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ABBREVIATIONS

The abbreviations used in this thesis are those approved

by the editorial board of the Biochemical Journal (Biochem. J., 116,

(1970), 1). The following abbreviations are also used:-
AL Arginine -lysine rich histone
C. D. Circular dichroism
cRNA Chromosomal ribonucleic acid
C.T. DNA Calf thymus deoxyribonucleic

acid

GAR Glycine-arginine rich histone
mRNA Messenger ribonucleic acid
ORD Optical rotatory dispersion
SV40 Simian virus 40

Transfer ribonucleic acid
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INTRODUCTION

One of the major problems of modern biochemistry is the
elucidation of precise molecular mechanis;ms whereby the genetic
content of cells of higher organisms is selectively expressed
according to the particular functions of individual cells. An
understanding of such mechanisms would provide a clearcr insight
into the processes of differentiation in developing organisms. In
‘multi-cellular organisms, each cell-type is characterized by a
unigque morphology and carries out a unique function. Such
phenotypic variation is remarkable when it is considered that all
somatic cells of a single higher organismm contain the same
overall genetic complement, or genotype. (Davidson and Leslie,
1950 a,b; Mirsky and Rig, 1951). Since DNA is the repository of
genetic information in the cell, phenotypic differences in cells of
the same genotype probably occur as a result of selective masking,
or repression, of portions of the genome. That is, certain segments
of the DNA molecule are not available to those cellular processes
which express the information contained in the sequence of bases
of the DNA. DNA in mammalian cells is very large and exists in
vivo as a complex nucleoprotein structure, called chromatin.
Characterization of the mechanism of selective repression of DNA
in such complex systems is difficult and simpler biological

systems have therefore been used to investigate such processes.

The bacterial genome is very small compared to that of
mammalian cells and is not extensively complexed with protein.
The relatively simple nature of the bacterial genome corapared
with the mammalian genome has thus enabled extensive
investigation of the processes of selective repression of DNA
(Jacob and Moned, 1961). A model of the molecular mechanisms

involved in the selective expression of bacterial DNA has been



constructed on the basis of these studies. In bacterial cells, the
synthesis of certain enzymes can be greatly increased by exposure
of the cells to some regulatory molecule, or inducer. Such a
phenomenon is termed induction. The molecular mechanisms of
repression and induction in bacterial systems have been explained
by Jacob and Monod (1961) by assuming the existence of two
distinct types of genes, structural genes and regulator genes.
Structural genes contain the genetic information which by the
intracellular processes of protein biosynthesis, direct the
combination of specific amino acids to form functioﬁal enzyme
molecules. Regulator genes, on the other hand, produce a
molecular species called the repressor, capable of associating
reversibly with a small segment of DNA, the operator, adjacent
to the structural genes. The operator and structural genes are
collectively termed an operon. Association of the repressor
with the operator blocks the formation of mRNA by the adjacent
structural genes to prevent protein synfhe sis. Interaction of

the inducer with the repressor causes a change in conformation
of the repressor, affecting its ability to bind to the operator.

The structural genes can thus be fully expressed, permitting

the synthesis of enzyme molecules.

The success of the operon concept in describing the
phenomenon of induction and repression in bacteria has provided
a basis for research into analogous processes in higher organisms.
However, extrapolation from bacterial to mammalian systems may
not be justifiable in view of the large difference in complexity
between the two systems. Prior to mitosis, the chromatin of
mammalian cells undergoes structural modification and condenses
to form chromosomes which are visible under the light microscope.
In contrast to the situation in mammalian systems, bacterial DNA

is not complexed with protein and does not form visible, compact



structures on mitosis. Such large differences in the complexity

of mammalian and bacterial systems make it unlikely that the
mechanisms of repression and induction of DNA, deécribed by Jacob
and Monod in bacterial systems operate in an identical fashion in

mammalian cells.

Numerous studies have been reported, déscribing the
repression of DNA caused by the binding of chromosomal proteins
(Paul, Gilmour and Thomou, 1970; Dahmus and Bonner, 1970;
Bekhor, Kung, and Bonner, 1969; Paul and Gilmour, 1968).

Difficulties in the interpretation of these studies have resulted
in several different models of the repression of the mamrnalian
genome being proposed. (Paul and Gilmour, 1968; Bekhor, Kung
and Bonner, 1969). It is likely that a detailed understanding of
the mechanisms of selective expression of DNA in mammalian
cells will only be obtained when quantitative information is
available on the nature and stoichiometry of nucleoprotein complexes.
At present only limited data are available concerning this aspect
of DNA -protein interaction. The work reported in this thesis
describes the detailed characterization of the physiochemical
properties of a discrete histone species and the interaction of this

histone with various forms of DNA,

Structural Organisation of Chromatin

2.1 Components of Chromatin

The nature and relative amounts of the components of
chromatin have been investigated by Bonner and Huang (1963),
Marushige and Bonner (1966) and by Paul and Gilmour (1966,
1968). The major components of chromatin were identified
as DNA, histones and non-histone protein, although estimates

of the relative amounts of these components varied slightly.



