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ABSTRACT OF DISSERTATION
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Title Characteristics of Sea Urchin Sperm Chromatin

The techniques of chromatin spreading, thin sectioning, and high
resolution scanning electron microscopy were used on swollen and lysed sea
urchin sperm nuclei to examine the morphological characteristics of
chromatin, Isolated nuclei were lysed in low ionic strength buffer (1mM
EDTA pH 7.5) and examined by electron microscopy to demonstrate dense
aggregates of mnon-dispersed material and beaded filaments radiating from
these aggregates., These beaded fibers are similar in size and appearance
to the “beads-on-a-string” characteristic of chromatin of numerous
interphase nuclei, The beads are nucleosomes which have an average
diameter of 100A. The interconnecting string is composed of DNA and
chromosomal proteins ranging in size from 20A to 25&, and this corresponds
to internucleosomal spacer DNA. In thin sections of swollen nuclei the
sperm chromatin appears to be composed of 414R spherical structures,
(superbeads) which are closely apposed to form structures that appear to be
414R-diameter rods. As the chromatin disperses, the superbeads are seen to
be attached to one another by chromatin fibers of 100A diameter. This
interconnecting material is seen to be formed by the close association of
nucleosomes (100A diameter). In thin sections, the 414R superbeads
disperse directly into the 100R fibers with no intervening structures.

Experiments were carried out in an attempt to isolate superbeads: After
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brief digestion of swollen nuclei with DNase I and centrifugation through
10%2-30% 1linear sucrose gradients, fractions from the gradients were
analyzed by chromatin spreading techniques to demonstrate that the
superbeads are morphologically similar to those seen in thin sections.
Polyacrylamide gel electrophoresis of the proteins extracted from both
sperm nuclei and isolated superbeads indicated that the groups of proteins
similar in both preparations were 58, 59, and 68 Kd. Using scanning
electron microscopy, initial events of sperm nuclear lysis and chromatin
dispersion were seen, demonstrating that even with this low resolution
technique the organization of superbeads may be seen as a 414A chromatin

fiber.
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INTRODUCTION

The interphase nucleus is morphologically defined as containing four
major components - the nuclear envelope, chromatin, the nucleolus, and the
nuclear sap (Fawcett, 1981; Bouteille, Laval, and Dupuy-Coin, 1974). The
nuclear envelope 1is responsible for separation of cytoplasmic components
from the genetic apparatus and is thought to be involved in regulation of
transport of molecules and macromolecules from nucleus to cytoplasm
(Franke, 1974). The nucleolus is the site of production of pre-ribosomal
RNA synthesis and its initial packaging (Busch and Smetana, 1970). The
nuclear sap (nucleoplasm) is composed of numerous factors which are either
directly or indirectly involved in regulation of DNA replication,
transcription, RNA processing, and migration of transcripts from the
nucleus to the cytoplasm (Bouteille, Laval, and Dupuy-Coin, 1974). In
addition, the interphase nucleus is composed of numerous different
molecules and macromolecular complexes. Among the more prominent
components are nucleoplasmic proteins, small molecular weight nuclear
RNA's, lipids (associated mainly with the nuclear envelope),
ribonucleoprotein particles, the nucleoside triphosphates, and enzymes.

Chromatin is an obvious morphological component within the nucleus;
when viewed either with the light microscope or the electron microscope, it
is seen to be composed of DNA (Adolph, Cheng, and Laemmli, 1977), a well

characterized group of basic proteins (the histones [Hnilica, 1972]), a
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much less well characterized group of proteins termed non-histone
chromosomal proteins, and a small amount of RNA (Bonner, 1979).

Utilization of the light microscope has allowed identification of
dispersed and condensed chromatin which was first referred to by the German
cytologist, Heitz (1928), as euchromatin and heterochromatin, respectively.
Euchromatin has been more recently described as a poorly staining dispersed
material with high RNA synthetic activity (Milner, 1969; Hay and Revel,
1963), while heterochromatin has been identified by Heitz (1928; Ris and
Kornberg, 1979) as the densely staining material which does not undergo
cyclic behavior, and in many cases is preferentially located subjacent to
the nuclear envelope. On the basis of these two major types of chromatin,
a nucleus having more dispersed chromatin (euchromatin) is called vesicular
(Wilson, 1925) and has been shown to be generally more active in RNA
synthesis (Berkowitz and Doty, 1975; Fawcett, 1981). On the other hand, a
nucleus is termed massive when there is relatively more condensed chromatin
(heterochromatin) than dispersed, such as in the adult chicken erythrocyte

nucleus (Wilson, 1925).

Chromatin Structure

Presently, attempts are being made to understand the higher ordered
structure of chromatin, for this is one of the most important, yet
outstanding, problems facing cellular and molecular biologists. Recent
advances in the last decade, obtained through biochemical techniques,
electron microscopic methodology, x-ray diffraction, and neutron-scattering
(Ris and Kornberg, 1979), have indicated that the conformation in which
chromatin resides reflects the availability of that chromatin for

transcription.
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In 1974, Kornberg proposed that chromatin is composed of repeating
units (nucleosomes) consisting of approximately 200 base pairs {(bp) of DNA,
of which 140 base pairs are wound 1 3/4 times around an octamer of two each
of the four histones - H2A, H2B, H3, and H4 (core histones, Kornberg, 1974,
1977; Axel, 1975; Felsenfeld, 1978). The core histonmes and 140 bp of DNA
make up what is termed the core particle or core nucleosome. One molecule
of the histone Hl per repeat unit appears to be present. This "linker
histone” (H1) is believed to be responsible for the packaging of
nucleosomes into higher ordered structures and stabilization of that
configuration (Thoma and Koller, 1977). Oudet, Gross-Bellard, and Chambon
(1975), working on HL depleted, dissociated chicken erythrocyte chromatin,
found that a slow decrease in salt (NaCl) concentration (2M NaCl to 10mM)
resulted in reassociation of the chromatin into a beads-on-a-string
configuration. Current models indicate that Hl1 is located in the
entrance-exit region of DNA which wraps around the nucleosome (Thoma,
Koller, and Klug, 1979). The additional 15-100bp of DNA (depending on cell
line; Noll, 1974; Lohr and Courtens, 1979) connecting the nucleosomes is
called the internucleosomal spacer DNA and is readily removed from the core
particles by various nuclease treatments. Electron microscopic examination
(EM) of nuclei lysed in low ionic strength buffer by Woodcock (1973), Olins
and Olins (1974) and Oudet, Gross-Bellard, and Chambon (1975) has provided
visual evidence that chromatin is packaged in a “beads-on-a-string”
configuration. The beads, averaging 100A in diameter, (initially termed
nu-bodies by Olins) are now called nucleosomes, platysomes, Or monosomes
(Oudet, Gross-Bellard, and Chambon, 1975; Woodcock, 1976; Thoma, Koller,
and Klug, 1979). The "string" which separates the nucleosomes

(internucleosomal or linker DNA) ranges from 15A=-40R in diameter (Oudet,
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Gross—Bellard, and Chambon, 1975). By low resolution x-ray diffraction, it
has been shown that the beads are disk-shaped, 110A in diameter, 57A high
(Finch and Klug, 1978). Langmore and Wooley (1975) have also reported the
apparent presence of a depression in the central region of the nucleosomes.
Several studies have shown that the globular nucleosomal structure can be
unfolded in the presence of urea to give a linear DNA-histone complex
(Woodcock, Safer, and Stanchfield, 1976; Zoma et al., 1977), possibly
analagous to "unfolded" active chromatin as visualized by Miller and Bakken
(1972).

Further packaging of nucleosomes into higher ordered structures
(superbeads, solenoids, fibers, filaments) has been the subject of numerous
studies followed by much speculation. Various 1a$oratories indicate that
the higher ordered structure of chromatin is in the form of superbeads
(Pruitt and Grainger, 1980) while other laboratories have demonstrated that
the chromatin is packaged in the form of coiled or spiraling structures
which they term solenoids (Thoma, Koller, and Klug, 1979). The
demonstration of superbeads by electron microscopy and biochemical
techniques comes from several different species with their nuclei in
different states of transcriptional activity (compare Kiryanov et al., 1976
with Zentgraf, Muller, and Franke, 1980). Chromatin spreading techniques
have shown superbeads in calf lymphocyte nuclei (Hozier, Renz, and Nehls,
1977), chick erythrocyte chromatin (Pruitt and Grainger, 1980; Olins and
Olins, 1978) and in sea urchin sperm nuclei (Zentgraf, Muller, and Franke,
1980). Thin sections of embedded material have demonstrated superbeads in
rat liver nuclei (Kiryanov et al., 1976) and also in sea wurchin sperm
chromatin (Aboukarsh and Kunkle, 1981). Using spreading techniques, the

diameter of these superbeads has been seen to range from 200A- to 500
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(Hozier, Renz, and Nehls, 1977; Renz, Nehls, and Hozier, 1977; Rattner and
Hamkalo, 1978; Zentgraf, Muller, and Franke, 1980), while in thin sections
the range in size is from 200R to 400R (Kiryanov et al., 1976; Aboukarsh
and Kunkle, 1981). Using sucrose gradient centrifugation, superbeads were
demonstrated to be composed of approximately eight nuclecsomes (Hozier,
Renz, and Nehls, 1977). A detailed description of possible means of
packaging the 100A fiber into these superbeads has not been attempted;
neither has an analysis of the protein constituents of these superbeads
been carried out. The question which arises is: what components other
than the core histones (H2a, H2b, H3 and H4) plus histone Hl are present in
these superbeads: are there non-histone proteins present which may be
involved in the superstructure of chromatin?

