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HISTONE MODIFICATIONS AND THEIR RELATIONSHIP TO
CONSTITUTIVE HETEROCHROMATIN CONTENT IN
CULTURED PEROMYSCUS CELLS

by

Margaret Sprenkle Halleck

ABSTRACT

Biochemical research in recent years has provided evidence that
control of genetic activity in eucaryotic cells may be accomplished by
the modulation of chromatin structure caused by reversible modifications
of chromatin proteins, in particular, the histones. In order to test
the hypothesis that biochemical modifications of histone proteins are
involved in condensation of chromatin (heterochromatization) histones
were analyzed from three cultured cell lines from mice of the genus
Peromyscus. These cell lines provide a unique, comparative system in
which to study histone modifications associated with heterochromatin,
since they all have the same diploid number and euchromatin content,
yet, by flow cytometric and chromosome banding analysis, have been shown
to differ in their genomic content of a specialized type of condensed
chromatin, constitutive heterochromatin.

Radiolabeled histones extracted from these cell lines were analyzed
using preparative polyacrylamide gel electrophoresis with non-ionic
detergent present to facilitate separation of hydrophobic histone
variants. It was found that Pj. eremicus cells, which contain 37?7 more
heterochromatin than Pj. bovlii cells, also contain a larger proportion
of the more hydrophobic H2A wvariant (MHP-H2A). This MHP-H2A variant was

also two times more phosphorylated than the other, less hydrophobic H2A
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variant (LHP-H2A) in these cell lines. When unlabeled histones were
extracted and subjected to analytical polyacrylamide gel electrophoresis
it was found that these high heterochromatin eremicus cells also
contained 28-35% more unacetylated H4, 22-29% more unacetylated H3, and
18-22% more unacetylated H2B than low heterochromatin cells (fj. bovlii
P. crinitus). Thus, histone acetylation was found to be inversely
proportional to constitutive heterochromatin content in these cell
lines. This relationship between histone acetylation and hetero-
chromatin content was further explored by inducing hyperacetylation by
treatment of cultures with 15 mM sodium butyrate for 24 hours. The
percentage of unacetylated H4 remaining following treatment was found to
be proportional to the amount of constitutive heterochromatin in the
genome. Certain histone modifications were thus found to be related to
constitutive heterochromatization in these cell lines.

The same relationships between modification of these histones and
heterochromatin content found in the cell lines with differing amounts
of constitutive heterochromatin were also confirmed using chromatin
fractions containing different amounts of heterochromatin. These
chromatin fractions were prepared from the high heterochromatin cell
line, Pj. eremicus. by hydrodynamic shearing of nuclei and separation
through steep sucrose gradients. The rapidly sedimenting (RS) chromatin
fraction containing 42$ heterochromatin, displayed a greater proportion
of the more phosphorylated, MHP-H2A wvariant than the slowly sedimenting
(SS) chromatin fraction, containing 27$ heterochromatin. The hetero-
chromatin-enriched RS chromatin fraction also contained 20$ more
unacetylated H3 and H4 than the SS chromatin fraction. Further,

heterochromatin content of these chromatin fractions was theoretically



determined using the histone modification data as a basis for calcula-
tion. These calculated percentages agreed very closely with those
estimated by satellite DNA content of the chromatin fractions, further
supporting the concept that these histone modifications are involved in
constitutive heterochromatization.

All of the observations presented in this work indicate that
(1) heterochromatin contains a greater amount of the MHP-H2A wvariant
than euchromatin, (2) this H2A wvariant is more phosphorylated than the
LHP-H2A wvariant and, (3) heterochromatin contains a lesser amount of
nucleosomal histone acetylation than euchromatin.

The implications of these results are that (1) the more phos-
phorylated MHP-H2A wvariant may contribute to higher order condensation
of chromatin in constitutive heterochromatin and (2) lack of histone
acetylation in constitutive heterochromatin is probably not due to
acetylase inaccessibility of these histones, but is more likely due to

deacetylation associated with reduced genetic activity.



PART I. INTRODUCTION

Since the early days of cytology, darkly-staining regions of
chromatin have been noted in the interphase nuclei of many organisms.
These condensed portions of chromatin, often referred to as '"chromo-
centers" in classical cytology textbooks, were found to be related to
whole, or sometimes portions of certain mitotic chromosomes which failed
to uncoil at the end of mitosis. This differential degree of condensa-
tion, or heteropycnosis, of interphase chromatin was studied in develop-
ing spermatocytes by T. H. Montgomery (1904). He referred to entire
chromosomes that remained condensed during interphase as "heterochromo-
somes". This concept was later expanded by Heitz (1928) to refer to the
heteropycnotic behavior of portions of chromosomes that remained
condensed throughout interphase. He introduced the term "hetero-
chromatin" to refer to those specific chromosome regions remaining
condensed in interphase, and "euchromatin" to refer to those portions
that uncoil and become invisible following mitosis.