Average relative amounts are shown in Table 1.

Component % by Wt.
DNA " 45
Histone 30

Non -histone

protein 23

In addition to the majer components of chromatin shown
above, small amounts (<5% by weight) of RNA were found in
chromatin preparations. Recent evidence has suggested,
however, that the presence of RNA in chromatin is an
artefact of the method of preparation of chromatin (Heyden

and Zachau, 1971).

Structural aspects of these individual components of

chromatin will now be briefly discus sed.
2.1 DNA

Watéon and Crick (1953) deduced from the
X-~ray diffraction studies of Wilkins, Stokes and
Wilson (1953) that DNA in its native state exists in
a right-handed double helical configuration, with
two polynucleotidé chains helically wound about a
common axis. The purine and pyrimidine bases
of the DNA project towards the interior of the
dou;ble— helix while the phosphate groups of the
sugar -phosphate backbone of each strand are
located on the exterior of the molecule. Adenine
basis on one strand are linked by hydrogen bonds
to thymine bases on the opposing strand, while
cytosine ba{ses are ;similarly linked with guanine

bases. The sequence of bases on each
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polynucleotide chain is therefore complementary,
that is, the order in which the bases occur in one
chain automatically determines the order of bases
in the other chain. In the B form of DNA, which
is the form found in aqueous solution, the bases

are perpendicular to the helix axis, the distance
between each base-pair being 3. 48, Two
continuous helical groaves of different widths are
located on the exterior of the molecule between

the suger-phosphate backbones of the polynucleotide
strands., Most DNA molecules have a double
helical configuration as described above, but

single -stranded DNA molecules have been identified
(e.g. the DNA from bacteriophage X 174).
Hydrodynamic techniques have been used to
distinguish between single -stranded and double -
stranded DNA's., More detailed discussion of the
hydrodynamic properties of DNA will be presented

in Section 5.

Histones

The fact that the basic amino acid residues
of histones bind to the phosphate backbone of DNA
and repress the DNA has stimulated research on
the detailed characterization of these molecules.
(Barr and Butler, 1963; Paul and Gilmour, 1966).
Knowledge of the secondary and tertiary structures
of histones is a prerequisite to the complete
understanding of the structure of nuclechistone
complexes. The rfalevance of studies on the
structure of isolated histones may be affected,

however, by the possibility that the procedures used



to isolate the histones from the nucleohistone
complexes may alter the conformation of the
histones. Indeed, Zubay and Doty (1959), Wagner
(1970) and Simpson and Sober (1970) have shown
that the complexing of histones to DNA causes
alteration of the conformation of the histones.
Information on the structure of isolated histones
will nevertheless permit an understanding of such
changes in the conformation of histones. Histones
are small, basic proteins of molecular weight
between 10, 000 and 20, 000 which contain no
tryptophan and relatively high amounts of basic
amino acid residues such as arginine and lysine
(Stellwagen and Cole, 1969; Hnilica, 1967;
DeReuck and Knight, 1964; Bonner and Ts'o,
1964). Early Studies on the fractionation and
analysis of histones suggested that total cellular
histone was composed of many individual species
(Vendrely, Alfert, Matsudaira and Knoblock, 1958).
More recent studies have employed preparative
techniques in which proteolytic action could be
rigorously controlled (Johns 1964; Starbuck,
Mauritzen, Taylor, Saroja and Busch, 1968).
With thé introduction of sensitive analytical
technigues such asipoly—acrylamide gel
electrvophoresis (Fambrough and Bonner, 1969),
it became apparent that the total number of discrete
histone species was low, probably less than ten.
The appavent multiplicity of histones detected in
earlier work was attributed to proteolysis or the

uncontrolled aggregation of histones.



The lack of any enzymic activity of histones
has resulted in several SYSf;emS of nomenclature
being adopted. Currently the most widely used
systems of nomenclature are based on chemical
composition (Starbuck et al., 1968; Mauritzen,
Starbuck, Saroja, Taylor and Busch (1967);
Delange, Fambrough, Smith and Bonner, 1968 a,

b), or on the order of fractionation of histones by

preparative methods (Johns, 1964; Luck,

Rasmussen, Satake, and Tsvetikov, 1958).