Several laboratories suggested a helical or solenoidal form for the
higher ordered packaging of chromatin (Finch and Klug, 1976; Carpenter et
al., 1976; Ris and Kornberg, 1979; Worcel, 1978; Butler and Thomas, 1980).
Finch and Klug (1976) have proposed a solenoid model for the compaction of
the 100A nucleosome filament into higher ordered structures where
nucleosomes, when arranged into solenoids, have about 6.7 nucleosomes per
turn with a pitch of 110A. They have proved experimentally that the 100A
filaments wind into a helical or coiled structure to form 200-300A& fibers,
then subsequently coil again to form supercoils of some 400-500A diameter.
However, Finch and Klug's proposal was based on their studies of the
reconstituted chromatin in the presence of magnesium ions. This idea was
strongly supported by Thoma, Koller, and Klug (1979) in an extensive study
demonstrating the effect of varying the monovalent and divalent ion
concentration on chromatin structure. They also demonstrated that Hl was

the key to formation of the 250A& solenoidal structure (the nonhistone
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proteins in their preparations were conveniently ignored). By the use of
neutron scattering techniques on chicken erythrocyte chromatin, it was
suggested that nucleosomes placed in buffers of increasing ionic strength
pack into supercoils of 340R diameter (Suau, Bradbury, and Baldwin, 1979;
Butler and Thomas, 1980). The major drawback to these studies is that the
DNA in the chromatin has been cut either with endogenous or added
nucleases; this allows the DNA double helix to turn freely in space and may

result in the solenoidal type compaction of the chromatin.

Morphology of the Spermatozoon

The structure of the spermatozoon has been well documented since 1897
by many studies wusing light and electron microscopic techniques (Meves,
1897; Retzius, 1910; Bowen, 1924; Gatenby and Woodger, 1921; Wilson, 1925).
These early investigators reported a great deal of valuable information
about its morphology using the light microscopy. In most eukaryotes the
mature sperm is a flagellated motile cell (Fawcett, 1958); it consists of a
head and tail joined by the neck as shown in Fig. 1. The tail consists of
a middle piece, principal piece, and end piece. In the sea urchin,

Strongylocentrotus purpuratus, the head is cone-shaped (conoid) with the

base of the cone associated with the axoneme. The head is composed almost
entirely of the nucleus, and it has compact intensely basophilic chromatin
(heterochromatin) surrounded by a bilaminar nuclear envelope. The apex of
the head has an indentation - the acrosomal fossa, a derivative of the
Golgi complex which contains enzymes and polymerizable actin (Metz, 1932;
Afzelius, 1955; Fawcett, 1975; 1981) which are important in sperm
attachment and membrane fusion with the ovum during the early stages of
fertilization., The base of the nucleus is indented to form the centriolar

fossa which contains the proximal centriole and the proximal end of the
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basal body; this area is termed the neck region. The middle piece has the
typical structure of a flagellum (Fawcett and Porter, 1954; Fawcett, 1968)
and prominent mitochondria. The principal piece is the longest part of the
tail; it has an axial bundle of microtubules surrounded by a fibrous
sheath. The end piece is relatively short and has the typical structure of
a flagellum (Fawcett and Porter, 1954). The entire sperm is surrounded by
a plasmalemma or cell membrane (Fawcett and Ito, 1965) which is
characteristically highly granular in the region of the mid piece as viewed

by freeze-fracture (Koehler, 1970).

The Sperm Nucleué

By 1light microscopic analysis (Retzius, 1910), the mature sperm
nucleus is seen to be composed of a densely packed mass of chromatin
(heterochromatin) of which the protein component is highly basic (Hamer,
1955; Bloch, 1969; Simpson and Bergman, 1980). In 19249 Wislocki examined
the rat sperm head by histochemical and light microscopy methodology. He
concluded that the sperm head (containing the nucleus) is highly basophilic
and its chromatin is composed mainly of DNA, lacks RNA, and contains some
lipids probably in the nuclear sheath.

The development of the electron microscope (EM) caused a great deal of
excitement for biological scientists who thought they would be able to
determine the structural organization and composition of cells, as well as
their included nuclei. Initial EM studies began approximately three
decades ago using whole mounts of nuclei either air dried followed by
staining with osmium tetroxide or with heavy metal coating (Randall and
Friedlaender, 1950; Schnall, 1952). The major difficulty with the above
mentioned procedures was that the electron beam was unable to penetrate

those nuclei with any degree of efficiency. Thin sectioning, dehydration,
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and omission of washing after fixation (Watson, 1952) gave better results,
yet the sperm nuclei still appeared as electron opaque structures, leading
to a general feeling that chromatin structure would be unattackable by this
type analysis (Friedlaender, 1952).

Freeze—fracturing techniques followed by analysis of the replicas
resulted in reports that there was a granularity within the sperm head
(Randall and Friedlaender, 1950; Koehler, 1970; Wilkins and Randall, 1953).
Afzelius (1955) reported that granules (chromatin beads?) were present in

sperm nuclei of the sea urchin (Stronglocentrotus drobachiensis) and that

they were linearly arranged and had a mean diameter of 100A. However,
doubts surrounded this conclusion due to the fact that published
micrographs lacked sufficient resolution and clarity, plus there was
concern about possible artifacts due to a lack of understanding of
fixation. In 1968, Lung studied whole mounts of human sperm chromatin by
electron microscopy and reported 140-240A diameter fibers with 200-400A
nodes along those fibers. Solari (1968) used spreading techniques,
developed by Gall (1952) and Ris (1966), to study sperm nuclear chromatin
and the effects of varying ionic strength on the morphology of chromatin
fibers. Solari did not demonstrate nucleosomes, but he did report 2504
granules and 30A fibrils.

In mammalian spermatozoa, chromatin analysis is complicated due to the
presence of disulfide cross bridges; however, Tsanev and Avramova (1981)
studying ram sperm nuclei demonstrated that chromatin fibers contained
nucleosomal-sized beads and the sperm DNA may be organized into domains
fixed by nuclear skeleton proteins. In 1979, Wagner and Yun reported that
human sperm chromatin may be composed of spherical units of 400A and 1504

diameter. Sperm nuclear chromatin of the sea wurchin (Paracentrotus
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lividus) is organized into nucleosomes (Spadafora et al., 1976a; Zentgraf,
Muller, and Franke, 1980), and it is indicated that the nucleosomes are
further packed into superbeads having a diameter of 400-500A (Zentgraf,
Muller, and Franke, 1980). tnlike the eutharian spermatozoa, these sea
urchin sperm nuclei do mnot utilize disulfide bonds as a means of
maintaining the compact configuration of their chromatin; hence
decondensation in vivo or in vitro does not require agents which disrupt
sulfur-sulfur crosslinké (eg. B-mercaptoethanol or dithiothreitol). Sea
urchin sperm nuclear chromatin is composed of DNA, non-histone proteins
(approximately 20%, Kunkle, Magun, and Longo, 1978b), and histones. The
sea urchin sperm histones are classified as H1, H2A, H2B, H3, and H4; yet,
Hl, H2A, and H2B are different from embryonic and somatic cell histones
(Strickland et al., 1974, 1977a, 1977b, 1982; Arceci and Gross, 1980),
while histones H3 and H4 are essentially identical to somatic histones H3
and H4 (Simpson and Bergman, 1980). Histone H1 1is both larger and more
basic than that of embryonic (Carroll and Ozaki, 1979) and somatic cells
(Keichline and Wasserman, 1977).

Despite these differences, Simpson and Bergman (1980) have shown that
sea urchin sperm chromatin is organized at the most basic level in the form
of nucleosomes. This indicates that the variability in the histones H2A
and H2B may be less important than the similarity in the histones H3 and H4
as far as the basic conformation of the nucleosome is concerned. Further
studies on the compaction of these nucleosomes have not been carried out,
other than the description that there appcar to be superbeads present in
dispersed sea urchin sperm nuclei (Zentgraf, Muller, and Franke, 1980;

Spadafora, Noviello, and Geraci, 1976b).



OBJECTIVES OF THE STUDY

The goal of this study is to determine the means of packaging the

inactive chromatin within sperm nuclei of the sea urchin Strongylocentrotus

purpuratus by electron microscopic techniques.

This goal will be met by obtaining information in the following areas:

1. What is the size of nucleosomes in sea urchin sperm chromatin?

2. How are the nucleosomes packaged in the sea urchin sperm nuclei?
Are they packaged in the form of: filaments, coils, beads, or éome other
structures?

3. What is the mode of chromatin transformations from one structure to
another?

4, What is the protein composition of the superstructures seen in

Strongylocentrotus purpuratus sperm nuclei?
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MATERTALS AND METHODS

Isolation of Sperm Nuclei

The method of Kunkle et al. (1978a, 1978b) was used to isolate the
sperm nuclei, All procedures were carried out at 4°C unless otherwise
specified and all solutions contained 1mM phenylmethyl sulfonyl fluoride
(PMSF) to inhibit serine-type proteases.

Sea urchins (Strongylocentrotus purpuratus) were injected with 0.5 M

KCl to identify their sex, The testes were collected on ice, diced, and
filtered through four layers of cheese cloth. The filtrate was cooled at
4°C for thirty minutes and then suspended in two volumes of 0.2% Triton
X-100 in artificial sea water (Hawaiian Marine Imports or Instant Ocean),
homogenized with a Teflon pestle and subsequently centrifuged at 1,000xg
for ten minutes to pellet crude nuclei. The pellet was suspended in NHS
(0.25M Sucrose - 10mM Tris - 10mM CaCly - 0.1% Triton X-100 - ImM PMSF - pH
7.5) and mixed by vortexing. Nuclei were pelleted by centrifugation at
1,200%xg for ten minutes, The resulting crude nuclear pellet was
resuspended in NHS and treated as in the previous step. The pellet was
suspended by vortexing in a small volume of NHS and layered on 30ml of 1.5M
sucrose — 10mM Tris pH 7.5 in a 50ml centrifuge tube and centrifuged at
1,500xg for fifteen minutes. The supernatant was removed by aspiration and

the final pellet contained sperm nuclei lacking a nuclear envelope.
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TABLE 1
Isolation of Sea Urchin Sperm Nuclei
Mature spermatozoa

suspend in 2 vol. of .2%
Triton X~100 in sea water

Homogenize
Centrifuge at 5,000 rpm for

10 min,
|

supernatant I Pellet T

(pour off) suspend in 2 vol. NHS
vortex vigorously
centrifuge at 1,200%g

for 10 min.
supernatant II Pellet II
(pour off) suspend in 2 vol. NHS

vortex vigorously
centrifuge at 1,200 rpm

for 10 min.
supernatant III Pellet IIX
(pour off) suspend in 2 mI. NHS
vortex

layer over 1.5 M sucrose
centrifuge at 15,000Xg
for 15 min.

supernatant IV Pellet 1V
(aspirate) purified sperm nuclei)

12
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Nuclear Swelling and Chromatin Spreading

Isolated nuclei were suspended in 10 ml of 1 mM ethylene diamine
tetraacetic acid (EDTA) pH 7.5 and centrifuged at 1,250 xg for ten minutes.
The pellet was resuspended in 20 to 25 volumes of 1 mM EDTA and aliquots
were taken between ten minutes and four hours (every thirty minutes tubes
were gently inverted to enhance 1lysis of nuclei). Some aliquots were
centrifuged through a fixative containing 3.4% sucrose - 3,77
paraformaldehyde onto formvar-carbon-coated grids. They were washed in
0.5% Photoflo-200 (Eastman Kodak), stained with 1% phosphotungstic acid
(PTA) or 1% uranyl acetate in 2 mM MgCl)y, dehydrated in 95% ethanol, and
allowed to air dry (Miller and Bakken, 1972). Subsequently, some grids
were coated with platinum-palladium (80:20) at an angle of 4°-6°. Some
grids were negatively stained with 2% PTA prior to examination with a

JEOL-100CX electron microscope.