Heterochromatin was believed to be genetically inert, based on
early observations of the sex chromatin in Drosophila (Stern, 1929;
Muller and Painter, 1932; Heitz, 1933). Thus the process of hetero-
chromatization came to be associated with chromatin inactivation.

Recent biochemical studies of this process have focused attention on a
particular class of chromatin proteins, the histones which have been
found to be repressors of genetic activity. In particular, reversible
modifications of these proteins through phosphorylation, acetylation,
methylation and ADP-ribosylation appear to be important factors in the
modulation of genetic activity and the structure of chromatin (Elgin and

Weintraub, 1975).



In order to determine if a basis exists for the idea that histone
modifications are integral in controlling the structure of condensed
chromatin, I have examined the relationship between extent of histone
modification and heterochromatization. Using cells unusually rich in
constitutive heterochromatin (a specific type of condensed chromatin) I
have investigated histones modified by phosphorylation, acetylation and
variation in amino acid content and I have compared amounts of these
modified histones in these cells with those measured in cells containing

normal amounts of this condensed chromatin.

1.1. Chromatin Structure

Eucaryotic organisms possess an enormous amount of DNA which, if
extended, would be on the order of a few meters in length. Somehow,
this is compacted into a nucleus only a few microns in diameter, where
it is packaged as the structure we call chromatin. This compaction is
accomplished through the complexing of DNA with histone protein, which
creates a condensation of the DNA at several levels of organization.

Chromatin is a complex of DNA, RNA, histone and nonhistone protein.
Although the complement of nonhistone proteins, and the RNA content of
chromatin tend to be quite variable, depending upon the source, the most
consistent feature of chromatin composition is the stoichiometry of
histones to DNA. The mass ratio of the histone to DNA in chromatin is
approximately 1:1. This close association of DNA and histone forms the
first level of DNA compaction in chromatin, the nucleosome.

The nucleosome concept — A major breakthrough in the understanding
of the structure of chromatin came about with the discovery that DNA is

associated with repeating protein particles in structures now called



"nucleosomes" (Olins and Olins, 197%; Kornberg, 1971*; VanHolde al.t
197”; Oudet aJ.., 1975). Very simply stated, nucleosomes are
particles of histone protein with a strand of DNA wrapped around them
(Kornberg, 1971*; Oudet .gt, .al. , 1975). These structures have been
visualized in the electron microscope as 70-100A spherical repeating
particles, spaced along the DNA strand, resembling "beads on a string"
(Woodcock, 1973; Olins and Olins, 197"). Nuclease digestion studies
have indicated that nucleosomes are composed of histone core particles,
made up of two each of the four histones H2A, H2B, H3 and H”, associated
with DNA about 170 base pairs in length (Solner-Webb and Felsenfeld,
1975; Shaw .gl .al., 1976 ). These histone octomers appear to be missing
histone HI, however. Further, i1t has been proposed that the DNA is
mainly localized on the outside of these particles, being coiled around
the histone core (Noll, 1974; Pardon .gl .al., 1975). Thus, the first
level of DNA compaction in chromatin results from the coiling of DNA
about a histone core.

The 100A nucleofilament — Electron microscopic evidence reveals
that there are internucl®osomal spacer regions of DNA between the
nucleosome particles in physically disrupted chromatin or in chromatin
depleted in histone HI. Although the length of DNA in this spacer
region varies between organisms (Noll, 1976; Lohr .gt .al., 1977), the
association between this DNA spacer region and HI in intact chromatin
produces a further compaction of DNA, coiling the spacer DNA between two
adjacent nucleosomes (Worcel, 1978). This results in a condensation
from a loose 'string of beads" to a closely packed 100a thick, uniform
fiber of nucleosomes without spacer regions called the '"nucleofilament"

(Finch and Klug, 1976). Histone HI thus appears to be necessary for



this second level condensation of DNA. This results in a compaction of
the original DNA length by a factor of about 7 (Bak si., 1977).

