohistone DNA from Sminthopsds spermatozoa cloned in PCR-Script and cut

with Psfl and NofI (Lanes 2 - S). Four clones contain positive inserts, two of

which are -72O bp in size (Lanes 2 and 7) and two others are -550 bp (Lanes 5

and 6). Three clones have no inserts (Lanes 3,4 and 8). The large band (< 2.65

kb) for all the clones (Lanes 2 - S) is the plasmid DNA and small bands (> 300 bp)

are residual bacterial RNAs.
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RÀTL I N CTGGATACACAACGAGGACCCTGCATTCTGCTGCCTACAGGAÀACACACCTCAGAGACAA
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L1SC AGATACATACAGAGITAAAGGTA.A.AAGGITTGGAACAGAGCTTATTATGCTTCAGETA.AAGC

¡¡¡õõ --õ" ' ' " - "
R.ATLIII AGACAGACACTACCTCAGAGITGAÀAGGCTGGAA.AAC.AAATTICC.AAGCA.AATGGTC.AGA.A

2680 2690 2700 27LO 2720 2730
330 340 350 360 370 380

L1SC CAA.AÀ.AAGCCGGGGT.AGCTATCCTTATCTTCAETCCAAGCCAAAGCAGAGTAGATCTCET
!! ! ! -- - - - aa a -

RATLTII GAAC,CAAGCTGGAGTAGCCATTCTAATATCAÀATAAAA:TCAATTTCCA.ACTAA.A.AETCAT
2740 2750 2760 2770 2780 2790

390 400 410 420 430 440
L1SC ÍWTATATCCTGICTGAAAGqTAG'C"ATÀÀATAATGAAGCC.AT

-- - - -"" - "
RATLIIT CA.AA.AAAGATAAGGAAGGACACTTCATATTCÀTCAAAGGAAÀAA:ICCACCAAGATGÀACT

28oO 2810 2820 2830 2840 28s0
 so 460 470 480 490 500

L1SC ATCAAITACTA.trACATATATGCACCAAETGGTÀTAGC"ATCIAACTIITCTAAAGGAÀ.AAGTT
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RATLIN AC.IA.AAG¡CTCAAAGCACACATTCICACCTCACACAATAATAETGGGAGATTTCAACACACC
2920 2930 2940 2950 2960 2970

570 s80 s90 600 610 620
LlSC ACTCTCAGAXTTTAGACA.AATCA--.AACCACAA.AACAAACAAGAÀAGAÀATTÀAAAAAG

. .. . . .V¡ ¡; - õ -^ ¡ õ õ ð õ õ õ ' " "
RATLIN ACTCTCA-TCA.ATGGACÀGATCAT@AAACAGAAATTA.AAC-....AETGATG{ICGACAG

2980 2990 3000 3010 3020
630 640 650 660 670 680

L1SC TA-AATAGAA--CATTAGA¡I.A.AACTAGGÍTATGATAGACCTTTGGAGA.BÀACTGAA]ilXTG
i - - - -- 

'-'
RATL I N CATAÀGAGAAGIICATGAGCCAAA-TGGACTEAACGGATÀTTTTTAGAACATTETATCCT'

3030 3040 3050 3060 3070 3080
690 700 710 720 730

LlSc GCAÐ(TAGGAAGGAATATACTTTCTTCTCAGCAeITTCATGGATCCACTAETT
33 3 3: S 333333 ::::3:3333: 333:::

RATL M -AAAGCA- -AÀAGGATATACCTTCITCTC.AGCTCCTCATC'GCACTTTCTCCAAAA:IEGAC
3o9o 3100 3110 3L20 3130

R.ATLIN CATATÀATTGGTCAA.AAAACGGGCCTCAAdAGG{TACAGAAAGATAGA.AATAATCCCATGC
3140 3150 3160 3170 3180 3190

Fig.7.2A,. The plasmid insert, LlSc (72Obp) shares 6O.27o identity in 611 bp

overlap with a long interspersed repeats from the rat, RATLIN (80a8 bp).
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Fig. 7.2B. The plasmid insert, MtSc (550 bp) shares 59.57o identity in 148 bp

overlap with mitochondria DNA from Xiphophorus nigrensis (370 bp).



Fig. 7.3. Southern hybridization using probes made from LlSc of micrococcal

nuclease-treated sperm DNA (Lane l.), genomic DNA (Lane 2), and LlSc
fragment cut from plasmid using PsfI and NofI (Lane 3). A range of fragments

from between 100 to 720 bp in length, are detected in the genomic DNA (Lane 2)

but are not present in the sperm DNA (Lane 1). However, Lanes 1 and 2have a

1.8 kb band in common that appeans faint in Lane 1.
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Fig. 7.44. Fluorescence in situ hybridisation of LlSc repeat showing localisation

to the periphery of the spermatozoon nucleus (green). Propidium iodide (red)

stains the rest of the nucleus which is relatively free of LLSc binding. B,ar = 24

pn.

Fig. 7.48, C and D. Fluorescence in sdfz hybridisation of LLSc repeat in

fibroblast chromosomes. The probes appear to bind to the dark R-bands shown

by green fluorescence in (B and C) and dark regions of chromosomes (D). Bar =
lO pm.





Fig. 7.54. Labelling of the spermatozoa nuclei by probes made from Fraction II
DNA. Bar = 2O pm.

Fig. 7.58. On fibroblast chromosomes, Fraction II probes bind to the light R-

bands and to the centromeres (green fluorescence). The chromosomes have not

been counterstained with propidium iodide. Bar = lO pm.





Fig. 7.6. Localisation of telomeres (green fluorescence) in the spermatozoa nuclei

of Sminthopsis using human telomeric probes. Bar = 3.2 pm.





Chapter 8. CONCLUDING DISCUSSION

In an attempt to determine the substructure of the spermatozoa nuclei of

Sminthopsis, we have previously carried out a series of incubation studies to

investigate the effects of SDS, NaCl, and guanidine hydrochloride on the

chromatin structure (Breed et al., 1994\. TEM observations showed that the

nuclei disptayed a range of states of decondensation.

In this present study, howeyer, a few technical changes have been made to

eliminate variability in the TEM results. These include (1) using a phosphate'

based buffer instead of Tris buffer in the incubation solutions, since Tris is

reactive to glutaratdehyde (Hayat, 1981), and (2) collecting spermatozoa by

centrifugation at 14 000 g for 1.5 min, instead of using the filter-sedimentation

method (Breed et al., 1994) which is prolonged and may thus promote the

degeneration of spermatozoa. Implementation of these changes has resulted in

9Û-95c/o uniformity in the spermatozoa chromatin structure following various

treatments such as demembranation using Triton-X and DTT, in situ incubation

with protamines (Chapter 4) and micrococcal nuclease digestion (Chapter 6).

In our paper, Breed et al., (1994) lve suggested that the two chromatin

regions may have different chemical properties. The homogenous, inner region

has been defined as the CL chromatin and the fissured, outer region of the

nucleus, the C2 chromatin. These terms have been adopted for use in this thesis.

Some of the issues previously raised such as (1) the constituent(s) of t}l,e C2

region; whether its composition is purely of proteins or whether DNA is present

as well (Harding et al., 1982; Breed et al., 1994), (2) tlne differential intensities in

the fluorescence of the two nuclear regions stained with DNA fluorochromes, and

(3) the greater electron-density of the C2 region compared to the CL region

(Breed et al., 1994), have been addressed in this thesis.

In the following discussion, I will give a summary of the results for this

project and then attempt to bring into context the Íindings of this thesis with

current knowledge on the structure and function of nucleohistones and

nucleoprotamines.
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8.I. SUMMARY OF RESULTS

8.1.1. Nuclear condensat¡on

Ultrastructural and cytochemical studies have been used to investigate the

morphogenesis of the sperm nucleus. Spermiogenesis in Sminthopsr's can be

divided into L5 steps and by Step 10 condensation of the Cl region aPpears

complete. At the caudal extremity of the spermatid nucleus at this stage, the

nuclear envelope encloses an electron-lucent space. This space, and the

surrounding nuclear envelope, becomes very enlarged by Step 11. At this stage, a

plate of approximately 70 nm in thickness becomes evident along the caudal

segment of the CL region; this 'nuclear mantle' does not bind DNAase-gold

conjugates but stains for lysine-rich proteins using alcoholic phosphotungstic acid

(Courtens and Loir 1981b).

Chromatin condensation resumes at Step 12 with the appearance of

spherical chromatin structures peripheral to the Cl chromatin. These structures

then partially coalesce and indentations of tlne C2 region appear. The spherical

chromatin units are reminiscent of the globular units observed during the

condensation of the spermatid nuclei in eutherians (Loir et al., 1985). Unlike the

partial condensation observed in tlne C2 region, sperm nuclear condensation in

most eutherians results in a uniform, and amorphous mass as the globular

chromatin units completely coalesce. Immunocytochemical studies in the ram

(Courtens et al., 1933) and mouse (Biggiogera et a;l.' 1992), show that the

incorporation of protamines corresponds to the formation of a homogenous

chromatin from course fibres, the latter being tikely to consist of transition

protein-DNA complexes.