Transmission Electron Microscopy (TEM)

Sperm nuclei, after various periods of time in I1mM EDTA, were fixed in
27 gluteraldehyde -~ 50mM sodium cacodylate pH 7.4 or 1mM EDTA for two hours
or overnight, After fixation, specimens were washed three times in the
appropriate buffer and postfixation was carried out for sixty minutes in 1%
osmium tetroxide in cacodylate buffer or ImM EDTA. Subsequently, nuclei
were dehydrated in ethanol, infiltrated, and embedded in Epon 812. Gold to
silver sections were cut with an MI-2B (Sorvall) and stained with 2% uranyl
acetate in 507 alcohol followed by 1lead citrate (Reynolds, 1963).
Specimens were examined by electron microscopy and photographs were taken.
Using the goniometer on the JEOL-100CX, stereoscopic pictures were taken at

angles between =5° and +5°,. Measurements of chromatin superbeads,
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filaments, and nucleosomes were done on photomicrographs with a magnifying

ocular lens.

Scanning Electron Microscopy (SEM)

Sperm nuclei were swollen or 1lysed, fixed, and centrifuged onto
formvar-carbon-coated grids as in the chromatin spreading technique. The
grids with chromatin were divided into three groups. The first group was
processed for SEM after simple dehydration with 95% ethanol. The second
group was lyophilized overnight and the third group was critical point
dried from acetonitrile in a Balzer critical point dryer. The samples were
sputter coated with 100-2008 of gold-palladium in a Technics Hummer V
Sputter Coater. Examination of the material was done using a JEOL-100CX

TEM-SCAN high resolution scanning electron microscope with an accelerating

voltage of 20 or 40KV.

Isolation of 400A& Units

Nuclei swollen or lysed in 1mM EDTA were digested with DNase I for
short periods of time in order to obtain fragments of chromatin for
morphological and biochemical analysis. After various intervals (one-four
hours) of lysis in EDTA the suspension containing nuclei and chromatin was
centrifuged at 5,000xg for ten minutes and the supernatant was discarded.
The pelleted material was suspended in 0.25M Sucrose - 5mM magnesium
acetate — 10mM Tris pH 7.5 at approximately Img DNA/ml and allowed to
temperature equilibrate between 4° and 24°C, At that time DNase I was
added to a final concentration of 100pg/ml and digestion was allowed to
proceed for times ranging from ten minutes to overnight. Histones H2A and
H2B decrease the susceptability of this chromatin to nuclease digestion
(Simpson and Bergman, 1980), thus the longer incubation time. Digestion

was stopped by addition of EDTA to a final concentration of 10 mM and
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placing the aliquots on ice. For analysis of chromatin size, 400-1000ul
aliquots of digested material were layered on linear sucrose gradients of
10% to 307% sucrose containing 50mM NaCl - 10mM Tris pH 7.5. Sucrose
gradients were run at 28,000 rpm for one hour then 8,000 rpm overnight in a
Beckman L5-75 centrifuge using a SW 28.1 rotor, The gradients were
mechanically fractionated by using an ISCO model 185 fractionator.
Absorbance of fractions was monitored at 254nm with an ISCO UA-5 monitor
and recorder. Fractions (1/2ml) were collected and 10-100pl aliquots were
processed for electron microscopy as previously described for chromatin

spreading.

Protein Extraction

Fractions of 0.75ml were collected from the 10-30% linear sucrose
gradients for this study. The gradients were divided into four groups
according to the peaks recorded by the spectrophotometer. Tubes from the
same portion of several gradients were pooled for the purpose of securing
sufficient material for protein analysis.

Protein was extracted three times by using cold 0.25N hydrochloric
acid (HCl). Chromatin was suspended in HCl, allowed to sit on ice with
intermittent mixing for thirty minutes; and then centrifuged at 7,000Xg for
ten minutes. The pellet was resuspended in HCl and treated as described
above. Ten percent trichloroacetic acid (TCA, 50% stock solution) was used
to precipitate protein from the three combined extractions. The
unextracted material from the final pellet was analyzed for both protein
(Bradford, 1973) and DNA (diphenylamine reaction).

In a control experiment to compare the protein constituents of sperm
nuclei with the protein loss from nuclei during 1lysis, the following

procedure was performed: frozen nuclei were divided in half. One half was
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kept on ice while the other was placed in 1lmM EDTA to lyse the nuclei.
After four hours the 1lysed nuclei were centrifuged at 7,000Xg fo; 15
minutes. The resulting pellet of chromatin (and some nuclei) and the
unlysed nuclei (conoid) were extracted for protein as described above. The
supernatant, along with any released proteins, was made 10% in TCA, placed
in the refrigerator (4°C) overnight, and the protein pelleted at 7,000Xg
for fifteen minutes the next day. The three protein fractions (control
nuclei, lysed nuclei, and supernatant from lysed nuclei) were analysed for

protein composition as described below.

Sodium Dodecylsulfate (SDS)-Gel Electrophoresis

For the purpose of electrophoresis, 1-2 ml of 1% SDS (sodium dodecyl
sulfate) - 17 B-mercaptoethanol was added to the TCA-precipitated material.
The samples were heated to 100°C for two minutes, and then dialyzed against
SDS-sample buffer (0.25M Sucrose - 10mM sodium phosphate - 0.1% SDS - 1%
R-mercaptoethanol - pH 7.2) overnight, Dialyzed protein samples were
either electrophoresed fresh or frozen until use, Protein samples were
analyzed on one-~dimensional SDS-polyacrylamide slab gels, by modifications
of the procedures of Laemmli (1970) and LeStourgeon and Wray (1974).
Polypeptides extracted were analyzed on 8.75%, iZZ, 18%, and/or 5-12%
linear gradient gels.

After migration of the bromophenol blue to the bottom of the gel, the
resulting gels were placed in 0.1% Coomassie brilliant blue R-250 - 45%
methanol - 107 acetic acid and allowed to stain overnight. Gels were then
destained in 7.57% acetic acid until the background was clear. The silver
stain procedure was carried out as per the "Bio~Rad"” instructions for gels

of greater than lmm thickness.
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EM of Different Fractions of Sucrose Gradients.

Duplicate samples of chromatin material were subjected to both
electron microscopy and electrophoresis in order to compare the
morphological aspects of the different fractions of sucrose gradient with
the biochemical composition of those fractions. Aliquots measuring
100-200ul of the four different fractions of sucrose gradient were
centrifuged onto formvar—-carbon-coated grids and processed for electron

microscopy as was carried out in chromatin spreading.



RESULTS

Thin Sections of Sperm Nuclei

Thin sections of intact mature sea urchin sperm nuclei processed for
transmission electron microscopy, without treatment with either Triton
X-100 or low ionic strength buffer (lmM EDTA pH 7.4), show that the nucleus
is completely occupied by chromatin, This material appeared tightly
packed, darkly staining and electron dense, and is called condensed or
heterochromatic chromatin (Figure 2). TFigure 2 also reveals the different

components normally seen in the mature sea wurchin (Strongylocentrotus

purpuratus) spermatozoon., The spermatozoon is surrounded by a cell
membrane or plasmalemma (P). The centriolar fossa (CF), the sperm
mitochondria (SM), and the axoneme (T) are also visible in this figure (2).
While the intact mature sperm nucleus has a nuclear envelope (NE) which
completely surrounds the nucleus, no remnants of the nuclear envelope
appear in the micrograph of isolated sperm nuclei (Figure 3); this is a
reflection of the use of Triton X-100 in the nuclear isolation procedure.
The purified isolated sperm nuclei showed a morphological appearance of the
chromatin identical to that of the mature intact (whole) spermatozoa
(compare Figures 2 and 3).