The 200-~00 "thick" fiber — Metaphase and interphase chromatin
prepared in the presence of divalent cations and viewed by election
microscopy has been observed to be composed of fibers 200-300 8 thick
(DuPraw, 196?; Ris, 1975). Representing a third level compaction of DNA
in chromatin, this "thick" fiber configuration is thought to be the
result of a supercoiling of the 100 X nucleofilament. This conformation
has been suggested to occur by a coiling of the nucleofilament into
either a solenoid-like structure of closely-packed nucleosomes (Finch
and Klug, 1976) or discrete, periodic, collective arrays of 6 to
10 nucleosomes (Marion and Roux, 1978; Stratling ~171., 1978; Becak and
Fukuda, 1979) called "superbeads" (Hozier £t ~1., 1977). Others (Olins
and Olins, 1979; Rattner and Hamkalo, 1979; Worcel, 1978) have suggested
that there is no single mode of folding the 100 8 nucleofilament to form
this higher-order structure. Instead, solenoids, discontinuous
solenoids, superbeads, and other closely packed arrays of nucleosomes
represent a variability in folding over short regions of the 200-300 X
fiber. The existence of this thick fiber is apparently dependent upon
the presence of divalent cations and HI histone, for it reverts to the
100 & nucleofilament when HI is partially removed or chromatin is
treated with EDTA (Finch and Klug, 1976; Vengerov and Popenko, 1977;
Worcel and Benyajati, 1977). Thus, again, HI is probably involved in
this higher order compaction of DNA. The total condensation of the
original DNA length is thus increased to a factor of about "0 (Finch and

Klug, 1976; Bak £1 al., 1977).



Higher-order folding — Chromatin "loops" - A further condensation
of DNA occurs in the formation of both interphase and mitotic chromatin,
but the details of this process are still obscure. Electron microscopic
evidence for ordered arrays of 200-300 8 fibers aligned next to the
nuclear membrane and in association with nucleoli suggests that hetero-
chromatization involves a higher order structuring of this thick
chromatin fiber (Davies and Haynes, 1976). Some have suggested that a
higher order arrangement of chromatin may be accomplished by attachments
of chromatin, perhaps through nonhistone proteins, to a nuclear matrix
or to the nuclear membrane (Hozier, 1979 Comings, 1968). Igo-Kemenes
and Zachau (1978) proposed that chromatin strands in interphase nuclei
are not freely mobile, but are topologically constrained by cross-
linking to each other, or to a supporting nuclear structure. This
results in loops, or "domains" of chromatin between attachment points.
Thus, a further condensation of DNA into heterochromatin in interphase
chromatin may be accomplished by loops, represented by flexible
solenoids or chains of superbeads, which have been calculated to further
reduce the original DNA length by a factor of 300-600 (Georgiev &l
1978 ).

Higher order constraints placed on chromatin by anchorage points to
a nonhistone protein scaffolding have also been suggested to contribute
to the structure of mitotic chromosomes (Paulson and Laemmli, 1977).
This organization, too, results in loops of chromatin between attachment
points. Further, the highest order compaction of DNA in mitotic
chromosomes might also be explained by this loop model. Tightly coiled
metaphase chromosomes might be formed by a superhelical arrangement of

chromatin loops attached to a cylindrically coiled axial structure or



matrix of the chromosome. DNA packing ratios of 103 or 10" can be
obtained by this model, which are close to that calculated for the total
length reduction of DNA during packaging in the mitotic chromosome

(Georgiev .££. .al., 1978).

Clearly, histones play a major role in the structure of chromatin.
Changes in the higher order structure of chromatin may be caused by
modifications at the nucleosomal level of chromatin organization.
Alterations in nucleosome structure caused by modifying histones through
acetylation and phosphorylation or by changing the nucleosome core
composition with histones of varying amino acid composition are thought
to be responsible for modulation of chromatin structure allowing for
differential gene activation (Swift, Pederson, 1978; Worcel,
1978). Such modifications at the nucleosomal level could be expected
to influence the histone-histone, histone-DNA, histone-nonhistone
interactions responsible for higher order chromatin structure. Similar
modifications of histone HI may also be responsible for modifying the
higher orders of chromatin structure allowing differential gene
activity. As a result of these considerations a major objective of the
work presented here was to investigate the possibility of a correlation
between the higher order condensed structure of constitutive heter-

ochromatin and modification of inner nucleosomal histones.