The lack of large fibres during condensation of the Cl region may be due

to the absence of histones or transition proteins. In round spermatids, the

chromatin has the appearance of fine granules as shown Ín those of the bandÍcoot

(Sapsford et al., 1969). Thereafter, the granules appear to condense in the caudo'

ventral direction into an electron-dense mass. The fine granules may represent

naked DNA following the removal of somatic histones and the aggregation of the

granules may be a consequence of the binding of protamine molecules.

There appearìs to be fundamental morphological and possibly biochemical

differences in the condensation of chromatin between the marsupials studied so

far and the eutherians. It remains to be seen whether transition proteins are
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required in the marsupial system to guide the condensation of the sperm

chromatin.

The expanded nuclear envelope at the eaudal extremÍty persists in caput

epididymal spermatozoa. Spherical inclusions within it do not bind to DNAase-

gold conjugates but stain for lysine-rich proteins and anti-histone H2B

antibodies. Further along the epididymis, these inclusions amass near the nuclear

pores and become removed from the nucleus. In addition, the nuclear mantle has

disappeared by the time the spermatozoa reach the corpus epididymidis (Chapter

3). The prolonged existence of the nuclear pore complex as well as the ENE in the

spermatozoa of Sminthopsis suggests that metabolic activity remains high and

transport of molecules still occurs whitst spermatozoa pass along the

epididymidis. The tabetling of anti-histone H2B antibodies to material contained

within the ENE suggests that the nuclear pore complexes may have a role in the

removal of histones from the nucleus (Chapter 5).

By contrast, in eutherian spermatids, the nuclear pore complexes become

localised to the redundant folds of the nuclear envelope during the maturation

phase (Betlvé and O'Brien, 1983). In the mature spermatids of ram, the posterior

region of the nucleus contains an electron-lucent region that is surrounded by

'redundantr nuclear envelope and maybe similar to the ENE of Sminthopsis.

Unlike the ENE however, the redundant nuclear folds of the ram spermatozoa,

become removed following spermiation (Courtens and Loir, 1981b).

8.1.2. Spermatozoa nuclear structure of Smrnfhopsis

8.1.2.1. Content of the nucleus

In this thesis, one of the early experiments conducted was to determine

whether or not DNA is present within thre C2 region and the ENE of caput

spermatozoa. DNAase-gold conjugates (Bendayan, 1981), labelled to both Cl and

C2 nuclear regions, indicating that DNA occurs in both regions (Chapter 3).

Howeyer, contents of the ENE were not labelled by the conjugates.

To determine whether the unusual morphology of Sminthopsis

spermatozoa nuclei is due to the incorporation of different packaging proteins,

spermatozoa nuclear proteins were characterised using acetic acid-urea PAGE

and fractionated by reverse-phase HPLC. Purification and paltial sequencing of

the main protein component showed it to be protamine 1. About 25%o of the total
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spermatozoa nuclear basic prote¡ns, however, consists of the five histones, Hl,
IJ2^,IJ2B,H3 and H4.

Immunofluorescence labelling using anti-H4, anti'H2B and anti'H2A

antibodies, showed localisation of the antibodies to the periphery of

demembranated spermatozoa nuclei, a region that corresponds to the C2

chromatin, and high resolution immunoelectron microscopy using antÍ'histone

H2B localised the histone to the electron-dense globular regions of C2 chromatin.

Unlike in any other mammals described so far, the spermatozoa histones of

Sminthopsis crassicaudntn have a precise and definite location within the nuclei.

These histones are likely to be associated with DNA within theC2 chromatin.

Whilst histones appear to localise within the C2 region, the nuclease'

resistant CL region presumably contains protamine L (Chapter 6). The Cl
chromatin remains intact when treated with micrococcal nuclease (MN) whereas

thre C2 region is preferentially digested. This suggests that the Cl region may

consist of highly condensed nucleoprotamines that are steriochemically

inaccessibile to micrococcal nuclease (MN), in contrast to the C2 nucleohistone

region. The products of MN digestion of the C2 chromatin are aggregates of

almost spherical structures of approximately 35 nm in diameter. \ilhen these

agglomerates are dÍspersed using a spreading agent, smaller lL nm nucleosomal

structures can be observed.

Atomic force microscopy (AFM) of the spermatozoa nuclear topology of

Sminthopsis showed that at high resolution, bundles of 120-l4O sized nodular

structures are present within tlne C2 chromatin region (Chapter 6). This result,

and the MN digestion studies, suggest that DNA within tln'e C2 chromatin is

packaged by histones into 11 nm nucleosomes which form larger 35 nm flibres (iz

vifro) that are in turn aggregated into clusters of 120-140 nm structures.

High resolution AFM imaging of the CL chromatin revealed the presence

of 45-60 nm chromatin structures. The chromatin from spermatozoa nuclei of

Trbhosyrus consÍsts of similar sized nodules (45-80 nm) (Chapter 6). A separate

AFM study by Atlen et al., (1993), demonstrated the presence of 50-L00 nm

nodules in the spermatozoa chromatin of mouse and bull. Since the eutherians

andTrichosrffus spermatozoa are known to be packaged mainly by protamines'

these nodules may be the higher order structures of nucleoprotamines in

spermatozoa of mammals, including perhaps the CL region of Sminthopsis.
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The nucleohistone C2 chromatin appears to contain the AT-rich isochore

of the genome including the majority of the long interspersed repeats or LINE

sequences, whereas the Cl region appeans to contain the gene-rich or GC-rich

isochore (Chapter 7).
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8.1.2.2. Why are grooyes present ¡n C2 but not Cl chromatin?

To test the hypothesis that the C2 chromatin is only paúially condensed

relative to nucleoprotamines, spermatozoa nuclei were treated with herring and

salmon protamines in situ. The resulting C2 chromatin was almost devoid of the

fissures so that it appeared homogeneously amorphous like the C1 chromatin. In

the control spermatozoa, the fissures lvere invariably present. The fish

protamines may have bound to negative charges of the DNA by simple

electrostatic interaction to cause further condensation of the C2 chromatin. The

naturally condensed Cl chromatin, however, showed no changes in its
ultrastructure.

These results are consistent with the presence of histones in the C2

chromatin which only neutratise 40-60%ô of the phosphodiester charges of DNA

molecules, leaving a large proportion of the phosphate groups available for

binding (Sen and Crothers, 1986; Subirana 1990). On the other hand, the

nuclease-resistant Cl region presumably contains protamines that completely

neutralÍse the DNA negative charges and in essence prevent any further binding

of DNA to basic proteins.

Following incubation with fish protamines, the previously faint

fluorescence at the peripheral C2 region of DAPl-stained spermatozoa, fluoresces

as brightty as the rest of the chromatin. The uniform fluorescence of the nuclei

may be due to more evenly distributed DNA as a result of increased compaction

of C2 chromatin by the fish protamines. Hence, in the untreated spermatozoa

nuclei, distribution of DNA may be more sparr¡e within the C2 region compared

to the Cl and this may explain why the former region fluoresces less brightly.

The physico-chemical nature of both the Cl and C2 regions, in

terms of chromatin density and affinity for cationic stains, has been studied by

observÍng the effects of cationic stains on the electron-density of the chromatin.

The results show that, in the unstained specimens, the C2 region appeal's¡ more

electron-lucent compared to the Cl region. \üithout the aid of cationic stains, the

amount of electron scattering becomes dependent on inherent density of the

structures. Therefore, it appears that the mass-density of the Cl chromatin is

greater than that of the C2 chromatin since there is greater contrast in this region

in the unstained specimens.
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The enhanced electron-density of the C2 compared to the C1 region in the

stained specimens however, indicates that this region has a greater afÏinity for

heavy metals and this could reflect the presence of negatively charged residues

such as the phosphate groups of DNA. It seems likely that within the C2

chromatin more of the phosphodiester negative charges in DNA remain free to

interact with the cationic stains.

These results indicate that the C2 region Ís less dense than the CL region'

and contains more sites or net negative charges which attract the large cations

present in stains. In support of the latter conclusÍon, studies on the TEM

visualisation of chromatin by Richardson and f)avies (1980) have prompted these

authors to suggest that rapÍd diffusion of uranyl acetate solutions is facilitated by

the hydrophilic DNA-histone passages that form between the two surfaces of the

section.
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8.2. NUCLEOHISTONES

8.2.1. Somatic cell nucleohistones

8,2.1.1. Nucleosomes

Hewish and Burgoyne (1973) elucidated the structure of the nucleosome by

showing that somatic cell chromatin can be digested by cellular enzymes into

fragments that are multiples of approximately 200 bp. They correctly perceived

that the basic nucleohistone unit consists of a combination of protein and DNA

that occurs once every 200 bp in what is known as a nucleosome. The following

year (1974), Olins and Olins visualised nucleosomes under the electron

microscope as a series of chromatin ttbeads" along an extended DNA ttstring".