It is impossible to measure the constituent chromatin units of intact
sperm and 1isolated nuclei, Therefore, the procedure for attempting
measurement of chromatin constituents was to remove the nuclear envelope

with Triton X-100 and swell the nuclei by incubation in 1mM EDTA at pH 7.5
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for intervals ranging from 10 to 240 minutes so that the chromatin
organization could be visualized by electron microscopy. This procedure is
relatively "mild" in that it seems to retain the morphological relatiomship
betﬁeen the chromatin components in the early stages of nuclear swelling;
therefore, it allows the chromatin to disperse in a fairly controlled
manner, The granulofibrillar appearance of the chromatin in these swollen
nuclei becomes strikingly obvious by the use of this technique,
Photomicrographs of final magnification between 25,000X and 120,000X were
used to measure the chromatin subunit sizes by means of a scaled magnifying
ocular lens 0.lmm/division, (Bausch and Lomb). The measurements were
obtained from at least five different experiments, each comprised of a
minimum of 25 subunits. The mean and the standard deviation (S.D.) were
calculated for each; the final results represent the mean of these
readings. In Figure 4 the sperm nuclei were incubated for only ten minutes
in 1lmM EDTA prior to processing for electron microscopy, and the chromatin
is visualized as being in the form of 400A-500A thick filaments. At this
stage of dispersion it is not possible to determine any further
substructure of the chromatin due to the compact configuration. Allowing
chromatin dispersion to proceed for a longer period of time (thirty
minutes) permits one to see that the 400A filament is composed of subunits
(Figure 5). These structures appear to be spherical and have a diameter of
4008-500A which corresponds to the diameter of the filaments seen at the
earlier stage of nuclear swelling,

Figure 6 is a section through a sperm nucleus at about the same stage
of swelling as in the previous figure (5); however, several things should
be noted. First, around the periphery there are areas which do not appear

to have been dispersed (arrows). Second, this preparation was made with
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nuclei which had not been as extensively purified as is normally done; here
one can see portions of the axonemes in the field of view which indicates
that the spreading conditions do not appear to be unduly harsh. In
addition, after incubation of sperm nuclei in low ionic strength buffer for
up to four hours, there was no noticable reduction in the presence of
protein bands which might be due to proteolysis as seen on one dimensional
SDS—-polyacrylamide gels., This is most probably due to the fact that all
isolation and incubation buffers contained phenylmethyl sulfonyl fluoride
(PMSF) which inhibits serine-type proteases (James, 1978).

Incubation of isolated sperm nuclei for longer periods of time (sixty
minutes) allowed the chromatin to disperse to an even greater extent
(Figure 7) and it is possible to see that the spherical structures which
were just barely visible in Figures 5 and 6 have become quite obvious at
this point. In addition, at the arrows, one is able to see that there are
thin strands of chromatin interconnecting the 400A spherical granules. One
other finding that is demonstrated on this Figure is that some of the
isolated sperm nuclei are refractive to the swelling process and do not
enlarge. In control experiments isolated sperm nuclei were dialyzed
overnight against a large excess of 1mM EDTA with three changes of the
buffer (100-fold excess per change). Analysis of the resulting chromatin
by light and electron microscopy demonstrated that some nuclei remained in
the compact conoid configuration. At present there is no reasonable
explanation for this observation,

Figure 8 is a survey view of sperm nuclei which have been incubated in
low ionic buffer for approximately ninety minutes. The majority of the
chromatin appears in the form of superbeads (spherical granules) with some

scattered membranous vesicles and an occasional portion of an axoneme,
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Fields similar to this were used to determine the size of the spherical
structures; the superbeads were seen to average 414A in diameter with a
standard deviation of *60A. If the sperm nuclei (Figure 9) were allowed to
swell for two hours one could see more clearly the organization of the
chromatin within the sperm nuclei. The superbeads are seen as irregular.
spherical structures, some of which have not separated to the same extent
from one another as others (see arrowheads, Figure 9). Also, one is able
to see that the intefconnecting chromatin (arrows) is 112A in width (S.D.
of *13A). In none of the spread preparations has an intermediate structure
between the superbead and the 112R& chromatin fiber been observed. Figure
10 demonstrates the interconnecting chromatin fibers (arrows) more clearly;
one can see that the fiber has a series of central electron lucent areas
which are circular in structure. Where these 112A fibers are clearly
visible, one sees electron lucent areas of about 32A in diameter (S.D. of
*6A). These clear areas in the 112A& fiber have been visualized only in
material which has been thin sectioned prior to examination with the
electron microscope. Material spread onto grids and visualized by high
resolution transmission and scanning electron microscopy has failed to
demonstrate this chromatin substructure. Also, in none of the preparations
examined was there any evidence for a clear or electron lucent area in the
central region of the superbead. This in itself argues against the idea
that a solenolid or coiled form of the 112RA fiber is present in this
chromatin.
Stereopairs  were used to demonstrate the three-dimensional
architecture of the superbeads. Sperﬁ nuclei which had been incubated in
low ionic buffer for ninety minutes were processed for electron microscopy

and photographs were taken at varying tilt angles. Figure 11 is a
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stereopair; plate A was taken at an angle of +3 degrees while plate B was
taken at a tilt angle of -3 degrees. This pair demonstrates the
three-dimensional organization of the superbeads and gives one an
understanding of the organization in space. Figure 12 also demonstrates
the organization of the superbeads and one is able to see the close packing
of the beads to form filaments., The tilt angle in this figure (12) is omnly

5 degrees (0 to -5) whereas the previous plate was 6 degrees.

Chromatin Spreading

Isolated sperm nuclei were incubated in low ionic strength buffer
until the chromatin was partially or completely lysed. Several)different
lysis procedures were tried (use of alkaline water - pH 9 or 2mM potassium
chloride) but none were as effective as the use of ImM EDTA as the lysis
medium. After lysis, samples were centrifuged onto formvar-carbon-coated
grids and stained. Flectron microscopic examination of positively stained
chromatin, using phosphotungstic acid (Figure 13), revealed an apparently
intertwining mass of chromatin which demonstrated a typical
beads-on-a-string appearance as seen in interphase nuclei. The beads are
the nucleosomes which are 90A-100A in diameter. This is the typical size
range for nucleosomes as seen in other systems, The internucleosomal
spacer chromatin ranged in diameter from 20A-25A. The distance between
nucleosomes was quite variable and probably reflected differing ‘degrees of
stretching forces on the individual chromatin fibers.

To improve the contrast of the chromatin and superbeads the lysed
sperm nuclei when spread on grids were stained and subsequently coated with
a thin layer of platinum:palladium (80:20) by vacuum evaporation at 1 x
1075 torr. Figure 14 demonstrates the appearance of a typical spread

preparation using this procedure. The average size of the nucleosomes seen
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by this procedure was 132 (S.D. * 22A) and the width of the interconnecting
chromatin fibers was 38R (S.D. + 9&8). The difference in size seen by this
procedure as compared to the positively stained chromatin is a reflection
of the thickness of the metal coating deposited on the chromatin. Thus the
metal coating on the chromatin is approximately 21A thick (42A/2); the
difference in thickness of the internucleosomal chromatin is only 94
(18&/2). The internucleosomal fiber is apparently hidden from the metal
source by the adjacent nucleosomes as the platform is rotated; thus less
metal is deposited here (the metal source is located at a very low angle of
4 to 6 degrees from horizontal). In this type preparation the spacing
between nucleosomes is also quite variable; as one can see the range is
from essentially no spacing to 200& (arrows). This, again, is felt to be
due to the various forces imposed on the individual fibers as they are
centrifuged onto the electron microscope grids. Figure 15 is a higher
magnification photomicrograph of chromatin from lysed nuclei which have
been positively stained with phosphotungstic acid and shadowed with
platinum:palladium (80:20) here one is able to see the nucleosomes
(arrowheads) and the variable degree of spacing (arrows) between the
nucleosomes. Lysed nuclei negatively stained with phosphotungstic acid
(Figure 16) demonstrated spherical structures; however, the diameter was
quite variable and did not fall into the size range expected for either
nucleosomes or superbeads. The average size was 185A (S.D. * 25R). This
probably represents superbeads which have too much negative stain on them
so that the stain encroaches on the periphery of the spherical structures
and decreases their apparent size, since it does not allow electrons to

pass through it. Another problem in measuring material visualized by
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negative staining is that the borders of the spherical structures are not

sharply delimited, making definition of the lateral limits tenuous.

Scanning Electron Microscopy

Sea urchin sperm nuclei were placed in low ionic buffer and allowed to
swell. After ten minute time increments aliquots were taken out and
centrifuged onto formvar-carbon-coated grids through 3.4% sucrose-3.7%
paraformaldehyde. The swollen sperm nuclei were then critical point dried
from acetonitrile. Finally, a coating of gold was deposited on the nuclei
with a sputter—coater prior to examination with a JEOL-100CX STEMSCAN.
Chromatin dispersion was generally seen to begin at one discrete point on
the surface of the nucleus (Figure 17). This figure (17) demonstrates not
only the initial decondensation of the chromatin (arrow) but also the
visibility of the centriolar (CF) and acrosomal (AF) fossae. The diameter
of the extruding chromatin fiber is 500A. By scanning electron microscopy
a later stage in swelling of the nuclei is seen in Figure 18, which shows a
fiber of chromatin coming out of the nucleus and the convoluted surface has
chromatin beginning to spill out of the confines of the nucleus
(arrowheads). In addition, this figure (18) shows that a portion of the
sperm axoneme (T) is left on the sperm head and also that the acrosome is
visible (A) at the apex of the nucleus.

Figure 19 shows a sperm nucleus which in this case was centrifuged
onto a filter prior to critical point drying. Here one sees that the
surface is extensively convoluted with portions of chromatin fibers
400R-5008 in diameter. In some areas (arrows) one can see profiles of
slightly elongated appearing chromatin. Figure 20 1is a view from the
posterior aspect of the spermatozoa demonstrating the dispersion of the

chromatin fibers; one can see numerous profiles of 450A-500A fibers on the
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surface of this nucleus (arrowheads). Figure 21 demonstrates by scanning
electron microscopy several nuclei which are in various stages of
dispersion. At the arrows one sees a 400A-500R fiber coming out of the
nucleus iabeled IT. The other two nuclei in the field have a convoluted
surface, but it is difficult to determine whether chromatin fibers are
eminating from them, Figure 21 demonstrates the latest stage in nuclear
lysis where use of the scanning electron microscope 1is helpful in
observation of the dispersing chromatin. Figure 22 shows several nuclei at
a later stage in the lysis procedure and the chromatin fibers range widely
in diameter and in many instances appear to be composed of several fibers

which have collapsed on one another (arrows).