1.2. Heterochromatin
Heterochromatin is currently viewed as a higher order, condensed,

structure of chromatin. In interphase cells, using electron microscopy,



heterochromatin is visualized as darkly staining masses of material
aligned next to the nuclear membrane and often in association with
nucleoli. As we have seen, Heitz (1928), using light microscopy,
related interphase heterochromatin to portions of mitotic chromosomes
that failed to uncoil in interphase. The definition of heterochromatin
was further refined by Brown (1966) who proposed the term '"constitutive
heterochromatin" for those chromosome regions that are always condensed
in both members of a homologous chromosome pair, and '"facultative
heterochromatin" to refer to this condensation when it occurs in only
one homologue. Thus, constitutive heterochromatization involves the
persistent condensation of chromatin in both maternal and paternal
homologues. In facultative heterochromatization the two homologous
chromosomes differ—one is heterochromatic, and the other is euchro-
matic, as in the inactivation of one X chromosome in female mammals
(Lyon, 1961), or of the entire paternal chromosome set in the male mealy
bug (Brown and Nur, 1964). In addition to their heteropycnotic
appearance and genetic inertness, both types of heterochromatin have
been found to replicate late in S phase, following the replication of
euchromatin (Lima-de-Faria, 1969).

A third type of condensed chromatin in interphase nuclei is also
recognized. This is non-specifically condensed chromatin associated
with temporary and reversible inactivation of the genome. A typical
example is that seen in the genetically inactive, condensed chromatin of
mature lymphocytes, which can be decondensed upon the stimulation of
gene activity with phytohemaglutinin. This type of inactive chromatin
has been used in model studies by some (Frenster, 1963, 1974); yet it is

not termed heterochromatin by others (Comings, 1967a; Ris and Korenberg,



1979) due to the reversibility of its condensed and inactive state.
Thus, not all condensed chromatin in the interphase nucleus is
heterochromatin as defined by Heitz (1928) and Brown (1966), although
all heterochromatin is condensed.

Though usually ignored, these distinctions between the various
forms of condensed chromatin seen in interphase cells become especially
important in biochemical studies of the nature of heterochromatin. The
DNA and protein components of chromatin which maintain the specific
condensation of facultative or constitutive heterochromatin may be very
different from those of the differentiation-associated condensed
chromatin of lymphocytes or erythrocytes. In addition, however, there
are certain attributes, such as lack of genetic activity that are common
to all types of condensed chromatin, in mitosis or interphase. This
suggests that there may be biochemical attributes common to them all.

Since it is generally accepted that heterochromatization and
condensation of chromatin involves inactivation of the genome, the
biochemical nature of this process has been a subject of interest for
many years. Because the specific mechanism of heterochromatization is
not known, investigative interest has centered on the histone proteins,
which are known to act as non-specific repressors of genetic activity
and, as we have seen, are also known to play a major role in the
structure of chromatin. Experimentation in the 1960's suggested that
histones function as inhibitors of gene transcription, but that no
particular histone fraction was responsible for this repressive effect
on RNA synthesis (Huang and Bonner, 1962; Allfrey and Mirsky, 1963).
Since histones also affect the condensation of DNA in chromatin it was

suggested that histones might repress genetic activity by producing



chromatin condensation (Johnson j*t ~1.., 197”; D'Amato, 1977). Research
in histone chemistry in recent years has provided evidence that
modulation of chromatin structure leading to activation or repression of
genetic activity may be accomplished by reversible modifications of
these proteins (Elgin and Weintraub, 1975; D'Amato, 1977). For example,
one type of histone modification, phosphorylation, has been found to be
associated with chromatin condensation at many levels of chromatin
organization (Gurley 1., 1978b). This includes histone phosphory-
lation during mitotic chromatin condensation (Gurley .gt ILL., 1978a),
histone phosphorylation during submicroscopic changes in chromatin
organization during interphase (Hildebrand .gi .al., 197*1, 1976), and
histone phosphorylation associated with constitutive heterochromatin
(Gurley £1 al. , 1978c).

The purpose of the studies reported here was to investigate the
relationship of modified histones (phosphorylated and acetylated) and
variant histones to the structure of constitutive heterochromatin. This
relationship was studied in two different ways. First, a comparative
study of histone modification was made in cultured cell lines containing
different amounts of constitutive heterochromatin. Secondly, the
chromatin from one of these cell lines, containing a high proportion of
constitutive heterochromatin, was then fractionated in order to further

study the same histone modifications in heterochromatin-rich and

euchromatin-rich fractions.