Finch et al., in L977, used X-ray crystallography to investigate the three-

dimensional structure of the histone octamer and the associated DNA structure.

By also using electron microscopy and enzyme-digestion methods, Finch et al.

(1977) demonstrated that 150 bp of DNA rvrap in 1.75 turns around the histone

octamer into a shallow, left-handed supercoil containing about E0 bp per turn.

Subsequent crystallographic studies at higher resolutions (Richmond et al.' 1984)

reveal that the octamer has a diameter of about 60 Å, and the outer thickness of

the DNA is approximately 20 L,resulting in a total diameter of about 1ü)Å for

the nucleosome particle. The histones H2A and H2B lie near the ends of the DNA

supercoil, while H3 and H4 occur near its centre (Richmond et al., 1984).

In recent years, the structure of nucleosomes in eukaryotic somatic cells

has been shown to have implicit roles in gene activity (Wolffer 1994). Histones

have been found to be positioned along the DNA molecule so that regulatory

sequences are exposed or are found in linker DNA (Lewin, 1994). In some cases'

regulatory sequences are in contact with specific histones that become stightty

dissociated with the DNA following post-translational modifications to allow

greater access of the sequences to regulatory elements (Grunstein, 199L). In

addition, nucleosomes have been found to facilitate transcription by bringing into

contact regulatory elements that are separated by DNA segments the length of a

single turn or double turns of DNA within the nucleosomes (van Holde' 1993).

The nucleosomal structure is dynamic and this flexibility is important for

gene function. Using various physicochemical and immunochemical methods, the

structure of the nucleosome is shown to vary its conformation with ionic strength

and pH (Libertini and Small, 1982) histone acetylation (Ausio and van Holde'
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1986; Oliva et al., 1990), transcriptional activity (Sterner et al., 1987)' and

cellular transformation (Leonardson and Lev], 1989).

8.2.1.2. Higher order organísation of nucleosomes

Nucleosomes confer a 5:L compaction ratio to the DNA, however, total

genomic DNA in eukaryotic somatic cells is compacted a thousand fold.

Therefore, additional higher order folding of the nucleosomal fibre must

somehow exist. Finch and Klug, (1976) demonstrated that at low ionic conditions

of Mg2+ (0.2 mM), lL nm nucleosomal filaments condense into a fibre of about 30

nm in diameter. They suggested a model that describes the winding of

nucleosomal fibres into a helical solenoid with a pitch of about Ll nm. This

model became established in textbooks as the accepted higher order structure of

nucleohistones.

Subsequently, specific models for the higher level organisation of

nucleosomes have been proposed including one that is a refinement of the

solenoidal model (McGhee et al., 1980) and another that describes the twisting of

nucleosomes and linker DNA into a zigzagconfiguration (Woodcock et al., 1984;

Williams et al., 19S6). Another sehool of thought completely refutes the existence

of a regular order in the fotding of nucleosomes (van Holde and Zlatanova' 1995).

It has been argued that chromatin structures seen in early electron microscopical

observations may be artifacts due to chemical fixation and dehydration of the

samples. Also it was suggested that selection of favourable images for the

explanation of a preconceived model may have occurred (see review by van Holde

andZlatanova, 1995).

In their review, van Holde arnd Zlatanova, (1995) discuss the implications

of experimental results from diverse studies such as X-ray and neutron

scattering, and linear and flow dichroism. They concluded that, at most, there

may be some evidence for limited regions of regularity within a very irregular

helix. The idea of an irregular conformation in the folding of nucleosomes has

been supported by recent studies using scanning force microscopy (Leuba et al.,

1994) and cryoelectron microscopy (Woodcock, 1994).

Direct attempts to observe the structure of the condensed fibre have not

been very successful due to the tight packing of the nucleosomes. An alternate

approach has been to study the orientation of the unravelled fibre at low ionic

concentrations and then make predictions on how the fibre may fold as the ionic
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strength increased. Thoma et al., (L979) described from TEM studies a flattened

zigzagconformation of nucleosomes that interdigitate into a closed conformation

at high ionic concentrations. Cryoelectron microscopy of frozen'hydrated

chromatin suspensions by Dubochet et al., (1988)' showed that at salt

concentrations from 5-40 mM NaCl, oligonucleosomes appear to have a zigzag

conformation, with the linker DNA extended between randomly oriented

nucleosomes. On the basis of these observations, and the reconstruction of the

chromatin strueture by computer modelling, \iloodcock and Horowitz (1995)

presented a model, where nucleosomes produce an irregular 3D zigzag structure

that interdigitates with adjacent zigzags.

The 30 nm fibres of nucleohistones, howeyer, are not observed in vivo in

most cells except for the transcriptionally inactive spermatozoa nuclei of

echinoderms and in avian erythrocyte nuclei (Section 8.2.2). The denomination

of the 30 nm fibre as a real and consistent structure and the existence of a zigzag

configuration are considered tenuous by some researchers (McDowall et al.,

1986; van Holde and Zlantanova, 1995). Instead a more fluid type of

organisation of chromatin is the preferred model (McDowall et al., (1986). In this

model, extensive interdigitation of preliminary fibres results in a fibreless

organisation observed for the chromatin in typical nuclei and chromosomes

(McDowall et al., 1986).

A similar model proposed by van Holde and Zlantanova, (1995) suggests

that compaction of the nucleosomes results in an open, irregular quasi-helical

structure that interdigitates to lose its fibrous state.

There is, however, a consensus in recent literature that the nucleosomal

filament conforms to an irregular fold that is a consequence of the variability of

the length of linker DNA. Extensive interdigitation of the irregular fibres results

in a fibreless morphology. As a consequence, "the accessibility of a specific DNA

sequence to proteins is no longer reliant on the fibre, but on the compaction state

of the chromatin mass" (\üoodcock and Horowitz, 1995).

8.2.1.3. Loop domaÍns

The organisation of DNA into loops of 6O-100 kb, further compacts and

restrains the DNA within topological domains. The loops are anchored to a

proteinaceous nuclear matrix where the sites of attachment contain replication

origins and are associated with gene function (Yaughn et al., 1990; Pardoll et al.,
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19S0). Specific DNA sequences known as long interspersed repeats (LINEs) ha

been found to be attached to the nuclear matrix. LINEs occur at the boundaries

of gene domains which, together with their association with the nuclear matrix,

suggests that they may participate in the regulation of particular genes (Chimera

et al., 1985).

Within chromosomes, LINE sequences have been localised by in situ

hybridisation to the Giemsa (G) or Quinacrine (Q) bands which are regions that

have largely an adenine and thymidine (AT) component and are poor in gene

sequences (Korenberg and Rykowski, 1988). In Chapter 7 of this thesis, similar

localisation to the dark R bands (equivalent to G bands) for a LINE sequence

isolated from Sminthopsis is also observed.

Apart from the G bands, the karyotype of metaphase banding patterns

contains two other structural sets of regions, Reverse (R), and the Centromeric

(C) bands. Fluorescent dyes, proteolytic digestion, or differential denaturing

conditions can be used to produce these bands (Comings, 1978). DNA within the

G/Q bands replicates late during the DNA synthetic period and condenses early

during mitosis (Korenberg and Engels, 1978; Therman 1986). In contrast to the

G/Q bands, the R bands are relatively rich in guanine and c¡rtosine (GC)' their

DNA replicates early in the DNA synthetic period, and condenses late in mitotic

prophase. In addition, R bands are the chromosomal regions in which active

genes are concentrated (Korenberg et al, 1978; Kuhn and Therman' l'986).

Similar to those of interphase chromatin, nucleosomes of metaphase

chromosomes are organised into loops of about 50 kb at intervals along the length

of a chromosome. Each loop compacts the DNA longitudinally, and is anchored

at its base in two places to proteins that provide a firm support or "scaffold" for

the flexible loop (Lewis and Laemmli, 1982). Chromatin-loops within the R

bands are generally longer or less compacted compared to the loops from within

the G bands (Poljak and Käs, 1995).

8.2.2. Spermatozoa nucleohistones

As described in the previous section, eukaryotic chromatin from actively

transcribing cells and the metaphase chromosomes from dividing cells, do not

exhibit discrete fibres in thin EM sections, nor in frozen hydrated sections

(Dubochet et al., 1988; McDowall et al., 1986). The 30 nm fibres are observed

only in isolated chromatin from these cells. There are, however, some exceptions
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\ilhere discrete 30 nm fibres are present in chromatin from thin sections, such as

within the nuclei of avian erythrocytes and the mature spermatozoa nuclei of a

starfish.