Isolation of Superbeads from Digested Sperm Nuclei

Sperm nuclei which had been swollen in low ionic strength buffer were
digested with deoxyribonuclease I in an attempt to release superbeads from
the swollen nuclei. Nuclei were digested for varying lengths of time (ten
minutes to overnight with temperatures ranging between 4 and 24°C) in
attempts to release the individual superbeads. It was found that
incubation of swollen nuclei for thirty minutes at 20°C gave maximal
digestion of chromatin to superbeads. To separate superbeads from the
remainder of the chromatin and swollen nuclei, the digestion process was
terminated by the addition of EDTA to a final concentration of 10mM. The
digestion mixture was centrifuged at 2,000xg for ten minutes to pellet
undigested nuclei and chromatin; the resulting supernatant was layered on a
sucrose gradient to fractionate further the digested material.

Various sucrose concentrations were tried in attempts to obtain a
useful separation of the various chromatin fragments. The gradients ranged

from 5%-20% to 15%-60% in sucrose concentration. It was found that best
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resolution of chromatin fragments was obtained on gradients of 10%-30%
sucrose concentration. It was also necessary to vary the sodium chloride
concentrations so that the chromatin did not unfold in the gradient as it
was being centrifuged. The optimum NaCl concentration was found to be 50mM
and this was utilized for gradients in which both the morphology and
protein composition of the various fractions were determined. However, to
preserve best the wultrastructural characteristics of the chromatin,
gradients were formed with 1% formaldehyde in the gradient; use of this
cross-linking agent did not allow further analysis of the proteins
associated with these nuclei. Figure 23 demonstrates a typical absorbance
profile from a preparation which began with 20 Apgg units of chromatin in
the digestion buffer, with approximately 8 Aggo units of chromatin were
loaded onto the gradient. The gradients were centrifuged overnight
(sixteen hours) at 4°C centigrade in an SW-28 rotor spinning at 28,000 rpm
for the first hour and then at 8,000 rpm for fifteen hours. After
centrifugation gradients were fractionated on an ISCO 185 gradient
fractionator and the absorbance profile is as seen in Figure 23. The
majority of the chromatin was found in the first ten fractions of the
gradient, while some of the material sedimented to the bottom region of the
gradient (fractions 23-26). Each 1mL fraction was initially individually
analyzed by electron microscopy in attempts to find the fraction or
fractions enriched in superbeads. Previous investigators have found that
the superbeads have been found on similar gradients in the region of the
leading shoulder of chromatin at approximately fractions 7-10 in this
figure (23, e.g., Hozier, Renz, and Nehls 1977). In this shoulder region
it was found that there was an enrichment of superbeads in the fractions

but in no fraction was there a relatively "pure" population of superbeads.
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The fractions were pooled as indicated in Figure 23 and analyzed
morphologically and biochemically (for protein composition only). Region I
of the gradient was composed of fractions 1-5 and morphologically was seen
to be composed of fibers of chromatin which were highly dispersed. The
chromatin varied in packing from apparent superbeads to fibers of chromatin
which contained no visible nucleosomes (Figure 24). The second region of
the gradient (fractions 6-10) was the region which contained an enrichment
of superbeads although it was b& no means a fraction which was composed
predominately of superbeads (Figure 25). loading varying amounts of
material on the gradients did not have an effect on the mixture of
chromatin and superbeads in the various fractions, especially region 1II of
the gradients. It was felt that the superbeads form aggregates as they are
digested and do not separate into distinct entities until after they are
centrifuged onto electron microscope grids and washed in Photo-flo 200
(Kodak). The third region of the gradient (III) including fractions 11-22
appeared to contain no A5, absorbing material. The final region of the
gradient (region IV, Figure 23) included the fractions 23-26. By electron
microscopic analysis, the material found in region IV can be seen in Figure
26. The chromatin was seen to be partially dispersed and included many
dense aggregates of material which appeared to be only minimally acted upon
by the endonuclease DNA'ase I. In this figure only a few scattered
superbeads could be found (arrows) as well as only a minimal number of
nucleosomes (arrowheads).

Electrophoretic analysis was carried out on the four regions of
sucrose gradients as divided in Figure 23 to determine whether there were
any differences or similarities in the proteins associated with the

chromatin. This was done because it was felt that possibly the chromatin
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was being fractionated or digested differently by the DNA'ase I due to a
differing protein composition. Figure 27 is a photograph of an
SDS-polyacrylamide gradient slab gel with the acrylamide in a linear
concentration range from 5% at the top to 12% at the bottom of the gel.
Lanes 1, 2, 3, and 4 of Figure 27 represent the protein profiles of
material extracted from the chromatin found in each of the four
corresponding regions of sucrose gradients as seen in Figure 23. One will
note that lanes 1 and 2 are very similar in polypeptide profiles except
that region I chromatin (Lane 1, Figure 27 vs. lane 2) has much more silver
staining material in the region of the gradient above 70,000 apparent
molecular weight than does the chromatin located in the second region of
the gradient (II). In addition to the histones which run at the bottom of
the gel in this figure, there are three polypeptides found in relatively
high concentration in both lanes 1 and 2, and they have an apparent
molecular weight of 68,000, 59,000, and 58,000. Lane 3 (Figure 27), even
with the use of a silver stain which has an apparent sensitivity of 10 ng
per band (10-50 fold more sensitive than Coomassie brilliant blue R-250
staining), fails to demonstrate a polypeptide profile which is different
than the previous two regions of the gradients. Region IV of the sucrose
gradients as seen in lane 4, Figure 27, is seen to have a preponderance of
polypeptides which barely enter the gel (the smear at the top of the lane)
with few proteins in the molecular weight region of less than 68,000.
Figure 28 is a micrograph of a 127 SDS-polyacrylamide gel which
demonstrates the core proteins which are associated with sea urchin sperm
nuclei when isolated by the procedure detailed in the Materials and
Methods. In lane 1 (Figure 28) are three of the four core histones

isolated from rat liver chromatin; in lane 2 are the total proteins which
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are extracted from sperm nuclei with 0.25N HCl. The four histones are
slightly different from those of rat liver in that histones H2a and H2b
have different mobilities in this system and by sequence analysis
(Strickland et al., 1974, 1977a, 1977b, 1982) are quite different in
portions of their length. Also there is the presence of several
electrophoretic forms of histone Hl as seen in this figure (28).

One of the questions of interest was, "During the swelling and lysis
procedure, are there any proteins that come off of or are released from the
chromatin and nuclei into the supernatant?” Frozen sperm nuclei were
thawed on ice and divided into two aliquots., One was used for extraction
of total protein while the other was placed in ImM EDTA pH 7.5 to 1lyse the
nuclei. After three hours in lysis buffer the swollen and lysed nuclei
were centrifuged at 7,000xg for fifteen minutes to pellet the chromatin and
nuclei. The resulting supernatant material was precipitated by addition of
TCA to 107%. Three percent of the protein was released from the sperm
nuclei during this 1lysis procedure and it appeared not to be a general
release of all proteins from these nuclei (Figure 29). There are many
polypeptides which are found in the supernatant yet two of the major
proteins are seen as those which migrate in the molecular weight range of
59,000 and 58,000 daltons. Also, many of the higher molecular weight
polypeptides are found in the supernatant after 1lysis yet they do not
appear in high enough individual concentration to be visualized as discrete

bands (Figure 29).
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This study of sperm nuclear chromatin is meant to investigate and
determine the means of packaging of chromatin at levels above that of the
nucleosome, There is a great deal of controversy concerning the means by
which chromatin is packed. Convincing evidence is presented by at least
two laboratories which leads to different interpretations of how chromatin
is packaged in the nucleus (Finch and Klug, 1976; Hozier, Renz, and Nehls,
1977). It was felt that by asking specific questions about a nucleus,
which has a fairly well defined composition and contains only one type of
chromatin, one might be able to make definite statements concerning the
chromatin configuration. The questions which were asked to determine the
organization of chromatin were: (1) Are nucleosomes arranged in larger
units which can be visualized by electron microscopy? (2) Is it possible
to isolate these units from nuclei for further investigation? (3) Are
these units further packaged into larger structures within nuclei? (4) 1Is
there another group of proteins that may share with histone HI the
responsibility in maintaining the higher order structure of these units?
One problem which was felt to add confusion to the previously published
reports is that there has essentially been no regard given to the fact that
within a typical interphase nucleus one finds a nucleolus, inactive
(hetero-) chromatin, and dispersed (active or eu-) chromatin (Fawcett,
1981). To circumvent this problem, nuclei from the sea urchin

Strongylocentrotus purpuratus were used in this investigation, These

nuclei have nucleosomes which are similar to those seen in interphase

30
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somatic cell nuclei (Simpson and Bergman, 1980). In addition, the
chromatin is packaged within the nuclei without the cross linking of
cysteine residues in the histones., This allows the chromatin to be swollen
in the presence of iow ionic buffers without either pB-mercaptoethanol or
dithiothreitol. Yet most important is the fact that these nuclei are
composed of condensed or heterochromatin without either euchromatin or
nucleoli, Thus, when looking at chromatin spreads one has only to consider
that all the chromatin is derived from one population that being inactive
chromatin.

Recent investigations have suggested and there is fairly good
agreement that the basic unit of chromatin packaging above that of the
nucleosome is the 100AR fiber which is composed of nucleosomes (Mazia, 1954;
Zirkin and Wolfe, 1972; Olins and Olins, 1974; Oudet, Gross-Bellard, and
Chambon, 1975; Benyajati and  Worcel, 1976; Woodcock, Safer, and
Stanchfield, 1976; Adolph, Cheng, and Laemmli, 1977; Hozier, Renz, and
Nehls, 1977; Becak and Fukuda, 1978; Carter, 1978; Thoma, Koller, and Klug,
1979; Adolph, 1980a; Labhart and Koller, 1981).