1.3. Constitutive Heterochromatin
The investigation of histone modifications presented in this

dissertation was carried out using tissue culture cell lines known to
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differ in their constitutive heterochromatin content. Constitutive
heterochromatin has been found to have certain characteristics which
separate it from all other types of condensed chromatin. Most
constitutive heterochromatin appears to have the following general
properties:

1. Femains and int&n.s.gi.Y sXaXnXnR

cycle. This is a persistent state of condensation which does not change
with the cell proliferation cycle or a developmental cycle, nor is it
associated with a particular tissue.

2. Genetic inertness. Regions now recognized as constitutive
heterochromatin have been found to contain few mutatable genes. Thus
heterochromatin can be lost or added to the genome with little
recognizable genetic effect (Muller and Painter, 1932; Ris and
Korenberg, 1979).

3. Specific location within the mitotic karyotype. Constitutive
heterochromatin is usually located in the centromeric region of
chromosomes, although it may also be telomeric, involving whole or parts
of chromosome arms. This location is always on both homologues of a
pair. Individuals within a species may be polymorphic for constitutive
heterochromatin (Craig-Holmes.at.al., 1973).

4. Usually contains highly repetitious or satellite DNA sequences.
After investigating several mammalian species with varying amounts of
pericentromeric and telomeric constitutive heterochromatin, Yunis and
Yasmineh (1971) concluded that constitutive heterochromatin was a
special type of chromatin containing most of the satellite DNA or highly
repetitious simple sequence DNA that is not transcribed. The develop-

ment of the method of la situ hybridization of copies of satellite DNA



(or RNA) sequences to chromosome preparations (Pardue and Gall, 1970)
has greatly aided this type of analysis. Using this method Pardue and
Gall showed, that radioactive RNA copied from isolated mouse satellite
DNA was located over centromeric constitutive heterochromatin, indicat-
ing the location of satellite sequences in this condensed chromatin.
Yasmineh and Yunis (1970) utilized another method to show that
constitutive heterochromatin is associated with satellite DNA in the
mouse. After fractionating mouse chromatin into condensed and dispersed
fractions they found the bulk of the satellite DNA sequences were
located in the DNA isolated from the condensed fraction (presumably
containing comnstitutive heterochromatin). There are, however, excep-
tions to the association of satellite DNA and constitutive heterochro-
matin. Some organisms shown to contain constitutive heterochromatin
cannot be demonstrated to have a satellite. Such is the case with the
Chinese hamster, which displays constitutive heterochromatin but no
repetitive DNA sequences (Arrighi , 1974).

5. Stains by C-banding technique. While experimenting with the in
situ hybridization techniique to locate repetitious DNA on human
chromosomes, Arrighi and Hsu (1971) noted that during the procedure
chromosomes could be differentially stained with Giemsa. Since the
facultative heterochromatin of the X chromosome could not be stained by
this technique but centromeric heterochromatin with repetitious DNA was
stained, heterochromatin stained by this technique was referred to as
constitutive heterochromatin (Hsu, 1975). Similar conclusions about
this type of staining were reached by Pardue and Gall (1970) and Yunis

ser. (1971). This procedure, called the C-banding technique now has

several wvariations, but the standard treatment involves four basic steps
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before Giemsa staining: Fixation of the chromosomes, treatment with
acid, treatment with base, and prolonged treatment with hot salt
(Holmgquist, 1979). Theories concerning the mechanism of C-banding vary,
but it is now generally believed that the procedure induces a prefer-
ential loss of DNA from euchromatin, leaving the DNA in constitutive
heterochromatin to be stained by Giemsa (Comings .gi .g 1> 1973; Pathak
and Arrighi, 1973; Holmquist, 1979). The reason why DNA should be
preferentially lost from euchromatin during this procedure is not known.
Some have suggested that the repetitive, simple sequence DNA in the
constitutive heterochromatin reanneals during the hot salt treatment
(Arrighi and Hsu, 1971; Yunis 1971; Comings £1 .al., 1973).
Holmquist (1979) has suggested that DNA in heterochromatin does not
reanneal but that differential rates of depurination may account for the
observed selective solubilization of DNA from euchromatin.

6. Replicates late in S phase. As mentioned before, the DNA of
heterochromatin tends to replicate late in S phase of the cell cycle
(Lima-de-Faria, 1969). Facultative heterochromatin has been found in
some cases to replicate later than constitutive heterochromatin (Pathak
.gt .al., 1973a, 1973b), but in general, both replicate later than
euchromatin. Exceptions to this behavior have been reported, however.
In some instances, constitutive heterochromatin, banding by the C-band
technique (see above), has been shown to start replication early in S
and finish before many other non-C-banding areas (Bostock and Christie,

1977, 1975; Hsu and Arrighi, 1971; Bostock and Prescott, 1971).