Woodcock, (1994) using cryoelectron microscopy has shown that the

unfixed and vitrified nuclei of both the spermatozoa of the star{ish, P miniatnand

the erythrocytes of gahus, demonstrate the presence of 30 nm fibres. By using

observations from the unfixed and frozen-hydrated specimens as a benchmark

for comparison, he has also shown that fixation with glutaraldehyde and low

temperature embedding in Lowicryl preserved both fibre morphology and

diameter. Some common features shared by P miniata and chicken erythrocyte

chromatin that have been suggested as explaining the presence of fibres include

(1) the formation of relatively large nucleosomal repeats, and (2) the presence of

low amounts of non-histone chromosomal proteins compared to chromatin of

active nuclei.

Not all spermatozoa that contain histones display 30 nm fibres. For

example, t|ne C2 nucleohistone region of Sminthopsis spermatozoa contains 120-

180 nm size fibres or globules in TEM sections (Breed et al., 1994; Chapter 4 and

5). These fibres are likely to be real structures and not the result of dehydration'

fixation or embedding as lVoodcock (1994\ has shown that fibre morphology is

not effected by these conditions. Why such large fibres are formed is unknown,

however, further characterisation of the histones and other non-basic proteins

from the spermatozoa nuclei, may provide some clues as to its occurrence

(Section S.5). Although the size of the 120-180 nm structures measured from EM

sections is similar to the nodules observed by AFM, measurements of the fibre

diameter from EM sections need to be treated with caution since embedding of

the nuclei using conventional epoxy resins can cause approximately 25Vo

shrinkage of chromatin (Langmore and Paulson, 1983; \iloodcock, 1994).

Conversely, measurements from the AFM may be overestimated due to

limitations in the design of a probe tip.

Another example where 30 nm fibres are not present in spermatozoa

nuclei that is packaged by histones, comes from the echinoderm,

Strongylncentrotus purpurøtus. Not only does the chromatin from mature

spermatozoa of this species lack a fibrous morphology, but it also has a uniformly

electron-dense appearance similar to protamine packaged chromatin even though

protamines are not incorporated by the DNA. In this case, the lack of formation

a
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of fibres is attributed to the spermatozoa-specific and very lysine-rich histones

that are effective in condensing the chromatin (Poccia and Greenr1992).

By contrast, the lack of higher order nucleohistone fibres in the

spermatozoa of humans may be due to the absence of histone Hl. This histone

binds to linker DNA to further condense the chromatin and consequently has a

role in the folding of nucleosomal flrlaments. The four core histones isolated from

the spermatozoa of humans ane, TH2B which is the major histone component

(Tanphaichitr et al., 1978; 1982>, H3, H4 (Gusse et al., 1986) and H2A (Gatewood

et al., 1990), and these histones constitute approximately l57o of total

spermatozoa basic proteins. Histone Hl is conspicuously missing.
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8.3. NUCLEOPROTAMINES

A variety of conformations have been postulated for the secondary

structure of protamines, among them are, cr-helices (Warrant and Kim, 1978;

Verdaguer et al., 1993), þsheets (Cid and Arellano, 1982), extended

configurations (Feughelman et al., 1955; Balhorn, 1982) and, more recently, y-

turns which contain 1-3 hydrogen bonds (Hud et al., 1994).

The interactions between protamines and DNA have received equally

conflicting hypotheses. There are at least four models that have been put

forward for the structure of nucleoprotamines: (L) protamine adopts an cr-helical

structure and binds to the DNA in the major groove (Warrant and Kim, 1978),

(2) the central arginine-rich region of eutherian protamines lies in an extended

conformation within the minor groove of the DNA helix and forms intra and

intermolecular disulphide bonds (Balhorn, 1982), (3) protamine consists of cr'

helices that bind to three double-stranded DNA molecules in a parallel

arrangement (Subirana, 1990), (4) the arginine-rich region of protamines binds to

the major groove of DNA and adopts a conformation that facilitates a 1-3

intramolecular hydrogen bonding (Hud et al., 1994).

S.3.1. Secondary structure of protamine

Toniolo (1979) used circular dichroism to study the secondary structure

composition of the herring protamine, clupeine, and dÍscovered that ithad SlVo

c,-helical content. llowever, using a secondary structure prediction program,

(Chou and Fasman, 1978), no helix was predicted to be present in clupeine.

Toniolo (19S0) rationalised that the algorithm of the program is based on the

statistical analysis of globular proteins and may therefore not be entirely

appropriate for the analysis of highty basic proteins. Upon modification of the

Chou and Fasman method such that arginine would be predicted to be more

helicogenic, Toniolo (1980), estimated that two stretches of cr-helices occur along

the protamine molecule. This ryas supported by circular dichroism studies and

prediction methods using synthetic arginine-rÍch decapeptides, which

demonstrated that arginine appears to be more helicogenic than is predicted by

standard procedures (Yerdaguer et al., 1993).

X-ray crystallographic studies of DNA-protamine complexes for molluscs

and ftsh showed that the diffraction patterns for the complexes are very similar

p
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for both species (Suau and Subiranar 1977; Ausio and Suau, 1983). However,

there appeared to be insufficient order in the diffraction patterns which could

suggest the presence of helical structures within the protein. A single crystal of a

protamine-tRNA complex studied by Warrant and Kim (1978) resulted in

electron density maps that suggest the binding of protamines to DNA is in an a-

helix conformation. By contrast, deuterium-exchange studies of the DNA-

protamine complex do not indicate the presence of cl-helix or þsheet secondary

structure (Herskovits and Brahms, L976). From studies using Raman

spectroscopy of salmine-DNA complexes, Hud et al. (1994), determined that the

DNA-bound salmine exhibits a configuration that is neither an cr-helix nor p'

sheet, but one that consists of y-turns.

Even though the literature contains many studies on the secondary

structure of protamines, it appears that the structure has not been unequivocally

resolved. This may be due to the problem of growing quality crystals of

protamine-DNA complexes compounded by limitations in the interpretation of

data from fibre diffraction patterns.

8.3.2. Protamine-DNA interactions

The early physical investigations of the protamine-DNA complex by

Feughelman et al., (1955) using X-ray diffraction showed an increase in the first'

layer line of the X-ray fibre diffraction patterns. This was interpreted to be an

indication that protamines bind within the minor groove. On the other hand, the

data may also have resulted from the extension of the side-chains of neutral

amino acids into the minor grooves of adjacent DNA molecules. Later

investigations using polyarginine-DNA complexes by Fita et al., (1983) showed an

absence of the increase in the first layer line in diffraction patterns. The model

resulting from this study suggests that these complexes and possibly the main

regÍons of protamines including the arginine-rich regions, bind within the major

grooves of DNA.

Hud et al., (1994) produced an alternate model that showed a 2O amino

acid sequence of salmine that fitted snugly within the major groove of B-DNA. In

the model, the six arginine residues span four base pairs along the DNA helix

covering a distance of approximately 104 Å. The amino acid side chains are

outstreched in alternate directions to interact with phosphate groups of the DNA.

The protamines of eutherians and marsupials are twice as long as those of

salmine (-60 amino acids) and in marsupials there are usually two stretches of



Discussion 106

arginine-rich regions along the proteins. Therefore, if the protamine of

Sminthopsis is to adopt the configuration suggested by Hud et al., (1994), the

length of the protein spans 340 Å which is much larger than can be

accommodated in the major groove.

The fluorochrome, Hoechst 33258 which becomes fluorescent when bound

to the minor grooye of DNA, was used by Bianchi et al., (1994) to determine

whether protamines bind to the minor grooye of the DNA double helix. The

addition of protamine P1 and/or P2 from human to Hoechst-DNA complexes,

resulted in an increase in the intensity of the fluorescence. This effect is opposite

to that induced by the addition of basic peptides from histone Hl which resulted

in the quenching of the fluorescence (Suzuki, 1989). The results suggest that

protamines do not displace Hoechst from the minor groove of DNA (Bianchi et

al.,1994).

In the same paper by Bianchi et al., (1994) DNA footprinting studies were

claimed to show that protamines do not bind to either the major or minor

grooves but may instead bind to the surface of the DNA molecule. The

footprinting pattern produced following DNAase 1 digestion of the

nucleoprotamine complex, does not suggest the binding of protamines to either

groove of the DNA. The results, however, could also be interpreted as the

inability of the enzyme to access the base pairs for cutting due to the large steric

hindrance encountered by the relatively large DNAase I molecule when

approaching the dense nucleoprotamine structure. The DNA footprinting studies

can be improved to single-nucleotÍde resolution by using hydroxyl radical ions

(Tultius et al., 19S7) which are able to access narro\ry passages between DNA-

bound protamines to cut unbound regions of the DNA (Section 8.5).