The question concerning the way in which 100A fiber is further
compacted in an organized manner within the nucleus has produced
conflicting data (Gall, 1952, 1963; DuPraw, 1966; Pardon and Wilkins, 1972;
Carpenter et al., 1976; Griffith, 1976; Evans, 1977, 1979; Evenson et al.,
1978; Felsenfeld, 1978; Franke et al., 1978; Bonner, 1979; Butler and
Thomas, 1980; Gusse and Chevaillier, 1980; Labhart and Koller, 1981, 1982).
There are two methodologies which have been used to attack this problem.
First, one can prepare chromatin from nuclei and digest it with either
endogenous or exogenous nucleases to obtain fragments which one can

manipulate either prior to placing them on an electron microscope grid or
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while they are on the grid (Finch and Klug, 1976; Felsenfeld, 1978; Thoma,
Koller, and Klug, 1979). This procedure has the advantage of allowing one
to change the ionic environment and rapidly processing the material to be
visualized by electron microscopy. However, there is a disadvantage which
brings these data into question, that being, the DNA within the chromatin
is free to rotate due to the cut ends. This allows any force acting on the
chromatin through DNA supercoiling to be dissipated by rotatiom of the DNA,
Thus, restraints on DNA which might be reflected in an altered chromatin
configuration are not visualized in these studies.

The other methodology in widespread use is that of swelling nuclei in
low ionic buffer and then processing the nuclei for electron microscopy by
dehydration, embedment, and thin sectioning. This procedure 1is much more
time consuming than the one previously described, yet it has the advantage
of mnot requiring that the DNA be sliced with an endonuclease. (The
difficulty with the Miller ” type spreading [Miller and Bakken, 1972]
procedure is that until the nuclei are swollen almost to the point of lysis
they cannot be centrifuged onto electron microscope grids and examined
because the electron beam cannot penetrate the relatively thick specimen.)
This inability to spread the nuclei on grids makes it much more difficult
to obtain a three-dimensional image of the structure being examined because
thin sections are used for examination and many times the structure being
examined passes in and out of the plane of section. However, it 1is felt
that the maintenance of the DNA in an uﬁcut state so that it is not free to
rotate about its longitudinal axis 1is more important than being able to
rapidly process the material, so only at times when the chromatin was

highly dispersed was the spreading technique utilized.
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In Finch and Klug's initial experiments (1976) and in an extension of
this work (Thoma, Koller, and Klug, 1979), chromatin from isolated rat
liver nuclei was digested with either exogenous or endogenous nucleases to
obtain chromatin which was up to 40 nucleosomes in length. The experiments
demonstrated very elegantly that as the ionic strength of the medium in
which the chromatin was placed was increased from 1mM to 150mM Na, the
structure of the chromatin became more compact and finally resulted at
150mM Na in tightly compacted solenoidal structures. Based on this data
Finch, Klug, Thoma, and Koller (Finch and Klug, 1976; Thoma, Koller, and
Klug, 1979) have proposed that chromatin in interphase nuclei is compacted
via a series of coils of increasing diameter. The 100A fiber is wound to
form a 200A-300A& coil and this coiled chromatin is further compacted by
winding to form a coil of 400A-550A diameter.

The idea of coiling of chromatin for its compaction has been
questioned by numerous laboratories (Kiryanov et al., 1976; Hozier, Renz,
and Nehls, 1977; Renz, Nehls, and Hozier, 1977; Olins and Olins, 1978;
Rattner and Hamkalo, 1978; Pruitt and Grainger, 1980; Zentgraf, Muller, and
Franke, 1980; Aboukarsh and Kunkle, 1981). However, in all these
investigations only one or two points in the chromatin dispersion process
was examined for chromatin superstructural organization and the data from
each 1indicated that chromatin was organized in the form of superbeads.
This present study was designed to investigate the morphological

characteristics of chromatin superstructure.

Scanning Electron Microscopy

The scanning electron microscopy presented in this investigation was
originally carried out in an attempt to visualize any remnants of the

nuclear envelope that might be left on isolated sperm nuclei after
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treatment with Triton X-100. However, it was found that by allowing sperm
nuclei to swell in low ionic buffer and then processing them for scanning
electron microscopy the initial stages of chromatin dispersion were
observable., These results were quite informative in that they demonstrated
that the sperm chromatin was indeed in the form of a 500A fiber prior to
its dispersion into superbeads. These results also demonstrated that as
the sperm nuclei swell, generally there is one point from which the
chromatin begins to be released from the nucleus. This observation is
striking for most other investigations by scanning electron microscopy have
dealt with chromatin which is dispersed to a much greater extent than in
this investigation and there was no indication of the initial events which
occur during chromatin 1lysis in these previously published scanning
electron microscope investigations (Marsden and Laemmli, 1979; Daskal and
Busch, 1978). The results obtained in this investigation agree quite well
with those obtained by others; for example, by scanning-transmission
electrdn microscopy the largest fiber observed in isolated metaphase
chromosomes was 400A-500A (Adolph, Cheng, and Laemmli, 1977; Adolph, 1980a,
1980b; see also, Daskal and Busch, 1978 for review). This 400A-500A fiber
was interpreted to be a coil of a smaller 2008 to 300A solenoid and the
evidence presented was convincing. This indicates that the packing of
chromatin as seen in the metaphase chromosome may be different than that
utilized in this sea urchin sperm nucleus. The major difference in the two
systems is that the metaphase chromatin is, for the most part, only
maximally compacted for a short period of time during mitosis
(approximately sixty minutes maximum) while the chromatin within the sperm
nucleus may be condensed for periods ranging up to six months (Harvey,

1956).
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Analysis of chromatin at later stages of dispersion gave no clear
indication of what was actually occuring because the chromatin was
visualized as a tangled intertwining mass and the measurements of the
chromatin diameters were quite variable (ranging from 100A to over 500A4).
In this regard these results are identical to many previous investigations
of chromatin which has been prepared by numerous techniques and analyzed by

scanning electron microscopy (Daskal and Busch, 1978).

Transmission Electron Microscopy

The results presented in this investigation were very informative for
this is the first time that swelling and lysis of whole nuclei have been
systematically studied using material which has been processed for thin
sectioning-transmission electron microscopy. This study has demonstrated
the events of chromatin dispersion from the most condensed form of the sea
urchin sperm chromatin (500R) to the nucleosome (1124). It is easily seen
that the superbeads are packed side by side with no intervening space in
the most condensed configuration to form structures which appear as
cylinders or rods of 500RA diameter. Generally, this large diameter
structure is not seen in thin sections of interphase nuclei (Fawcett, 1981)
but they are seen in scanning electron microscopic micrographs of metaphase
chromésomes (Daskal and Busch, 1978). In analysis of scanning micrographs
the question has been raised: Are these 400A-500A fibers really a natural
form of the chromatin or are they an artifact of fixation? By
demonstrating their presence in thin sections using a different set of
buffers and dehydrating agents it is now possible to state that these 5004
fibers are probably not an artifact. In addition, 400A superbeads have
been seen in thin sectioned material using the Chironomus salivary gland

nuclei (Anderson, Bjorkroth, and Daneholt, 1980). Using stereomicroscopy
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it has been demonstrated that the condensed chromatin of these polytene
chromosomes decondenses by breakdown of the superbeads into what appear to
be 100A fibers which are then transcribed after undergoing a further
structural modulation.

The electron micrographs demonstrate that the superbeads are
interconnected by 112& fibers, which are equivalent to the diameter of
nucleosomes placed side-by-side. It appears from the data obtained in this
investigation that the superbeads are disrupted directly into these 112A
fibers without any intervening structures. Thus in this system there does
not appear to be any structure of 200A to 300A in diameter. This is
probably a reflection of the fact that in the sea urchin sperm nucleus
there is no euchromatin (Paoletti and Huang, 1969) for in systems where
there is chromatin actively engaged in transcription many areas may be
visualized which have 200R-300A fibers (Puvion-Dutilleul and Puvion, 1981).

Sperm nuclei which had been partially lysed in low ionic buffer and
then centrifuged onto electron microscope grids were also examined by
transmission electron microscopy. This chromatin demonstrated the typical
beads-on-a-string configuration as seen in many other cell types (Rill and
Von Volde, 1973; Rill, Shaw, and Van Volde, 1978). One observation made
was that at points in the nuclear swelling process when superbeads were
seen in thin sections of sperm nuclei the chromatin was too densely packed
for the electron beam to penetrate in spread preparations; thus it was
impossible to see the superbeads in this type preparation and only with a
greater degree of swelling was it possible to see the nucleosomes
interconnected with the spacer DNA. Spadafora et al. (1976a, 1976b, 1979)
and Zentgraf, Muller, and Franke (1980), in analysis of sperm chromatin in

the sea urchin, Sphaerechinus granulosus, demonstrated the presence of
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superbeads with the same average diameter (450A), yet they did not
investigate the organization of the superbeads into higher ordered
structures as was done in this investigation. It would be a logical
extension of their results to say that the'superbeads which they observed
were ultimately packaged in the same type 5008 rod as seen in this

investigation.

Isolation of Superbeads

In this investigation experiments were carried out in an attempt to
isolate the superbeads which were seen in the swollen sea wurchin sperm
nuclei, Conditions were adjusted so that approximately 10% of the DNA was
made acid soluble after digestion with DNA'ase I. After the digestion,
chromatin was layered on 10-30% sucrose gradients and centrifuged overnight
at varying speeds. These experiments resulted in an enrichment of the
superbeads in one region of the gradient but in none of the fractions was
there a relatively “"pure"” preparation of superbeads. In contrast to the
findings reported here, Hozier, Renz, and Nehls (1977) were able to isolate
superbeads from nuclei of calf lymphocytes by limited digestion with
nuclease and subsequent centrifugation on sucrose gradients. The major
difference in the two systems utilized is that the calf chromatin is
readily susceptible to digestion by nucleases (Hozier, Renz, and Nehls,
1977) while the chromatin of the sea urchin sperm nucleus 1is relatively
inaccessable (Simpson and Bergman, 1980). In fact, even after 1lysis of
sperm nuclei, only approximately 20% of the DNA is digestable with DNA'ase
I with prolonged digestion (overnight at 24°C); probably the superbeads are
not being freed from the bulk of the chromatin and they only make a minor
fraction of the total amount of chromatin in the digest. The results of

the electron microscopy tend to confirm this idea because there are many
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more large fragments of chromatin seen than superbeads and many of the

superbeads seen have a chromatin tail on either one or both sides of the

bead.