Thus it can be seen that constitutive heterochromatin is viewed as
a specific type of condensed chromatin with certain characteristic
properties. In general, however, it may be said that there are three
definitions of comnstitutive heterochromatin:

1. Cvtological — Heteropycnotic portions of homologous
chromosomes that remain condensed throughout the cell cycle and stain by
the C-band technique.

2. Operational — Condensed chromatin containing few structural
genes and exhibiting a low amount of genetic activity.

3. Biochemical — Chromatin often, containing highly repetitious,
simple sequence, satellite DNA, replicating late in S phase of the cell
cycle.

Much of the confusion surrounding the literature on constitutive
heterochromatin results from different viewpoints arising from these

different definitions and thus, various experimental approaches.

1.4. The Peromvscus System

The investigation of histone modifications in constitutive hetero-
chromatin requires a comparative cell system in which significant
amounts of this type of condensed chromatin can be demonstrated. A
unique, comparative system is available in cultured cell lines from deer
mice of the genus Peromvscus. Hsu and Arrighi (1966) have demonstrated
that, although all species of Peromvscus have a diploid chromosome
number of 48, the number of chromosome arms in these species varies from
56 (Z). crinltus) to 96 (P. eremicus. P. collatus). These differences
were first thought to be due to pericentric inversions and transloca-

tions of genetic material until some of these species were re-examined
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using the C-band technique (Arrighi and Hsu, 1971). Pathak Jji..

(1973a) found that when the karyotypes of P. crinitus and P. eremicus
(which represent the two extremes of the distribution) were compared,
all of the short arms were heterochromatic. Peromvscus eremicus had
"0 more C-banding short arms than fj. crinitus. Measurements of the
length of the long chromosome arms in these species indicated that both
species contained essentially the same amount of euchromatin. G-banded
chromosome preparations (prepared by another banding method that
produces distinctive patterns of deeply stained bands separated by
lightly stained interbands when stained with Giemsa) demonstrated that
the euchromatin of these species was essentially the same (Pathak

~1., 1973a). Thus, P. eremicus was found to have more chromosomal
material than P. crinitus. present as short, constitutively hetero-
chromatic short arms. This was later confirmed by Deaven (1977)
and QGurley .si. .al. (1978 ) who showed by flow cytometric measurements that
P. eremicus contained 36? more DNA than JPIL crinitus.

Not all cytological differences within the Peromvscus genus are due

to changes in the number of heterochromatic short arms, however.
Arrighi et al. (1976) compared the karyotypes of P. crinitus (56 chro-
mosome arms) and leucoous (72 chromosome arms) and found that not all
short arms in P. leucoous were heterochromatic. G-band analysis showed
evidence for pericentric inversions in this species. Deaven al
(1977) have also shown that another species with a number of short
chromosome arms, P. manlculatus. demonstrates a similar condition. They
found that not only were many of the short arms in this species euchro-
matic, but flow cytometric analysis indicated that cells from this

species contained the same amount of DNA as crinitus. which has been



shown to have few short arms. Thus, not all species with many short
arms in their karyotype contain elevated levels of heterochromatin or
DNA. Therefore, C-banding and flow cytometric analysis have been found
to be necessary tools for determining the heterochromatin content of the
various karyotypes present in the Peromvscus system.

The large quantity of constitutive heterochromatin present in
P. eremicus also demonstrates many of the characteristics generally
attributed to this type of condensed chromatin. As mentioned above, it
stains well by the C-band technique. Further, DNA from P" eremicus
cells contains a GC-rich satellite DNA, banding to the heavy side of the
main band in neutral CsCl density gradients (Clark jet al., 1973; Mace
JEt i 197*0. P. crinitus DNA does not contain such a satellite
(Hazen, 1978). Hazen”t ~1. (1977) demonstrated that radioactively
labeled c¢-DNA (copy DNA) or RNA made from this Pj. eremicus GC-rich
satellite can be hybridized in situ to the short arms of Pj. eremicus
chromosomes. This suggests that the C-bandable heterochromatin in this
species contains the satellite. The DNA in the short arms of
P. eremicus has also been shown to replicate late in S-phase of the cell
cycle (Pathak et j1., 1973; Kuo, 1979). Furthermore, this constitutive
heterochromatin was found to have a rather low level of genetic
activity, as evidenced by the results of Hazen, el al. (1977), who
demonstrated that labeled c¢c-DNA made from cytoplasmic poly(A)RNA does
not hybridize well to the short arms of P" eremicus chromosomes. These
properties (satellite DNA, late-replicating DNA, and low genetic
activity) may be used as an assay for constitutive heterochromatin in

chromatin fractionation procedures.