Atthough the Hoechst 33258 fluorescence study may indicate that human

Pl and P2 protamines do not bind to the minor groove of DNA, the DNA

footprinting results do not show conclusively that they are not bound to the

grooves of the DNA. This leaves the possibility that protamines may bind to the

major groove, however, more studies are needed to resolve this issue (Section

8.s).

8.3.3. Higher order nucleoprotamine structures

The basic packaging unit of nucleoprotamines was unknown until the

recent atomic force microscopical investigations of Allen et al., (1993) were
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carried out. The workers observed the presence of 50-100 nm nodules on the

nuclear surface of mouse and bull spermatozoa which may represent the next

Ievel of packaging above that of the protamine-DNA complex. In paÉially

decondensed spermatozoa nuclei, the 50-100 nm nodules appear to be packaged

in a meshwork of loops that radiate from the edge of the nucleus. Atomic force

imaging studies described in this thesis (Chapter 7) indicate that similar

packaging units (45-S0 nm in diameter) are found in the nuclei of the

spermatozoa' of the Australian marsupials, Sminthopsis cra.ssicauda.ta andl

Trichosurus vulpecula. ln Sminthopsis, these units are present in the Cl nuclease-

resistant region, that is likety to consist of nucleoprotamines.

In vitro studies on the condensation of DNA using herring protamines

demonstrated the formation of rods and toroidal particles, the size of which is

dependent on the ionic strength of the solution (Garcia-Ramírez and Subirana,

1994). Under physiological ionic conditions (100mM Na*), the thickness of the

toroidal complexes is found to be between 20-30 nm. Similar sized fibres have

been measured for nucleoprotamines in spermatids of bivalve molluscs,

suggesting that toroids may indeed occur in vivo. The discrepancy between the

size of these nucleoprotamine fibres in the mollusc spermatozoa and the nodules

observed in the spermatozoa of mammals by AFM may be due to inherent

biochemical differences of the protamines or differences in the technology and

sample preparation employed (SectÍon 8.2.2).

The winding of the DNA-protamine complex into higher order structures

is expected to either tighten or relax the double helix, in other words, induce a

positive or negative supercoil depending on the direction of twist. Risley et al.,

(1986), using ethidium bromide to study the topologf of DNA from the sperm of

Xenopus lq,evis and Bufo fowlcri, observed that the sperm nucleoids (nuclei

deprived of proteins) were relaxed at low concentrations of the dye (0.5-6 Fglml)

but became condensed as the concentrations increased (6-100 pglml). Since

ethidium bromide generates positive supercoiling in the DNA double helix, these

results show that the sperm DNA exists in a relaxed state. Similar results that

point to negligible degrees of supercoiling in nucleoprotamines have been

observed for the spermatozoa of humans (Barone et al., 1994).

The general lack of supercoiting in spermatozoa DNA does not correspond

to the existence of higher order, 45-80 nm fibres that result from the folding of

the protamine-DNA complex. Howeyer, any increase or decrease in the tension

of the DNA in nucleoprotamines as a result of folding can be offset by (1) an
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interspersed array of left-handed and right-handed twists/rotation of the primary

protamine-DNA fibre, or (2) conversion of the state of supercoiling by enzymes

such as topoisomerases.

Interestingly, van Holde and Zlantanova (1995) have suggested that an

equal mix of both senses of the 30 nm quasi-helix in nucleosomal structures may

exist, a condition that could relieve the superhelical stress of condensed DNA. In

addition, Bartolomé et al., (1994) reported the presence of such secondary

arrangements at the ends of chromatin fragments from EM preparations. An

interesting twist to this paradigm is the interspersion of nucleosomal structures

between nucleoprotamines in the spermatozoa of SminthopsJs (Chapter E). It is
conceivable that the nucleosomes may to some degree counterbalance the

supercoiling effect induced by protamines.

Topoisomerase II has been localised to spermatids of rats and may aid in

the transition of nucleohistones to nucleoprotamines (McPherson and Longo'

f993). Topoisomerases function by adhering to a supercoiled DNA double helix

and producing a transient break, or nick, in the strands. The two strands then

rotate relative to each other, followed by resealing of the nick, relaxing

superhelical stress (Liu, 1983; Poljak and Kåis, 1995).

The putative model for the transition from nucleosomal structures to

nucleoprotamine 6toroidal" particles is given in a review by Ward and Coffey'

(1991). In brief, DNA from six nucleosomes consÍsting of one turn of the 30 nm

solenoid, becomes unravelled whitst the solenoid configuration Ís maintained by

transition proteins. These proteins are replaced by protamines resulting in a

chromatin unit that is shaped like a torus with a diameter similar to the

solenoidal fibre, but greatly reduced in height. Although the concept that

nucleoprotamine higher order structures are mapped from preceding

nucleohistone fibres is feasible, this model is in need of a revision for a few

reasons. Firstly, it is now widely believed the nucleosomal filament does not coil

into a regular 30 nm solenoid due to the variability in the length of the linker

DNA. An alternate view describes an irregular fibre with a mass/length ratio of

about 1-2 nucleosomes/ll nm for the folding of nucleosomes (\iloodcock and

Horowitz, 1995; van Holde and Zlantanova, 1995). In addition, toroids3 have

never been visualised in yiyo within the nuclei of spermatozoa, and the term fibre

3The nodules observed from AtrfVI imaging of sperm nuclear topology are not toroidal (doughnut'
shape), but are basicatty units of chronratin of unknown conforrnation.
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may be preferable for the higher order fotding of nucleoprotamines as it is
inclusive of other possible configurations.

The nucleoprotamine fibre consisting of nodules is anchored to the nuclear

matrix and constrained in loop domains (Ward and Coffey, l99l). The large

scale arrangement of the 50-100 nm units of the fibre, however, remains

unknown. The viewpoint of an apparent linear arrangement or lamellar arrays

derived from topological (Allen et al., 1993) or sectional (Koehler et al., 1983)

information, disregards the three-dimensional organisation of the nodules. To

illustrate this point, in alt three types of sphere-packing cubic, face-centred cubic

and hexagonal, (Bishop, t972), a two-dimensional assessment of the surface of a

given section, can falsely convey the impression of a linear mode of packaging. In

addition, the linear structures that are parallel to the nuclear membrane

observed in freeze-fracture studies have recently been interpreted as consisting of

non-chromatin structures that are part of the constituents of the nuclear matrix

(Santi et al., 1994).

The nucleoprotamine nodules are more or less neutral or uncharged and

may tend to aggregate into a stable arrangement similar to the behaviour of

bubbles on the surface of a schooner of beer. Their packaging may be compared

to the crystallisation process where atoms aggregate (under optimal pressure-

temperature conditions) until the attractive forces are counteracted by short'

range repulsive forces. The organisation of nucleoprotamine nodules in a form

similar to crystal lattices satisfies the criteria of low volume, Iow energy and close'

packing of spermatozoa chromatin. However, the density of packaging and the

type of lattice formed (Bishop, 1972) depend on the variabÍlity in the size of the

nodules. Further information on the three-dimensional packaging of

spermatozoa chromatin may be obtained from Fourier microscopy or electron

crystallography (Section 8.5).

8.3.4. An alternate hypothesis

All previous hypotheses regarding the structure of the protamine'DNA

complex have focused on models that suggest a regular repeating secondary

structure based upon the periodic nature of DNA and the corresponding periodic

orientation of arginine residues in protamines. A substitute model may be

considered, where there may exist intrinsic disorder in the structure of

nucleoprotamines, both in the binding and positioning of protamines and

secondarily in the tbldÍng of the complex into larger fibres.
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I suggest two lines of argument for this model; (1) the long and flexible

side chains of arginines have a tendency to offset their favourable electrostatic

interactions with the DNA phosphodiester groups, a trait that has been

recognised in the interactions of lysines and arginines of transcription factor

proteins with DNA (Pabo and Sauer,1992). In the case of protamines, the side

chains of arginines may reduce the long-range stereospecificity of protamine

binding to DNA. As a consequence, there may exist regional differences in the

positioning of the protamine molecule with respect to the DNA double helix, and

(2) the variation in the size of nucleoprotamine nodules may be a legacy of its

predecessor, the irregular quasi-helical nucleosomal fibre (Woodcock and

Horowitz, 1995; van Holde and Zlantanova, 1995). Therefore, irrespective of

whether the protamines bind in an irregular and non periodic manner to the

DNA or not, an irregular secondary structure may still result because of

restrictions imposed by an earlier (nucleosomal) conformation.
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8.4. A MODEL FOR THE SPERMATOZOA GHROMATIN OF SMINTHOPS'S

CRASS'CA UDATA

The spermatozoanuclei of Smintlnpsis are characterised by the packaging

of the DNA by two types of proteins; protamine I and, to a lesser extent, histones

(Chapters 5 and 6). This occurrence is not commonly reported in mammals,

however within the spermatozoa nuclei of many mollusc and fish species, histones

and an additíonal protamine-like protein are known to be incorporated (Ausio'

19S6). To date, the significance of the presence of histones in spermatozoa nuclei

that are mainly organised by protamines or its equivalent, remains unknown.