Histone classification can be inter -related using

the molar lysine/arginine ratios of the histones as

a standard basis for comparison (Hnilica (1967))

and is depicted below: -

Nomenclature of Nomenclature offNomenclature Lys/Arg
Busch Johns of Liuck .
Very lysine rich F.a Ia 15. 8
1
Ib
Slightly Lysine IIb 5 23
rich Fz Iib 2
Glycine Arginine . -
rich F_A v 0.94
2771 -
Arginine-lysine
rich F3 11 0.75

Histones have been isolated from sources as

diverse as calf thymus and pea-bud seedlings

(Marushige and Bonner 1966).

The types and

relative amounts of individual histone species

isolated from different sources were found to be




constant. This lack of species or organ specificity
of histones has been confirmed by the studies of
Crampton, Stein and Moore (1957); DelLange, et al.
(1968); Hnilica, Taylor and Busch, (1963) and
Hnilica (1967). Only in one class of histones, the
very lysine rich class, was a possible exception to
the general lack of species specificity of histones
found. Fambrough, Fujimura and Bonner (1968)
reported that as pea seedlings mature, thé level of
this class of histones rises from low levels to the
usual level. In general, however, it is currently
widely held that histones show little species or

organ specificity (Stellwagen and Cole, 1969).

Determinations of the amino acid sequence of
several histone species have been carried out in an
attempt to elucidate the molecular structure of the
histones. The amino acid sequence of GAR
histone has been determined using three different
source materials - calf thymus (DeLange et al.
(1968), Ogawa et al. (1969), pea seedlings (Delange
et al. (1968)) and Novikoff hepatoma (Wilson,
Starbuck, Taylor, Jordan and Busch, (1970)). The
amino acid sequences of GAR isolated from these
source materials were found to be essentially
identical, confirming the lack of species specificity
of this type of histone molecule. The identical
nature of the amino acid sequences of GAR from
these source materials suggests that the histone
molecule plays a vital biological role in vivo.
requiring strict evolutionary conservation of the

amino acid sequences. The amino acid sequence



of slightly lysine rich histone has been determined
by Iwai, Ishikawa and Hayashi (1970) and partial
structural analysis and peptide sequencing of a
fraction of the very lysine rich group of histones
from rabbit thymus has been carried out (Bustin,
Rall, Stellwagen and Cole, (1969)). Comparison
of the amino acid sequences of the three histones
so far determined reveals striking similarities
although each histone has a unique overall sequence,
The distribution of basic amino acids is not random;
instead they are grouped in clusters, forming
highly basic segments in the polypeptide chain.

In both GAR and thebl;-;g;}réflysine rich histone, the
basic residues are predominantly located at the
amino terminal end of the protein, while in the
very lysine rich histone, the carboxy-~terminal
end contains a high proportion of basic amino acid
residues. This feature has led to the proposal
that histones have positively charged 'sticky ends'
which bind to the negatively charged phosphate
residues of DNA, thus repressing segments of the

DNA.

Sung and Dixon (1970) have constructed space
filling models of the positively charged amino
terminal end of GAR histone and found that this
region of the histone can form an a-helix of
dimensions which permit binding to the large groove

of DNA.

The function of histones as repressors of

DNA will be further discussed in Section 3. 1.



Histones and, in particular, Arginine _—rich'j- "
histones have been found to form non~covalent
aggregates. (Edwards and Shooter, 1969a; 1970;
Mauritzen et al., 1967; Johns 1968; Fambrough
and Bonner, 1966; Hnilica 1967; Ui, 1957. With
the discovery that histones contained irregularly
spaced clusters of basic and hydrophobic residues,
it was postulated that histone aggregation could take
place in an ionic environment by the formation of
hydrophobic bonds (DeReuck and Knight, 1964).
Disulphide bridge formation has been suggested as
an alternative mechanism of histone aggregation
(Fambrough and Bonner, 1968; Neelin, 1968), and
it is possible that through intermolecular disulphide
bonds histones may aggregate covalently with
themselves or with non-histone chromosomal
proteins. Most histones contain only small numbers
of cysteinyl residues, and some species contain
none; it therefore appears unlikely that very large
multicomponent aggregates may be formed by
disulphide bridging. Nevertheless, the aggregates
which are formed may have sufficient specificity
to interact uniquely with individual genes. The
presence of many histone-like species detected in
early analytical work has been attributed in part to

the aggregation of histones (Stellwagen and Cole, 1969).

Minor modification of the tertiary structure
of histones has been shown to occur by the
processes of phosphorylation of certain amino acid

residues of the protein (Kleinsmith, Allfrey and
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14
Mirsky, 1966; Stevely and Stocken, 1966).
Methylation (Tidwell, Allfrey and Mirsky, 1968;
Burdon, 1971) and acetylation (Gershey, Vidali
and Allfrey, 1968) of amino acid residues in
histone species has also been reported., The
implication of these discoveries in the function of
histones as repressors will be discussed in

Section 3. 1.