15



16

Since many of the cytological and biochemical aspects of constitu-
tive heterochromatin can be attributed to the heterochromatin of
P. eremicus cells, this species is an ideal biological system with which
to investigate classical constitutive heterochromatin. In addition,
there are other species within the genus, differing essentially only in
their content of this constitutive heterochromatin, that can be compared
to this species. Cultured cell lines from these animals are also
readily obtained by primary tissue culture techniques and easily
maintained in the laboratory. Thus, cultured Peromvscus cells were
selected for the investigation of histone modifications in constitutive

heterochromatin presented in this work.



PART II. HISTONE MODIFICATIONS AND CONSTITUTIVE HETEROCHROMATIN CONTENT
OF PEROMYSCUS CELL LINES

11.1. The Phosphorylation and Subfractionation of Histone H2A Variants
Relative to Heterochromatin Content

11.1.1. Introduction

The phosphorylation of histone proteins and the possible involve-
ment of this modification in changing the physical state of chromatin
has been the subject of much interest. The heterogeneity introduced by
these modifications into an otherwise relatively conserved protein
suggests that phosphorylation may play a functional role in modulating
the structure of chromatin, allowing for gene expression and replication
during cell division (Elgin and Weintraub, 1975). However, recent work
has also suggested that there may be some heterogeneity in chromatin
structure introduced by primary structural wvariants of some histones.
Subfractions of histones H2A, H2B, and H3, separable by their different
hydrophobic properties during acid-urea polyacrylamide gel electro-
phoresis in the presence of nonionic detergents, have been resolved from
a number of organisms, from a variety of tissues and also from cultured
cells. In some cases, the primary structural differences of these
subfractions have been determined (Franklin, and Zweidler, 1977;
Blankstein ~t 1, 1977; Cohen .gt. al., 1975).

Recent work (Gurley £1 j1., 1978c) has suggested that the extent of
histone H2A phosphorylation may be quantitatively correlated with the
amount of constitutive heterochromatin present in the genome. It was
found that when two cell lines varying in their amount of constitutive
heterochromatin were compared, the line with a greater amount of

condensed chromatin contained larger amounts of phosphorylated H2A.
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Comparable results in a very different cell system have been
reported by Neumann ~t ~1. (1978). They found that when Friend
erythroleukemia cells were stimulated to differentiate through the use
of dimethylsulfoxide (DMSO), H2A phosphorylation was greatly increased.
This increased H2A phosphorylation appears to correlate with the
appearance of large quantities of coarse, densely condensed chromatin
which forms in the nucleus following treatment with DMSO (Sato ™t 1.,
1971). Histone H2A primary structural variants have also been studied
in the Friend erythroleukemia-DMSO system (Blankstein and Levy, 1976).
Changes in the ratio of these subfractions were observed during cell
line establishment and activation to DMSO sensitivity (Blankstein and
Levy, 1976).

Another correlation between H2A phosphorylation and condensed
chromatin is suggested by the work of Ruiz-Carrillo ~1. (1976) on the
maturation of avian erythroid cells. It was found that H2A is the only
histone in avian erythrocytes that continues to be phosphorylated during
the late stages of red cell maturation, which are characterized by
nuclear inactivation and chromatin condensation.

These results led me to believe that if H2A phosphorylation really
does play some role in the condensation of chromatin, then a comparative
study of the subfractions of H2A and their phosphorylation in Peromvscus
cell lines would provide a test of such a hypothesis. This study
successfully demonstrates that consistent differences in the phosphory-
lation of H2A subfractions as well as differences in the relative
amounts of the H2A subfractions exist in these cells, and that these

differences can be correlated with heterochromatin content.



IT1.1.2 Materials and Methods
1. Cell Cultures

The primary cell cultures used in these experiments were from two
sources. Ear fibroblast cultures of Peromvscus eremicus (strain 2352 +)
and Peromvscus crinitus (strain 2350 +) were a generous gift of Dr.