Gatewood et al., (1987) demonstrated by using Southern hybridisation

methods, that the nucleohistone DNA isolated from the spermatozoa of humans is

sequence-specific and has suggested that spermatozoa histones may be involved

in the expression of genes during early embryogenesis. Perhaps some evidence

for this can be derived from the determination that the nucleohistone region of

Sminthopsis spermatozoa consists mainly of LINEs (Chapter 8), a family of

repeats some of which have also been localised to the nuclear matrix of somatic

cells (Chimera et al., 1985). It remains to be seen whether LINES are indeed

associated with the nuclear matrix in Sminthopsds spermatozoa and whether they

have a role in the expression of particular genes.

The spermatozoa chromatin of Sminthopsis crassicaudan may have the

following organisation:

(l) Sminthopsts LINE repeats are bound to histones and form 11'14 nm

nucleosomal structures that are folded into higher order l2O-l4O nm fibres

(Chapters 5, 6 and 7). The larger fibres eonsist of nodules that are loosely

arranged and may account for the grooves observed within the C2 regÍon in TEM

sections. Each cluster of the l2O-l4O nm nodules may represent a loop domain

similar to that observed for metaphase chromosomes. (The 30-40 nm fibres

observed following the extraction of C2 chromatin using micrococcal nuclease

may not exist tz vivorbut they correspond to previous TEM observations on the

structure of extracted chromatin).

(2) The nuclease-resistant CL region is likely to incorporate protamine 1

molecules (Chapters 5 and 6). DNA within this region appears to contain the

gene-rich or GC-rich isochore of the genome (Chapter 7). The primary structure

of protamine-DNA binding remains a mystery. flowever, there is evidence for
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the existence of higher order folding of these structures into closely packed' 45'60

nm fibres (Chapter 6).

(3) Finally, the nucleosomal regions are interspersed between the

nucleoprotamine regions within the structural context of the continuous DNA

sequence of chromosomes. This conclusion is derived from the localisation of

Sminthopsis LINE repeats to (i) the dark R-bands of mitotic chromosomes and

(ii) the peripheral, nucleohistone C2 region in spermatozoa nuclei. A similar

model has been proposed by Olivares et al., (1993) for the sperm of the bivalve

mollusc Protothaca thaca, where the nucleosomal chromatin is suggested as being

arranged in short oligonucleosomal stretches that are interspersed within

protamine-containing DNA regions.
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8.5. FUTURE INVESTIGATIONS

8.5.1. Protein Chemistry

8.5. I .l . CharacterÍsation of spermatozoa hístones

Research from this thesis has shown that the unusual morphology of the

nuclei from the spermatozoaof Sminthopsis crassicaudan is largely due to the

organisation of the chromatin by two different sets of proteins; histones and

protamines. There is however, still more work that can be done to further

elucidate the structure of these nuclei such as investigations on why the

nucleosomal fibres are exceptionally large (Section 8.2.2) and how the chromatin

is organised with respect to the nuclear matrix.

The large nucleosomal fïbres (120-160) measured from images of the

demembranated nuclear surface obtained by AFM scanning, may be the result of

extensive folding of the nucleosomal filament aided by sperm-specific histones or

other non-basic proteins. Histones that are isolated from mature spermatozoa

need to be further characterised by determining the amino acid content or its

sequence.

8.5. I .2. Non-basic proteins of spermatozoa nucleÍ

To investigate the presence of non-basic proteins that are associated with

tbe C2 region, micrococcal nuclease digestion can initially be carried out to

separate the two nuclear regions. Following this, non-basic proteins can be

extracted from the C2 region and visualised by conventional SDS-PAGE gel

electrophoresis. Their presence may not have been detected by methods designed

for basic proteins such as histones and protamines where acid-urea based gels

were used and the gels electrophoresed in the positive to negative direction from

the top to the bottom of the gel tank. The high positive charges of basic proteins

cause their precipitation in SDS and removal from gel columns if they are

electrophoresed in the conventional manner. This method would however, be

suitable for the characterisation of non-basic proteins from the C2 region of the

spermatozoa nucleus. This study may have important structural implications in

nucleosomal folding in sperm.
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8.5.1.3. Nuclear matrix proteins of spermatozoa

To study the nuclear matrix, spermatozoa nuclear basic proteins (SNBPs)

are removed using high ionic strength salt concentrations (2M NaCt) and the

residual nuclei containing the matrix and DNA are used for the extraction of

matrix-associated proteins and DNA. The preparation of the nuclear matrix

have been previously described by Santi et al., (1994) and Ferrington et al.,

(leel).

Proteins of the nuclear matrix can be characterised by firstly
homogenising the matrix and collecting the proteins by acetone precipitation.

The matrix extracts are then electrophoresed to determine the size and numbers

of proteins. Some of the proteins can be purÍfied for the raising of antibodies that

can later be used to localise proteins within the nuclear matrix. Investigations on

spermatozoa nuclear matrix proteins and associated DNA may help to elucidate

how the spermatozoon nucleus is organised and the functional significance of this

organisation.

8.5.1.4. Antibodiesto protamíne I

Further studies on the location of protamines within the spermatozoa

nuclei include more attempts at the raising of antibodies to these proteins. Atl the

above investigations are technically feasible but may be plagued by problems

such as low spermatozoanumbers, and availability and cost of the animals.

8.5.2. Molecular and Structural Studies

8.5.2.1 . Spermatozoa nuclear matrix DHA

The nuclear matrix of Sminthopsts spermatozoa is prepared as in Section

8.5.1.3. The DNA is then digested using DNAase L so that only short matrix'

associated fragments remain. Following this, the nuclear matrix is digested with

proteinase K and the matrix-associated DNA fragments is isolated by phenol-

chloroform extraction and cloned into plasmid vectors. Cloned sequences are

then subjected to DNA sequencing and the results compared with sequences

located in databases such as EMBL and GENBANK.
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8.5.2.2. Localisation of centromer¡c DNA and SINE sequences

Centromeric DNA is highly species-specific and can be isolated from

Smintlnpslls by using various restriction enzymes (RE) to digest purified genomic

DNA followed by fractionation of the digests by agarose gel electrophoresis.

Centromeric DNA exists as long tandem arrays of a sequence element that may

contain recognition sites for various REs (\ilillard and \ilayne, 1987). Hence, RE

digestion is expected to produce centromeric DNA-enriched fractions that appear

as one or more bands when resolved on an agarose gel. The band(s) is excised

and the DNA is purified, cloned and sequenced. SINE sequences are interspersed

throughout the mammalian genome (Miklos, 1985) and digestion of Sminthopsis

genomic DNA with REs may produce SINE fragments of unique lengths that can

be collected from agarose gels and cloned. The cloned sequences are compared

with databank sequences and those that resemble centromeric DNA or SINEs can

be used for in sifir hybridisation studies to localise centromeric DNA and SINE

sequences within spermatozoa nuclei and fibroblast chromosomes.

8. 5.2.3. Refinement of experÍments

8.5.2"3"t" ComVosttional r/ftaVVtnç .9tod¿¿s

An extension of the studies in Chapter 7 involves using Smintlnpsis LINEs

as a probe for the in situ hybridisation of Smintlnpsds spermatozoa that no longer

contain tlne C2 region (pers comm, Dr. A Swan). The C2 chromatin is removed

from the spermatozoa by micrococcal nuclease digestion prior to hybridisation

with LINE probes. This study is used as a negative control to confirm that LINEs

occur mainly in the C2 region.

LINE sequences can also be used as probes to determine whether they

localise to DNA that has been isolated from the C2 region in Southern

hybridisation studies. This study is used as a positive control to show that the

probes (LINEs) originate from the C2 region.

8.5.2.3.2. þzotamine-ØN74 ótndinn

Although it is now recognised that protamines probably do not reside

within the minor groove of the DNA hetix (Bianchi et al., 1994; Hud et al., 1994;

Subirana, 1990), there is stilt controversy on whether the proteins bind to the

major groove (Hud et al., 1994) or outside the grooves (Subirana' 1990). To help
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the 'footprint" can be achieyed by using hydroxyl radicals which cuts DNA by

abstracting a hydrogen atom from the deoxyribose sugar along the DNA

backbone. Since hydroxyt radicals are short lived, reactive and attack sÍtes on

the surface of the DNA molecule, there is almost no sequence or base dependence

in the cleavage reaction (Hayes, 1995). One important practical problem that this

method overcomes is accessibitity of the cleaving agent to tightly packaged

chromatin since hydroxyl ions are Yery small.