Non-Histone Proteins

Non-histone proteins censtitute a major
component of chromatin (Paul and Gilmour, 1968;
Bonner and Huang, 1963), Prior removal of
histones from chromatin by extraction with acid
allows preparation of non-histone proteins from
the residual proteins by alkali-extraction. The
low soluBility of non-~histone proteins in dilute
aqueous buffers has, however, been a major
obstacle to the fractionation and characterization
of these proteins. Recently, Marushige, Brutlag
and Bonner (1968) showed that non-histone proteins
were soluble in buffers containing sodium-dodecyl
sulphate (SDS). Preparations of non-histone
proteins in such buffers were shown to be
heterogeneous, with a minimum molecular weight
of less than 20, 000 daltons. Removal of the SDS
caused the formation of large insoluble aggregates

of non-~-histone proteins., The heterogencous

nature of preparations of non-histone proteins has

been confirmed by the studies of Wang (1967) and
Wang and Jobns (1968) who showed that limited

fractionation of the proteins could be achieved by



. 1.

extraction with salt followed by chromatography

on DEAFE -~cellulose. Unlike histones, the relative
abundance of non-histone proteins in chromatin has
been shown to be dependent on the type and
physiological state of the starting material (Salser

and Balis, 1966; Marushige and Ozaki, 1967).

The problems of solubility and fractionation
of non-histone proteins have prevented detailed
structural investigations of the type carried out on
histone molecules. Nevertheless, non-histone
proteins have been found to play an important role
in the processes of seleclive repression of the
mammalian genone (Paul and Gilmour, 1968; Paul,
Gilmour and Thomou, 1970). The biological
function of non-histone proteins in such processes

will be discussed in Section 3. 1.

Chromosomal RNA (cRNA)

Small amounts of RNA have been detected in
preparations ofchromatin (Huang and Bonnexr, 1965;
Paul and Gilmour, 1968; Bekhor, Kung, and
Bonner, 1969;)

This RNA species, termed chromosomal RNA
(cRNA), was found to be about 40 nucleotides long
of which more than a guarter were dihydrouridylic
acid residues. Huang (1967) showed that cRNA
was covalently linked to a non-basic chromosomal

protein and Bonner and Huang (1964) have

-postulated that cRNA. linked to such an RNA —binding

protein is implicated in the formation of a larger

complex which contains 10-20 histone molecules.
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A recent detailed examination of the methods used to

prepare cRNA has, however, suggested that cRNA
preparations are composed largely of RNA fragments
formed by nuclease action on transfer RNA (tRNA)
molecules (Heyden and Zachau, 1971). Clearly,
further work is necessary to investigate this
possibility that cRNA is a preparative artefact and

to define its precise role in chromatin.

Nucleoprotein Structure

X-rvay diffraction has been used by Zubay (1964) and
Richards (1964) in the study of the structure of nucleoprotein
complexes. The experimental data obtained were interpreted

as indicating that nucleohistone is a sheet -like structure in

which DNA molecules run in one direction and histone molecules

traverse these parallel DNA strands at an angle of 370, linking
with the DNA in every second large groove. The model is

shown below:-

DNA

2
o
=
o]
=
m

Fig. 4.—A model of oriented
nuclechistone In the gel state. Histone
bridges formed between DNA molecules |
lie parallel to the large groove of the
DNA, with their long axis at an angle
of 60° to the long axis of the DNA.
Scparation of the DNA molecules is
sensitive to the amount of water pre-
sent, but the spacing of the histone
bridges is not. How many DNA mol-
ecules may be held together by the
same histone bridges 18 unknown, i



(Diagram taken from Zubay (1964)).

One attractive feature of the model proposed by
Zubay (1964) is that if the histones are arranged on one side |
only of each DNA molecule, then a plausible mechanism is
described for the maintenance of supercoiled structures which
have been implicated in the formation of mitotic chromosomes

(Pardon, Wilkins and Richards, 1967).

102 The Structure of Nucledhistones

Fig. 6.~Diagram suggesting the function of histone bridges in chromosomes,
DNA must form supercoils in mitotic chromosomes. It seems likely that the ad-
jacent coils of the supercoiled DNA are held together by histone bridges The
dimensions of the supercoil are unknown.

(Diagram taken from Zubay (1964)).

An alternative model of the structure of nucleohistone
predicts that the histone is wrapped in the large groove of one
or perhaps two parallel DNA molecules (Sinsheimer, 1964),
Such models have been substantiated by electron microscope
studies of isolated chromosomés (Dupraw, 1966 a,b; Dupraw
and Bahr, 1968). A model of chromosome structure based
on these studies has been proposed by Dupraw (1965) in which
the chromosomal unit is regarded as a single DNA .-protein
i'ibzre which is repeatedly folded back on itself both

longitudinally and transversely to make up the body of a chromatid.
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The studies of Richards (1964) have indicated that the
models of nucleohistone complexes described above may be
over-simplified. X-ray studies carried out by Richards (1964}
indicated the presence of a repeat unit of 754, but electron
microscopy revealed a collection of fibres ranging from 304

to 200A in diameter.