Relationship to the Events of Fertilization

The morphology of sea wurchin sperm chromatin has been determined in
order to increase our understanding of the events of fertilization. As the
sperm nucleus enters the egg cytoplasm during the early aspects of
fertilization the morphology of the paternal chromatin is rapidly altered
from that of a condensed mass of inactive material to one which 1is active
in both DNA replication (Longo and Plunkett, 1973) and RNA tranmscription
(Longo and Kunkle, 1977). Prior to this activation of the paternal genome
there occurs a massive reorganization of its heterochromatin (Kunkle, 1982;
see also Longo and Kunkle, 1978) into dispersed chromatin. It has been
shown that concomitant with this change in chromatin structure there 1is a
change in the proteins associated with the paternalvgenome (Kunkle, Longo,
and Magun, 1978a; Carroll and Ozaki, 1979; Poccia, Salik, and Krystal,
1981). These changes involve the removal of the sperm specific basic
proteins and their replacement with cleavage stage specific basic proteins
(Johnson and Hnilica, 1970; Carroll and Ozaki, 1979; Poccia, Salik, and
Krystal, 1981). In addition, the nonhistone protéins of the sperm nucleus
are removed and replaced with othér acidic proteins apparently of maternal
origin (Kunkle, Longo, and Magun, 1978a). These results demonstrate that
there is a massive reorganization of the paternal genome at fertilization,
yet they do not indicate which events are necessary for the dispersion of
the sperm chromatin. It is possible that most, if not all, of the events
described above are secondary to initiation of chromatin dispersion and are

only a reflection of the primary intracellular events, In order to



39

circumvent this problem of not knowing the order of events, sperm nuclei
were incubated in cytoplasm from sea urchin eggs and it was determined that
nuclei did expand and form structures similar to male pronuclei (Kunkle,
Magun, and lLongo, 1978b). However, this did not greatly reduce the
complexity in attempting to understand the events of sperm nuclear
enlargement. The experiments described in this investigation are an
attempt to learn what is involved in dispersion of the paternal chromatin.
Placing sperm nuclei in a low ionic strength buffer allows one to determine
what structures are present and are also capable of being disrupted by
reducing the divalent ion concentration. Of course, at the time the sperm
nucleus enters the egg at fertilization the calcium concentration is
elevated rather than being depressed (Epel, 1978). However, the local
concentration around and within the sperm nucleus has not yet been
determined experimentally.

The determination of the higher ordered structure of this paternal
chromatin will enable further investigations to be carried out in attempts
to identify the factors within the egg cytoplasm which are involved in the
breakdown of the superbeads into 100A fibers and the mechanisms necessary
to reorganize the sperm histones and remove them so that a different set of
proteins might come onto the DNA to initiate or allow its involvement in
DNA and RNA synthesis. As the fractionation procedures for the egg
cytoplasm become further refined (Kunkle, Magun, and Longo, 1978b; Longo
and Kunkle, 1978) one should be able to determine what molecule(s) is
involved in removing or adding proteins (or other components) to the
superbeads to disrupt their organization. In addition, one will be able to
investigate the ordering of the superbeads so that the questions about the

inactivation of large segments of a genome might be approached through this
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system, by examination of the factors responsible for the lateral
apposition and dispersion of superbeads.

One other off-shoot from these investigations is that by understanding
the mechanisms of chromatin dispersion and activation, one might be able to
inhibit the activation process by altering the environment in which the
spermatozoa are maintained (epididymis or ductus deferens), leading to the
inability of the paternal genome to participate in chromatin dispersion

after it enters the egg at the time of fertilization.
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Figure 1. Schematic diagram of mature spermatozoon of sea urchin
Strongylocentrotus purpuratus. The head is almost entirely occupied by

the sperm nucleus.
the tail.

The neck is a small constriction between the head and



Acrosomal Cap

Acrosomal fossa

Nucleus

Plasmalemma

Nuclear membrane

Proximal centriole

Centriolar fossa

Mitochondria

Neck

Head

Tail



53

Figure 2. Photomicrograph of longitudinal section of mature sea
urchin (Strongylocentrotus purpuratus) sperm which was not treated with
either Triton X-100 or low ionic strength buffer (1mM EDTA). This figure
demonstrates the different components of the mature spermatzaoon. The
sperm head appears to be occupied almost entirely by the nucleus (SN).
The latter is composed of tightly packed, darkly stained, electron dense
chromatin (heterochromatin). The whole cell (spermatozoon) is surrounded
by plasmalemma (P), while the nucleus is surrounded by the nuclear
envelope (NE). The centriolar fossa (CF), the acrosome (A), the acrosomal
fossa (AF), the sperm mitochrondria (SM) and axoneme (T) are apparent in
this figure. This picture was taken by JEOL-GX100. X50,000.
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Figure 3. photomicrograph of a longitudinal section of a sea urchin
sperm nucleus in a control experiment which was treated with Triton X-100
in the process of nuclear isolation and purification. This nucleus was
not allowed to swell since no EDTA was used. The nucleus (SN) is occupied
entirely by the tightly packed, densely stained heterochromatin. Although
heterochromatin appears uniformly granular, no definable substructures
could be measured. No remnants of the nuclear envelope may be seen in
this micrograph along the sides of the nucleus. X90,750.
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Figure 4. Electron micrograph showing a longitudinal section of
sperm nucleus of sea urchin (Strongylocentrotus purpuratus) . The nuclei
were incubated only for ten minutes in ImM EDTA. The nuclei were fixed in
2.5% gluteraldehyde for two hours, post-fixed with 1% 0S04 then cut into
silver section (600-900R) using MT-2B (Sorvall) microtomes. Sections were
stained with 2% uranylacetate in 50% ethanol and Raynold's lead citrate.

The nuclear chromatin appears to be formed of discrete 400-500A thick
filaments (arrows). These are loosely arranged in the areas around
acrosomal fossa (AF) and around the poles of the centriolar fossa (CF).
The 400A thick filaments appear tightly packed in the middle region of the
nucleus where it still has remnants of the nuclear envelope
(NE-arrowheads). However, at this early stage of lysis, it is difficult
to visualize the substructure of the 400A filaments. X66,625.
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Figure 5. Flectron micrograph of cross section of sea urchin sperm
nucleus. The nuclei were incubated in ImM EDTA for thirty minutes. The
chromatin appears uniformly distributed throughout this section, and is
formed of 400-500A thick filaments. Most of the filaments have spiral
courses (arrowheads) and are composed of discrete spherical structures
(arrows) having diameters of 400-500& which correspond to the diameters of
the thick filaments. X77,000.
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Figure 6. Photomicrograph of sperm nucleus which was incubated in
1mM EDTA for thirty minutes, then processed for thin sectioning. In this
section the 400-500A filaments appear to be composed of 400-500A spherical
aggregates which are clearly seen (arrowheads) to be arranged as tandem.
The filaments could be followed to variable distances. Several
observations should be made in this section. First, there 1is better
dispersion of the spherical units in the areas depleted of nuclear
envelope (*). Second, there are areas at the periphery (arrows) which did
not disperse to the corresponding stage of the rest of the chromatin.
Third, this section was prepared from a sample which was less purified
than is normally done, so several portions of axonemes (T) can be seen in
the field. X71,000.
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Figure 7. Electron micrograph of sea urchin sperm nucleus at
centriolar fossa level. The nucleus was incubated in ImM EDTA for sixty
minutes. The 400-500R filaments are composed of discrete 400-500A
spherical units (arrowheads) which are well separated and interconnected
by thin strands (arrows). In this plate there are some non-lysed sperm
nuclei (NSN) which appear not to be affected by the process of lysis.
Portions of the axoneme (T) are seen in the centriolar fossa (CF).

X76,250.
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Figure 8. Photomicrograph of a survey view of sperm nuclei which
have been incubated in 1mM EDTA for ninety minutes. Most of the chromatin
appears in the form of well separated, discrete spherical granules
(superbeads) of 414A + 60A in diameter (arrowheads). These 400A granules
appear to be composed of very small circular subunits which are difficult
to measure at this stage. Thin strings connecting superbeads are seen at
arrows. Scattered membranous vesicles (V) and occasional portions of
axonemes (T) are seen in the lower 1left section of the photomicrograph.

X62,000.
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Figure 9. Photomicrograph of sperm nuclei which were incubated in
ImM EDTA for 120 minutes. The chromatin appears to be composed of
irregular spherical clusters (superbeads; %) of asterisks 414R * 60A in
diameter. These clusters appear closely packed in some areas (arrowheads)
while loosely arranged in others and interconnected by 112A fibers. These
appear to be composed of closely packed smaller circular units of the same
diameter chromatin filaments (arrows). The 400A units appear not to have
central holes, but they are composed of smaller circular subunits around
100A in diameter. The 112A units (nucleosomes) electron lucent central
area of an average diameter of 30A. Portion of the axoneme (T) is seen in
the centriolar fossa (CF). X96,000.
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Figure 10. Photomicrograph of sea urchin sperm nuclei which were
allowed to swell in ImM EDTA for 120 minutes, The nuclear chromatin
appears to be formed of superbeads (arrowheads) interconnected by 112A
chromatin fibers (arrows). The 112R wunits are clearly formed of
nucleosomes (112AR in diameter) and having a central electron lucent area
of 30A in diameter. X225,000.
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Figure 1l. Stereomicrograph showing portions of sea urchin sperm
nuclei lysed in 1mM EDTA for ninety minutes. Fixed in 2.5% gluteraldehyde
for two hours, postfixed with 2% 0SO4, dehydrated, embedded in Epon 812,
golden sectioned (900-1000A) then stained with 2% alcoholic uranyl acetate
and lead citrate. A - was taken at a tilt of +3°. B - was taken at a
tilt of -3°. 1In both sections A and B, the chromatin appears to be formed
of clusters (superbeads; arrowheads) roughly spherical variable in size
and loosely arranged. The superbeads are composed of smaller circular
subunits and interconnected by thin strings. At the right upper border of
the lysed nuclei, part of the chromatin is still in the condensed state.
Portions of the axonemes (T) and non-lysed sperm nuclei (NSN) are seen in
this stereopair. By using the stereoscopic viewer, one can notice the
three dimensional build up of the superbeads, their relation to each other
and to the 100A interconnecting fibers. X99,000.
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Figure 12. Photomicrograph illustrates stereopairs of sea urchin
sperm nuclei which were allowed to swell in 1mM EDTA for ninety minutes,
then were processed for EM golden sectiomns. The plate (A) was taken at 0
tilt, while plate (B) was taken at -5°. By the use of stereoscopic viewer
one can see the three dimensional construction of superbeads (arrowheads)
interconnected with thin chromatin strings (arrows). Portions of
non-lysed sperm nuclei (NSN), and the nuclear envelope (NE) are seen in