The bound protein prevents cutting of the DNA backbone and hence

footprints of the proteins on DNA sites are produced. The footprints of two

opposing DNA strands will reveal the site of protein binding by inference of the

geometry of B-DNA. For example, if the minima (indicating a binding site) from

the densitometer scan of these two footprints are offset from each other by 3 bp'

the protein-DNA contacts must be across a minor groove from each other because

the closest backbone positions across a minor grooYe are 3 bp apart. The

corresponding offset for closest approach across a major groove is 7 bp (Tullius

et al., 19S7). If however, protamines do not reside in any one of the grooves but

instead, bind on the surface of the DNA, negligible cutting of the DNA may be

expected.

8.5.2.4. OrganÍsation of nucleoprotamÍne fìbres and uníts of packagíng

Fourier microscopy or electron crystallography is a technology where

results from electron diffraction and electron microscopy are combined in image

processing. This type of microscopy can be used for the detection and elucidation

of the order in the packaging of the higher order nucleoprotamine structures.

Although this method does not give as a high a resolution as X-ray

crystallography, there are some preparative advantages over the latter method.

For example, crystals are not required but thin sections of spermatozoa nuclei as

prepared for conventional TEM can be used (Slayter and Slayter, 1992). The

sections are imaged by transmission electron microscopy and the electron

diffraction patterns are retrieved - by recording an image and computing its

inverse transform. Fourier microscopy of spermatozoa nuclei may help

determine whether or not there is order in the packaging of the 45-80 nm

nucleoprotamine units.
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CONCLUDING REMARKS

This research shows that a heterogeneous SNBP composition results in a

non-homogenous chromatin structure that is responsible for the unusual

morphology of the spermatozoa nuclei of Sminthopsß. There is also evidence

which suggests sequence-specific organisation of the nucleoprotein

compaltments. \ilhy this occurs and the mechanisms involved, remain unknown.

It is envisaged that future investigations involving in vivo, high-resolution

footprinting studies of chromatin structures, and computer modelling and

prediction studies of DNA, structure and flexibility, may help answer these

questions.
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APPENDIX I

A. PREPARATION OF BUFFERS AND BLOCK¡NG SOLUTIONS

Al. Phosphate buffered salìne (ph 7.5)

Dissolve 0.70 g of Na2HPO4 (anhydrous), 0.16 g KH2PO4, and 8.5 g NaCl

in distilted water. Adjust the pH to7.5 and make up the solution to lL.

Â,2. Wæhingbuffer

Dissolve 4 g of sucrose and 4 g of polyvinylpyrrolidone (PYP) in 1ü) ml of

PBS, pH 7.5.

A3. TrÍs buffered salÍne (ph 7.4)

Dissolve 4.38 g of NaCl and l.2l g of Tris (Sigma or analytical grade) in

400-450 ml of dH20. Adjust the pH with I N HCt and make up the final volume

to 5ü) ml with dH20.

A4. Ovalbumin (lo/o).

Measure out 0.5 g of Albumin and place in flask using funnel, wash down

excess with PBS. Turn gently and leave until dissolved. Make up to 50 ml.
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A5. Prehybridísation mix for Southern hybrídísation

l07o SDS

20 x SSC

57oNa-pyruvate

distilled water

Blocking reagent (Boehringer, Mannheim, w Germany)

'a

5ml
30 ml

lml
63 ml

lg

Measure out the above in a flask. Microwave on high at 2O sec intervals

until the reagents dissolve. Incubate at 42"C before use.

Aó. 2OxSSC

Dissolve 175.3 g of NaCl and 88.2 g of sodium citrate in 800 ml of distilled

water. Adjust pH to 7.0 with 10 N NaOH. Adjust the volume to L L with dH20

and sterilizeby autoclaving (Sambrook et al., 19E9).
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APPENDIX 2

FIXATIVES

A1. Glutaraldehyde (1.25o/ol + 4o/o paraformaldehyde

1) Dissolve 4 g of paraformaldehyde in 60 ml 6mM PBS (pH 7.2) at 60o{Use a

mngnetic stirrer infume cupboørd]

2) \ilhen the solution is fairly clear, addL'2 drops of lN NaOH.

3) Dissolve in 4 g of sucrose and 4 g of polyvinylpyrrolidone (PVP) (10 000 MW)

using the magnetic stirer.

4) Add 5 ml of 257o glutaraldehyde.

5) Adjust the pH to7.2 by adding NaOH.

6) Make up the total volume to 100 ml.

42. Glutaraldehyde (O.25o/ol + 4olo paraformaldehyde

1) Dissolve 4 gofparaformaldehyde in 60 ml of PBS at 60 oC,

2) When the solution is fairly clear, add2'3 drops NaOH'

3) Add 1 ml of 25 7o Glutaraldehyde'

4) Dissolve 4 g sucrose and 4 g PYP (10 000 MW)

5) Adjust the pH to 7.2 and make up to 1ü) ml.



Appendices 146

.APPENDIX 
3

A. CONVENT¡ONAL TISSUE PROCESSING FOR TEM

1) Fix tissue for 12 - 18 h in 1.25 7o Glutaraldehyde + 4%o Paraformaldehyde

prepared in 0.006 M PBS (pH7.2) + 4Vo Sucrose and 4 Vo Polyvinylpyrrolidone

(PYP) (10 000 M\Ð. (see Fixatives, Appendix 2)

2) \ilash in 2 changes of washing buffer (Appendix 1) for 20 ' 30 min.

3) Post fix in l7o OsO4for t h (Wash in buffer for 15 min).

4) Dehydrate in the following ethanol concentrations:

3O 7or 5O VorTO Vor75 TorEO clorES VorgO VorgSVorlOO TorlOO Vo ethanol in

CuSO4; 2x 30 min.

5) Propytene Oxide; 2 x 30 min

6) Inflrltrate; (2/1) Propylene oxide/Resin Overnight

- 9-4pm.

Pure resin; 4 pm - Overnight.

7) Embed; next morning.

8) Potymerise at 60oC for 24h.

(u2)
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B. TISSUE PROCESSING WITH EN BLOC STAINING FOR TEM

1) Fix in 3Vo formaldehydel3%o glutaraldehyde in phosphate buffer at pH 7.4, at

room temperature for 2-4h.

2) Rinse 2x15 min in 0.2 M phosphate buffer.

3) Postfix: 2 Vo OsOa in phosphate buffer for 60 min.

4) Rinse in 0.2 M phosphate buffer for 15 min.

$Enblackstain: Wash in maleate buffer pII5.2 for 2 x 15 min.

Enbloc stain in I Vo uranyle acetate in maleate buffer, pH 6' at

4 oC in the dark for 1.5 h.

Wash in maleate buffer at pH 5.2 for 15 min.

6) Dehydrate in ethanol:

3O %o,5O VorTO VorT5 Vo,8O clor85 Vo'9O %o,957o'IOO clor 2x 100 7o alcohol in

CuSO4 for 30 min.

5) Propylene Oxide; 3 x 30 min

6) Inflrltrate; (2:1) Propylene oxide/ TAAB Resin Overnighll2 h

(122) 9-5pm/8h

Pure resin 4 pm - Overnight

7) Potymerise; (Embed in resin next morning) at 60oC for 48 h.



Appendices 148

C. PROCESSING OF TISSUES FOR ¡MMUNOGOLD I.ABELLING

1) Fix tissues for 4 h in 0.25 %o Glutaraldehyde + O.4 clo Paraformaldehyde

prepared in 0.006 M Phosphate Buffer + 4 %o sucrose and 4 7o PYP

2) Wash in two changes of \ilashing Buffer for 20'30 min.

*Note: No post-flrxation with OsOa

3)Dehydrate in ethanol:

3O Vor SO 7or7O Vor75 7or8O 7or85 VorgO VorgSVorlOO Vor 2x 100 7o alcohol in

CUSO4 for 30 min.

4) Infiltrate in:

LR \ilhite resin (hard grade) / Abs in CuSO4; 1 : 1 ratio for 4 h / overnight.

Pure resin (LR\il)

5) Embed the following day using capsules and incubate overnight at 50 oC.
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APPENDIX 4

STAINING OF SECTIONS FOR TEM

A1. Uranyl acetate

1. Prepare a 27o solution of uranyl acetate in7Ù%o alcohol in a disposable tube.

2.Leave on rotator for about 30 min to dissolve.

3. Centrifuge for 15 min.

4. Make small "boats" out of dental wax and place in a petri dish. Pipette on a

small amount of TOVo alcohol around the boats.

5. Millipore uranyl acetate into the boats, add grids and cover petri dish with a

black box (uranyl stains in the dark).