Important information can be obtained about the site
of binding of proteins to DNA by investigating the effect of
the protein on the binding of small molecules such as dyes,
whose interaction with DNA is well charactevized. Actinomycin
D and ethidium bromide are two such dyes. The chromophore
of Actinomycin D molecules interacts with DNA by parallel
insertion between two adjacent base residues, that is by
intercalation (Muller and Crothers, (1968)). Ethidium bromide
has also been shown to intercalate with DNA (Waring, 1965).
Olins (1969) showed that the binding of Fl histones to DNA
caused a reduction in the number of ethidium bromide
molecules bound to DNA but did not affect the number of
Actinomycin D molecules bound. Since both dyes intercalate
with DNA it is difficult to rationalise these findings. Czlucose :
residues attached to DNA by the action of g-glucosyl
transferase are located in the large groove of DNA and it was
found that when Fl histones were bound to the DNA,
glucosylation of the DNA was greatly reduced (Olins; 1969).
It was therefore assumed by Olins that F, histones bind to the

1
large grooves of DNA.

Optical rotatory dispersion (ORD) and circular
dichroism (CD) are powerful physical methods used for
conformational studies of molecules in solution and are
capable of providing data on the interaction of proteins with

DNA (Wagnex, 1970). Regions of ORD and CD spectra are
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sensitive to changes in protein conformation and different
regions of the spectra are sensitive to changes in the
conformation of nucleic acids (Adler and Fasman, 1968).

ORD and CD studies of nucleoprotein complexes can therefore
'distinguish the individual contributions from both the DNA and
the protein to the overall conformation of the complex. Changes
in one or both of the reactants in a nucleoprotein complex may
be investigated by comparison of the combined spectra when
the two components are unmixed, with that of the complex.
Dissociated histones have been shown to have a low helix
content which contrasts with the high helix content of histones
in nucleoprotein complexes (Zubay and Doty, 1959; Wagner,
1970; Simpson and Sober, 1970). CD studies by Shih and
Fas}’(man (1970) of nucleoprotein complexes have shown that
the normal B coanfiguration of uncomplexed DNA is altered by
the binding of chromosomal proteins. The structure of DNA
in chromatin was found to be similar to that of the C form of
DNA, the structure existing at low vrelative humidities, in which
the bases are tilted. (Fasman, Schaffhausen, Goldsmith and
Adler (1970)). Changes in the conformation of DNA caused by
the binding of chromosomal proteins have been confir;med by
the ORD and CD studies of Simpson and Sober (1970) and Tuan
and Bonner (1969) and by the X-ray diffraction studies of
Wilkins, Zubay and Wilson (1959) and Pardon et al. (1967).

In contrast to these findings, however, Bram and Ris (1971)
have shown that DNA in nucleoprotein complexes exists in the
B form. Changes in DNA conformation have been found on
complexing the DNA with poly-1-lysine (Cohen and Kidson,1968;
Leng and Felsenfeld, 1966). Inoue and Ando (1970 a,b) have
reported -conformationa]. changes in DNA on complexing with
clupeine, poly-arginine and poly-lysine, The interaction of

polyamines with DNA has been studied by Liquori, et al. (1967)
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using X-ray diffraction. It was found that the polyamines were

attached to the DNA in the small groove.

Thermal denaturation studies have also been used to
investigate nucleoprotein complexes. DNA -histone complexes
have been shown to exhibit biphasic melting profiles, the first-
step transition being due to the melting of free DNA segments
and the second-step transition to that of the histone-~complexed
regions (Shih and Bonner, 1970; Olins, 1969). A.ccurate
measurement of the first derivative curve of the absorbance
melting profiles of DNA-F1 histone complexes have,  however,
suggested that there are several distinct transitions, indicating
that the histone complexes to different stretches of DNA with

different binding energies (Ansevin and Brown, 1971).

Useful information on the interaction of different
histone fractions with DNA has been obtained from the order
in which histones are dissociated from whole chromatin in
preparative procedures. An advantage of this procedure is
that investigation of the properties of the re sidﬁal chromatin
remaining after extraction of individual histone fractions
may reveal the contrvibution of these fractions to the structure
of whole chromatin. Titration of whole chromatin with acid
removes histones in the order Ia, Ib, IIb, IIl and IV (Murray,
1964), with consequent decrease of the sedimentation coefficient
of the chromatin. Murray, Bradbury, Crane~Robinson,
Stephens, Haydon and Peacocke (1970) used salt to dissociate
histones from chromatin and found that histone I was
dissociated in 0. 45M NaCl, histones V and I in 0. TM NaCl,
histones IIb, V and I in 1.7M NaCl, and that all histones wezre
removed in 2. OM NacCl. It was found that the removal of
histones I and V from chromatin did not destroy its supercoiled

structure but further removal of histones did and that histone I
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existed in the form of an extended polypeptide chain whereas

other histones contained high helical contents.in chromatin.