T. C. Hsu, Department of Biology, The University of Texas, M. D.
Anderson Hospital and Tumor Institute, Houston, Texas.

The history and characterization of the P eremicus and P”* crinitus
lines used in these experiments have been described previously (Pathak
£t &1-, 1973a). Ear fibroblast cultures of Peromvscus bovlii were
initiated in our laboratory from a female specimen which was trapped in
Los Alamos County, New Mexico. Identification of the specimen as
P. bovlii was confirmed by Dr. James S. Findley, Department of Biology,
University of New Mexico. The specimen is deposited in the Museum of
Southwest Biology (MSB 37296) at that institution. These cells have
been grown continuously in culture for six months. The karyotype of
these cells has been determined to fall within the range of karyotypic
variation shown by Schmidly and Shroeter (197%) for P. bowvlii

Cells were grown as monolayers in Ham's F-10 medium (Ham, 1963)
supplemented with 20§ fetal calf serum, penicillin (100 units/mL) and
streptomycin (100 yg/mL). Under these culture conditions all cell lines
were found to exhibit an 11-12 hr generation time.

2. £-f£a.Uding

Cells were removed from monolayer culture by trypsinization, fixed
in 3:1 methanol-acetic acid and mounted on slides as described by Deaven
and Petersen (ig?”). Constitutive heterochromatin was then prefer-

entially stained with Giemsa, using a modification of the C-band
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technique (Deaven and Petersen, 197”; Hsu and Arrighi, 1971) as
described previously (Gurley £t 1., 1978c). Constitutive hetero-
chromatin was observed as darkly staining regions of chromatin in both
interphase nuclei and metaphase chromosomes.
3. Growth Kinetics

Monitoring of the growth kinetics of the cultures was carried out
using a series of small replica cultures which were initiated at the
same time as the experimental cultures. At various times during the
course of the experiment, the cells in one of these replica cultures
were removed by trypsinization and made into a monocellular suspension
(Deaven and Petersen, 1974). The cell density was then determined using
an electronic particle counter. By following the growth of each cell
type in this manner it was possible to calculate generation times and to
expose the cells to [3H]—lysine for exactly the same number of
generations.
4. Isotope Incorporation for Labeling of Histones

IEach cell type used for the isolation of histones was grown in
eight Blake bottles, each containing an initial concentration of 5-7 x
100 cells in 100 mt of growth medium. The cultures were allowed to grow
exponentially to 1.1 x 107 cells, at which time 0.05 vCi/mt [3H]—lysine
(spec. act. 8 Ci/mMol) were added. The cultures were then allowed to
grow to 3.1 x 10 cells (1.42 generations in [JH]-lysine) . At this
point, the 100 mil of growth medium in each Blake bottle were replaced
with 100 mt of the same medium containing 20 yCi/mt of carrier-free

32

H""“PO* and the cells were allowed to grow for 2 hr. The cultures were

7
harvested at 3.5 x 10 cells.



5. Cell Harvest

Due to the sensitivity of histone proteins to the proteolytic
activity of trypsin (Gurley ™t ~1., 1978c), use of this enzyme was
avoided during cell harvest. Following the 2 hr labeling
period, the growth medium on each Blake bottle was poured off and
replaced with 25 mi. ice cold Saline G (Puck .et .al., 1958) containing
0.05 M sodium bisulfite. Sodium bisulfite was used to inhibit
phosphatases and proteases during harvest (Gurley £t .al., 1975; Panyim
and Chalkley, 1969). The bottles were immediately placed on ice, after
which the rest of the harvest was carried out at M°C. The cells were
scraped from the glass surface with a rubber policeman and decanted.
Each bottle was rinsed with 50 mi Saline G containing 0.05 M sodium
bisulfite which was added to the cell suspension. In order to prevent
the cells from sticking to the walls of centrifuge tubes during centri-
fugation, the cell suspension was then made 20$ with respect to calf
serum (Gurley .gi .al., 1978c). The cells were then removed from
suspension by centrifugation for 10 minutes at 1000 X g.

6. Flow Microfluorometry (FMF)

1. DNA Content—To determine the relative DNA content of the two
cell lines, confluent cell cultures (which contained cell cycle
distributions rich in G* cells) were removed from monolayer as
previously described (Kraemer.at.al., 1971), fixed in 70$ ethanol, and
treated with the fluorescent DNA stain mithramycin (Pfizer Diagnostics
Division, Pfizer, Inc., 100 yg mithramycin/mt of physiological saline
containing 15 MgC») (Crissman .gi .ai., 1977). Samples from each cell
line were mixed and then subjected to flow microfluorometry (FMF) as

described previously (Kraemer ai» 1972). In this manner, the excess
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DNA content of JP. eremicus cells over the DNA content of Z- bovlii cells
could b