6. Stain for L5 min.

7. Dip grids in 7O7o aleohol about 20 times then in distilled water for about the

same time and finatty drop the grids into the beakers and swirl the containers

briefly.

8. Dry the grids using pieces of filter paper.

42. Lead citrate

1. Mix 1.33 g of lead nitrate with 1.74 g of sodium citrate and 30 mls of distilled

water in a 50 ml volumetric flask. Shake throughly for 1 min and intermittently

for 30 min, to ensure complete conversion of lead nitrate to lead citrate.

2. Add 8.0 ml of NaOH and dilute the suspension to 50 ml with distilled water.

Mix by inversion. The resulting staining solution (pH 12.0) is stable for 6 months

in a stoppered bottle and should be centrifuges before use.

3. Centrifuge lead stain for 15 min.

4. To one edge of a petri dish add lO-20 pellets of NaOH.
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5. Pipette a few drops of stain into the other chamber of the petri dish and float

on the grids.

6. Add a pipette full of water to the NaOH and place the lid on the petri dÍsh.

7. Stain for 12 min.

8. \üash the grids buy dipping them (about 20 times) in two changes of distilled

water dropping them in the last beaker. Swirl the beaker gently before collecting

the grids and drying them with filter paper.
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APPENDIX 5

A. CANTILEVER/TIP SPECIFICATIONS (roPomErRlx rEcHNlcAL BRIEFS)

The AFM cantilever has a "Y"-shaped design, with the probe tip integrated onto

the undenside of the cantilever at the far end.

tt1

I

CANTILEVER SPECIFICAT'ONS

ITEM

Material

L-arm

\il-arm width

TH-Thickness

Force constant

V-TYPE CANTILEVER

CAIITILEYER 17OO

Y

Si3N4

200

0.032

t7

18

0.6

Resonance

SI]PERTIPTM



ITEM

TIP SPECIFICAT'ONS
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TPTM

Diamond-like Carbon

Pyramidal + Needle 0.15pm (Needte)

base diameter

Material

Geometry

I-I.s1tn S

Ratio

Radius

-10:L

<20 nm



A. PROTOCOL FOR ELECTROPORATION

41. Materials

Bacteria species used:

Molecules electroporated:

Before the Pulse

Cell growth medium:

Grorvth phase at harvest OD6go:

Pre-pulse incubation:

Wash solution:

The Pulse

Electroporation temperature :

Electroporation medium :

Cell density:

Yol of cells:

DNA concentration:

Vol of DNA:

Instruments used:

Cuvette gap:

Voltage:

Field strength:

Capacitor:

Resistor:

Time constant:

After the Pulse

Outgrorvth medium:

Outgrowth temperature :

Length of incubation:

Selection method or assay used:

Electroporation efÍiciency:
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APPENDIX 6

E. coli (DHScl)

pBluescript and PCRscript vectors

L-Broth (LB)4

0.5

l0to20 sec on ice

Distilled deionized water. Cells frozen in

lOVo glycerol

Ice,OoC

lOVo glycerol

1010 cells/ml

4O pl
1-100 ng

o.S-t pl
Gene Pulser@ Apparatus Pulse Controller

0.2 cm

2.5 kY

12.5 kV/cm

25 pF
200 A (Pulse Controller)

4.5 to 4.7 msec

SOC5

37"C

30-40min

Ampicillin resistance

107 to 1010 transformants/pg DNA

4l-Brcth: l%o Bactotryptone, O.SVo Bacto yeast extract, 0.57o NaCl.
SSOC: 2?o Bacto tryptone, O.57o Bacto yeast extract, L0 mM NaCl,2.5 mM KCI' 10 mM MgCl2'
10 mMMgSO4r2O mM glucose.
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42. Procedure for high efficiency electro-transformation of E coli

PreparatÍon of cells

1. Inoculate L litre of LB with 1/100 volume of fresh overnight culture.

2. Grow cells at 37'C with vigorous shaking to an AB5690 of 0.5 to 0.7 (the best

results are obtained with cells that are harvested at early-to mid-log phase; the

appropriate cell density therefore depends on the strain and growth conditions).

3. To harvest, chill the flask on ice for 15 to 30 min, and centrifuge in a cold rotor

at 4000 xgmax for 15 min. Note: Keep the cells as close to OoC as possible (in an

ice-water bath) throughout their preparation.

4. Remove as much of the supernatant (medium) as possible. It is better to

sacrifice the juice by pouring off a few cells than to leave any supernatant behind.

Resuspend pellets in a volume of I litre of ice-cold sterile lOVo glycerol taking

care not to lyse them. Centrifuge as in step 3.

5. Resuspend in 0.5 litre of ice-cold sterile lÙ%o glycerol. Centrifuge as in step 3.

6. Resuspend in -20 ml of ice-cold lOVo glycerol. Centrifuge as in step 3.

7. Resuspend to a final volume of 2 to 3 ml in ice-gold lÙclo glycerol. The cell

concentration should be about L-3x1010 cells/ml.

8. This suspension may be frozen in aliquots on dry ice, and stored at -70oC. The

cells are good for at least 6 months under these conditions.
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43. Electro-transformat¡on and plating

1. Gentty thaw the cells at room temperature and then immediately place them

on ice. Remove sterile cuvettes from their pouches and place them on ice. Place

the white chamber slide on ice.

2. ln a cold, 1.5 ml polypropylene tube, mix 40 pl of the cell suspension with L to

2 plofDNA (DNA should be in a low ionic strength buffer such as TE6). Mix well

and allow to sit on ice until transferring contents to a chilled cuvette.

3. Set the Gene Pulser apparatus at25 pF, Set the Pulse Controller to 2OO Ç1. Set

the Gene Pulser apparatus to 2.5 kV when using the 0.2 cm cuvettes. Set it to 1.8

kY when using the 0.1 cm cuvettes.

4. Transfer the mixture of cells and DNA to a cold electroporation cuvette, and

shake the suspension to the bottom. Place the cuvette in a chilled safety chamber

slide. Push the slide into the chamber until the cuvette is seated between the

contacts in the base of the chamber.

5. Pulse once at the above settings.

6. Remove the cuvette from the chamber and immediately add I ml of SOC

medium to the cuvette and quickty but gently re suspend the cells with a Pasteur

pipette. (This rapid addition of SOC after the pulse is very important in

maximizing the recovery of transformants.)

7. Transfer the cell suspension to a 1.7x100 mm polypropylene tube and incubate

at 37oC for I h. (Shaking the tubes at 225 rpm during this incubation may

improve the recovery of transformants.)

8. Check and record the pulse parameters. The time constant should be between

4 and 5 ms. The flreld strength can be calculated as actual votts (kY)/cuvette gap

(cm).

9. Plate on selective medium.

6lX¡. containing too much salt will make the sample too conductive and cause arrcing at high
voltages.
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APPENDIX 7

A. HARVESTING OF THE CELLS AND PREPARATION OF SLIDES

1. Soak slides in Decon 90 detergent for at least 2 h, then rinse in running tap

water. Rinse the slides in distilled water and three changes of ethanol and drain

dry.

2. Following incubation with S-BrdU for 6-7 h, add colchicine solution (100

yglml) at 4 drops per 10 ml of culture for 20 min.
Note: Colchicine is a very poisonous plant extract which stops the formation of a mitotic spindle
allowing the chromosomes to spread, but it also contracts the chromosomes.

3. Centrifuge the tube for 10 min at 1300 rpm' (352 x g' r=18-7 cm).

4. Remove the supernatant by spray suction pump.

5. Add a large excess of hypotonic 0.075 M KCI solution, leaving space for about

2OVo frxative, resuspend by repeated inversion and leave in 37oC water for 20

min.
Note: The KCt is 1/2 isotonic and it swells the lymphocytes and destroys the erythrocytes by
bursting thern

6. Make up 120 ml of fixative: 3 parts methanol: L part acetic acid in a fume

hood.

7. Add 2OVo by volume of fixative. Mix by inversion. Centrifuge for 10 min at

L300 rpm and remove the supernatant.

9. Add about 2 ml of fixative, mix with the Pasteur pipette and transfer to a 10

ml tube. Rinse the original tube by repeating, to a volume of I ml (lst fult fix).

Centrifuge for 10 min at 1300 rpm' remove the supernatant.

11. Add 8 ml of fixative. Resuspend the cells with the pipette (2nd full fix).

Centrifuge for 10 min at 1300 rpm' remove the supernatant.

12. Add I ml of fixative. Resuspend the cells with the pipette (3rd full fix).

Centrifuge for L0 min at 1300 rpmr remove the supernatant.

13. Add 2 ml of fixative and resuspend the cells. From a height of about 5 cm,

place 2 drops on a slide and allow to dry.

14. Add fixative to a volume of I ml in the tube of cells and store at -20oC.
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