Biological Function of Chromatin

3.1 The Nature of Gene Expression

DNA is the repository of genetic information in
biological systems. Since selective repression of the
mammalian genome may be brought about by the binding of
specific repressors to the DNA, extensive research has
been carried out to identify the specific vepressors of the

mammalian genome.

The basic nature of histones makes them likely
candidates for the role of repressors and the multiplicity of
histones detected by early fractionation studies suggested
that individual histones could selectively repress a large
number of genes. (Stedman and Stedman, 1950). The
hypothesis that histones were tile specific repressors of
mammalian DNA was strengthened when it was shown that
in vitro, histones decreased the ability of DNA to act as a
priming template for DNA -dependent RNA synthesis (Huang
and Bonner, 1962; Barr and Butler, 1963). The application
of more rigorous fractionation and analytical procedures
re#ea‘ied, however, that the total number of discrete histone
species was small and that no species-specificity of histones
existed (Fambrough and Bonner, 1966). Consequently, it
appeared unlikely that histones could selectively repress
the large number of genes in the mammalian genome. The
observation that individual isolated histone fractions did not
b.ind to selective segments of DNA, but instead were capable

of repressing the entire genome, provided additional evidence

of the lack of specificity of the binding of histones to DNA.



(Huang, Bonner and Murray, 1964). Specificity might be
conferred on histones by minor modification of their tertiary
structure by the processes of phosphorylation, methylation

or acetylation (Kleinsmith, et al., 1966; Stevely and Stocken,
1966; Tidwell et al., 1968; Gershey et al., 1968). It was
suggested that the changes in the ionic charge properties of

the proteins, caused by these processes would permit the
selective removal or attachment of histones to DNA (Sung

and Dixon, 1970). An attractive feature of this hypothesis is
that the binding of histone to DNA could be regulated
enzymic-ally, through control of the histone modifying enzymes.
The aggregation of histones is also of interest since the
specificity required by genetic repressors might be obtained by
relatively few histones in many combinations. However, no
direct evidence is available to indicate that the increase in
specificity conferred on histones by the processes of
acetylation, phosphorylation and methylation or by aggregation
enables the selective repression of the large number of genes

in the mammealian genome.

Since histones by themselves do not selectively bind
to specific parts of the genome it was postulated by Bekhor,
Kung and Bonner (1969) that the combination of histones with
cRNA species capable of binding to specific base sequences
in DNA. would enable direction of the histone-s to specifically
repress certain genes. Evidence in support of this model was
cited from studies on dissociated chromatin, the components
of which were allowed to re~anneal under conditions permitting
specific RNA-DNA interactions. It was found that in vitro
transcription of such reconstituted chromatin produceci RNA
species similar to those produced by in vivo transcription of

native chromatin, The experimental observations supporting

-
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these conclusions were obtained from studies of the
hybridization of both types of RNA species to DNA; it was
found that the RNA produced from reconstituted chromatin
competed with RNA from native chromatin on hybridization
to complementary DNA species. This model of cRNA
directing histones to specific sites on the genome will have
to be re-examined in view of the possibility that cRNA
preparations are contaminated by tRNA fragments (Heyden
and Zachau, 1971).

The model of regulation of gene expression proposed
by Bekhor, Kung and Bonner (1969) has not been supported by
the experiments of Paul and co-workers (Paul and Gilmour,
1966, 1968; Gilmour and Paul, 1969; Paul,. Gilmour and
Thomou, 1970). Using an approach similar to that of Bekhor
et al. (1969), Paul and Gilmour (1968) found that only when
histones were complexed to DNA in the presence of non-histone

chromosomal proteins were RNA species produced on in vitro

transcription which were similar to RNA produced by the
transcription in vivo of native chromatin, using competitive
hybridization techniques to test the similarity of the RNA
species. Paul, et al. (1970) have proposed a model of gene
function which involves non-histone protein attaching specifically
to those genes which are selectively transcribed, thus

'masking' such genes from the unspecific repression of histones
bound to DNA.