this plate. X79,000.
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Figure 13. Photomicrograph showing chromatin fibers "beads-on-a-
string” configuration from sea urchin sperm nucleus which were lysed in
1mM EDTA pH 7.5 for four hours. The chromatin was then centrifuged onto
formvar—carbon-coated grids through paraformaldehyde—(3.7)-sucrose (3.4)
cushion, The grids were washed with 1% phot-Flo, air dried and then were
stained with 1% uranylacetate containing 2mM MgCl,. The beads have
diameters of 120A (arrowheads) and spacer DNA (arrows) has a diameter of
~33R., Note that the contrast of the beads is not very evident. X38,000.
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Figure 14. Chromatin spread of sea urchin sperm nuclei which were
allowed to disperse for four hours in ImM EDTA pH 7.5. The chromatin
material was centrifuged onto formvar-carbon—-coated grids through
paraformaldehyde-sucrose cushion (fixative). The grids were washed with
1% photoflo, dehydrated with 95% ethanol, then positively stained with 1%
PTA, To increase the contrast of the beads, the grids were coated with
platinum-palladium (80:20) at an angle of 6°. The beads (nucleosomes)
appear very contrasting with a diameter of 132R * 22A (arrowheads). The
nucleosomes are separated by thin strings 38& +* 9A which correspond to
spacer DNA. However the spacer DNA is of different length depending on
the various forces imposed on the individual chromatin fiber. At the
arrows, one can see the maximal stretch of spacer DNA around 200AR long.
Oon the right upper corner of this figure, chromatin mass (Ch) which was

not adequately dispersed. X28,600.
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Figure 15. Photomicrograph of chromatin spread of sea urchin sperm
nuclei. The nuclear sample was allowed to lyse for four hours, then
centrifuged onto the electron microscope grids through the fixative. The
grids were coated with platinum-palladium (80:20) at an angle of 6
degrees. The nucleosomes (arrowheads) appear very contrasting with
diameters of 132& + 22A. The length of internucleosomal DNA is variable
and appears maximal at arrow where the chromatin strings cross each other.
The longest internucleosomal distance was around 200A. X42,000.
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Figure 16. Electron microscopic plate showing chromatin spread of a
3-houred lysed sea urchin sperm nuclei. The chromatin spread was fixed
The granules

and then negatively stained with 2% PTA for two minutes.
have i1l defined borders and are of variable sizes ranging from 140A
(arrows) to 260A (arrowheads). X230,000.
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Figure 17. A scanning electron micrograph showing a sperm nucleus
which lysed in 1mM EDTA for ten minutes, was centrifuged onto
formvar—carbon-coated grids through sucrose—-paraformaldehyde cushion,
critical-point dried and then sputter coated with gold. A loop of
chromatin fiber appeared budding off at a certain spot (arrows) ' on the
nucleus, Fibers of the extruding loop are of 500A in diameter. The
acrosomal fossa (AF) and the centriolar fossa (CF) are seen in this

figure. X80,000.
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Figure 18. A high resolution scanning micrograph of sea urchin sperm
nucleus which was lysed in 1mM EDTA, pH 7.5 for twenty minutes. This
micrograph shows a chromatin fiber (arrowhead) spilled out of the nucleus,
The general appearance of the cell has ill-defined nodules (arrow). The
acrosome (A) and portion of the axoneme (T) projecting out of the
centriolar fossa (CF) are also seen. X96,000.
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Figure 19. Scanning electron micrograph demonstrating a sea urchin
sperm nucleus which was allowed to swell in low ionic strength buffer (1mM
EDTA) for thirty minutes. The surface of the nucleus in general appears
extensively convoluted with chromatin fibers having a diameter of 400-5004

(arrows). X71,000.






89

Figure 20. Scanning micrograph shows the posterior view of sea
urchin sperm nucleus with portion of the axoneme (T) merging off the
centriolar fossa. The nucleus was lysed for sixty minutes. In this
figure numerous beaded chromatin fibers (arrowheads) of 400-500A in
diameter are very evident., X100,000.
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Figure 21. Photomicrograph of three sea urchin sperm nuclei as seen
by high resolution SEM after ninety minutes lysis., The surface of nuclei
appears highly convoluted. Chromatin fibers (arrows) of 400-500A in
diameter are seen coming out of the sperm nucleus labeled - II, while it
is not ascertained the source of the rest of chromatin fibers seen in the

field. X38,000.
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Figure 22. Scanning photomicrograph of sea urchin sperm nuclei after
120 minutes lysis in 1lmM EDTA. The nuclear surface appears highly
convoluted with deep depressions and loosely arranged, interlacing
chromatin fibers. These fibers appear uneven in thickness, some radiate
from the nuclear mass in a way that makes it difficult to relate the
fibers to one nucleus or another, The fibers are highly variable in
thickness ranging from 200A (arrowheads) to 700A (arrows). The thicker
fibers appear to be composed of merging of several smaller fibers.

X35,000.
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Figure 24, Photomicrograph of chromatin material represented in
region I of the sucrose gradient. The material was centrifuged onto the
grids through sucrose paraformaldehyde cushion then positively stained
with 17 PTA. The chromatin appear to be composed of fibers which are
highly dispersed and the chromatin varied in packing from superbeads (*),
and nucleosomes (arrowheads) to fibers of chromatin which contained no

visible nucleosomes (arrows). X24,000.






99

Figure 25, Photomicrograph of chromatin material which was

liberated in region II and positively stained with 1% PTA.

This region

contained an enrichment of superbeads (arrowheads). X39,000.
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Figure 26. Electron micrograph of the chromatin material found in
fourth region (IV) of sucrose gradient. The chromatin appears to be
partially dispersed including dense aggregates. In this plate only few
scattered superbeads (arrows) and small number of nucleosomes
(arrowheads) could be seen. X39,000.
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Figure 27. SDS-polyacrylamide slab gel electrophoretic pattern
with the acrylamide in a linear concentration ranging from 57 at the
top to 12% at the bottom of the gel stained with silver stain, Lanes
1, 2, 3 and 4 represent the protein profiles of the material extracted
from the chromatin found in the four regions of the sucrose gradient
respectively. Lane (1) represent the chromatin extracted from region I
in which one can see the similarity of the polypeptides of this lane
versus lane 2 which represents the protein extracted from region II.
There are three polypeptides in both lanes 1 and 2: 68,000, 59,000 and
58,000. Note the heavier staining in lane 1 in the region of 70,000.
Lane 4 represents the region IV of sucrose gradient and shows heavy
staining in the area of molecular weight of 68,000 dalton.
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Figure 28. One-dimensional SDS-polyacrylamide slab gel (12%)
showing electrophoretic banding patterns of acid soluble proteins of
sea urchin sperm nuclei (Strongylocentrotus purpuratus, lane 2). The
protein was extracted by using 0.25N HCI, The gel was stained with
Coomassie brilliant blue, lane 1 represents three major histones
isolated from rat liver chromatin: H2A, H3 and H4., Lane 2 represents
the sea urchin sperm nuclear histones. Histone Hl is formed of several
subfractions, Histone H3 and H4 look very slightly different from
those of rat liver chromatin in lane 1.
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Figure 29. Linear one—-dimensional SDS—polyacrylamide gel gradient
(5-12%) illustrating electrophoretic banding patterns of the acid soluble
protein., This was extracted by the use of 0.25N HCl. lane 1 is a
molecular weight control. Lane 2 represents acid soluble proteins
(histones) which were extracted from whole sperm nuclei without treatment
with 1mM EDTA. Lane 2 illustrates the typical sperm nuclear histones HI,
H2A, H2B, H3 and H4 as well as bands of molecular weights of 68Kd, 59Kd
and 58Kd. Lane 3 shows the proteins released from sperm nuclei which were
treated with 1lmM EDTA in order to swell. In this 1lane the proteins of
molecular weights 58Kd and 59Kd seem to be lacking. Lane 4 represents the
proteins liberated from the supernatant as a result of swelling of nuclei
by the use of ImM EDTA used in lane 3. 1In lane 4 one can see two proteins
of molecular weights of 59 and 58Kd.
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TABLE 2
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Measurements of Sea Urchin Sperm Nuclear Chromatin
by the Use of Different Techniques

Structure Size Technique
Nucleosome 95& + 104 Chromatin spreading - no coating
Nucleosome 1328 £ 22R Chromatin spreading - platinum-
palladium coating
Nucleosome 1128 + 13R Thin sectioning
Spacer DNA (diameter) 228 +  3A Chromatin spreading - no coating
Spacer DNA (diameter) 3834 £ 94 Chromatin spreading -
platinum-palladium coating
Spacer DNA (length) 0A - 200A Chromatin spreading - platinum-
palladium coating
Electron lucent area 328 £ 6A Thin sectioning
in the center
of nucleosome
Superbeads? 1858 + 254 Chromatin spreading - negative
stain
Superbeads 414R * 60A Thin sectioning
Thick chromatin fiber 4148 + 604 Thin sectioning
Thick chromatin fiber 400A - 700A SEM - gold coating
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TABLE 3

Summary of Polypeptides in Gels

Protein MW |Sucrose Gradient Fractions [Non-lysed| Lysed Supernatant
Kd I II IIT v nuclei nuclei| of lysed nuclei
58 -+ +++ + + +HH+ + ++
59 - +H+ + + ++ - -+
68 +HH +H + + +H+ -+ +
Above 70 -+ ++ + +H +H++ + +H
Histones -+ +H+ +H+ +++ -+ +H+ +
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