The discrepancies between the evidence suppoxrting
the above models, one implicating cRNA and the other
non-histone protein, are hard to rationalize. Stellwagen and
Cole (1969) have suggested that the difficulties of interpretation
of competitive hybridization data may cause the apparent

inconsistencies.
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Fvidence that each of the above models of gene
expression may be over-simplifications has been presented
by Hoare and Johns (1970) and Johns and Hoare (1970), who
showed that the physical state of chromatin affects its function.
It was found that addition of histones to DNA caused increasing
repression of the DNA up to a maximum point after which the
addition of more histones decreased the amount of repression.
The possibility that histones cause a decrease in the in vitro
transcription of DNA by simple precipitation of the DNA. can
therefore be discounted. The results of Johns and Hoare
(1970) also imply that after the points of maximum repression,
addition of more histones to a nucleohistone complex may
alter the conformation of the complex and allow more
transcription of the DNA. Studies of the correlation of the
physical state of chromatin, in terms of the nature of the
precipitated chromatin, with the degree of repression have
confirmed that the conformation and physical state of chromatin
affects its function (Johns and Hoare, 1970; Hoare and Johns,

1970).

For these reasons, it appears likely that a satisfactory
explanation of the nature of gene expression in mammalian cells
will only be obtained by quantitative physicochemical
investigation of the conformation of nucleoprotein complexes
and the mechanisms of interaction of the various components

of chromatin.

Mammalian chromatin is, however, a complex
aggregation of several distinct macromolecular species and
the determination of the physical structure of intact chromatin
b¥ current physicochemical technigues is therefore very
difficult. One approach to this problem is to characterize in

detail the physicochemical properties of isolated components
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of chromatin. Meaningful interpretation of the nature of
complexes of these components may then be possible. The
use of model systems, such as poly-amino acids or small
homogeneous DNA species, whose physicochemical
properties have been characterized, is advantageous in such
studies (Olins and Olins 1971). The experimental work
described in this thesis (See Results Section) is concerned
with the detailed physicochemical characterization of the
Glycine Arginine Rich histone (GAR) and of GAR -DNA

complexes.

Association of Proteins

Since a major portion of the experimental characterization of
GAR histone in this work is concerned with the self-association
properties of the protein, a brief review of the physical approaches

used in the study of associating protein systems will be presented.

Many proteins have been found to undergo self-association (e. g.
lysozyme, Adams and Filmer, 1966); insulin, Jeffrey and Coates,
1966; oxyhaemoglobin; Schachman and Edelstein, 1966; chymo-
trypsin, Rao and Kegeles, 1958) and increasingly it is being
realized that the function of proteins is dependent on its state of
aggregation. The biological importance of associating protein
systems has been demonstrated in the cases of allosteric enzymes
(Moncd, Wyman and Changeux, 1965) and virus coat assembly

(Caspar and Klug, 1962),

Many physical techniques are available which can yield

information on protein aggregation.

A major problem in the analysis of associating protein systems
is that frequently the rates of equilibration between the associating
species are such that the experimental method used disturbs the

equilibrium (e. g. techniques involving moving boundaries of the
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associating species). For this reason, one approach used
frequently is that of simulation, that is, comparison of experimental
data with predictions based on theory. The most commonly used
techniques for the analysis of associating protein systems will be

described.

4.1 Light Scattering

Steinexr (1952, 1953, 1954) developed equations
enabling the evaluation of weight average molecular weights
(q.v.) from light scattering studies of associating protein
systems. An advantage of light scattering is that information
on the shapes and sizes of complexes may be obtained. On
the other hand, the amount of data obtainable from light
scattering studies may be limited, since a single experiment
yields only one value of molecular weight. Steiner (1952)
used light scattering to investigate the aggregation of insulin
at low pH. The presence of tetramers and higher polymers
of insulin has also been detected by light scattering (Doty and

Myers, 1953).

4,2 Osmotic Pressure

The technique of osmometry has several features,
which make it suitable foxr study of associating protein
systems., The theory of osmometry is thermodynamically
rigorous and the analytical procedures required to describe
associating systems are simple. High speed osmometers
allow the rapid evaluation of number -average molecular
weight (g¢. v.). Nevertheless, only relatively few studies of
associating systems by osmometry have been reported.
Steiner (1954) derived theoretical equations enabling

associating systems of the type:-

LA + mB = AB + AB2 + AB3 XN
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to be analyzed by osmometry. More recently, Adams et al.

(1969) have extended Steiner's equations, to incorporate

quantitative estimation of non-ideal effects (q. v.).

Molecular Sieve Chromatography

Gel filtration techniques have been widely used as a
biochemical tool for the fractionation and characterization of
biological macromolecules. When dry particles of a cross-
linked dextran are equilibrated with solvent, they swell to
form a gel into which salt ions and other small molecules may
diffuse freely while larger molecules are impeded from
entering the gel by steric hindrance. Penetration of the gel is
therefore dependent on molecular size and fractionation of
macromolecules can be achieved on this basis. For small
globular proteins the rmolecular weight is proportional to the
molecular size. The molecular weights of such proteins can
therefore be estimated from their elution positions using a '
calibrated gel filtration column. Andrews (1964) has
demonstrated empirically that a linear relationship exists
between the logarithm of the molecular weight of globular
proteins and their elution volume. For fibrous, asymmetric
proteins no such relationship exists, indicating that calibration
of a gel filtration column using molecular weights is only valid
for spherical proteins. A more rigorous method of calibration
of gel filtration columns has been proposed by Steere and Ackers
(1962), based on the Stokes radius, a, of standard proteins.
Characterization of the gel filtration behaviour of an eluted
macromolecule can be conveniently defined in terms of the
molecular sieve coefficient,o . Ackers (1964) has shown that

g may be calculated from the equation: -
& = Ve - Vo .

= T
1
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where Ve = the elution volume of the macromolecular species
Vo =the void volume of the gel
Vi = internal volume of the gel
Details of the method proposed by Ackers (1964) to calibrate
a gel filtration column in terms of the Stokes radius, a, and
the molecular sieve coefficient, (§ , are given in Appendix

2(a).

In addition to the characterization of the molecular
radius of discrete protein species, gel filtration analyses
may be extended to the study of association protein systems.
The fractionation of macromolecules on gel filtration columns
may be considered analogous to the fractionation achieved by
other transport methods, such as sedimentation velocity (q. v.).
Mathematical analysis of associated protein systems derived
for othe;r transport methods can, therefore, be applied with
only minor modification to gel filtration studies. The
association of a-chymotrypsin has been investigated by
Winzor and Scheraga (1963, 1964) on gel filtration columns
using mathematical treatments originally applied to
sedimentation velocity experiments (Gilbert, 1959; Gilbert
and Jenkins, 1956). The equilibrium of an associating system
is concentration - dependent (Winzor and Nichol, 1965; Adams
and Fujita, 1963). To enable gel filtration studies of
associalting protein systems to be carried out at constant
concenfration, Winzor and Scheraga, (1963) introduced the
practice of applying large sample volumes to a gel filtration
column so that the elution profile contains a plateau region in
which the concentration equals that initially applied. For an
associating system, the extreme concentration dependence of

the molecular sieve coefficient arising as a result of the
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association causes the trailing boundary of the plateau region
to be diffuse (Ackers and Thompson, 1965). The centroid

of such a boundary has been shown to move with constant
velocity and the molecular sieve coefficient corresponding to
the centroid has been defined as the weight average molecular
sieve coefficient, 'GW, of the associating systems (Ackers
and Steere, 1967). Mathematical theories based on the use
of g have been developed to analyse associating systems.
(Ackers, 1967 a,b; 1968; 1970; Brumbaugh and Ackers,
1968; Zimmerman and Ackers, 1971),

In an extension of the basic theories of Ackers (1967),
Chun, Kim, Stanley and Ackers, (1969) have shown that
molecular sieve coefficient data from gel filtration experimeﬁts
can be combined with molecular weight data from sedimentation
equilibrium studies of associating protein systems (q.v.) to
yvield information on the shape of the aggregate. Details of

their analysis are described in Appendix 2(Db).

Analytical Ultracentrifugation

Analytical ultracentrifugation is one of the most
powerful analytical tools available for the study of bioclogical
macromolecules. Because of the importance of the technique,
a brief review of the development of the instrument and of the
theoretical analyses used in analytical ultracentrifugation will

be presented.

The science of analytical ultracentrifugation was
founded in the 1930's with the introduction by Svedberg of a
turbine ~driven ultracentrifuge equipped with Schlieren optics
(Svedberg and Pedersen (1940)). Turbine driven instruments
have since been superceded by commercially available

electrically -powered ultracentrifuges capable of generating

large centrifugal forces of up to 100, 000g. A disadvantage
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of the Schlieren optical system used in early machines was
that large amounts (milligram quantities) of sample were
required. The sensitivity of the instrument was considerably
increased, however, by the use of optical systems based on
the Rayleigh interference system, capable of analysing
sedimenting species at concentrations as low as 250ug/ml
(Klainer and Kegeles, 1956). Even greater sensitivity was
provided by an absorption optical system and the automation

of this optical system by Schachman, Gropper, Hanlon and
Putney (1962) has represented a major technical advance.

A photo-electric scanning system formed the basis of the
automated system and recently equipment has become available
to permit direct linkage of the scanning system with a computer,
thus enabling large quantities of experimental data to be

processed quickly and accurately.

As a result of these technical innovations, the
ultracentrifuge has become a powerful analytical tool, prompting
the concurrent development of theoretical analyses of
ultracentrifugal processes. The principal application of the
ultracentrifuge in early studies was the determination of the
molecular weight of biological materials using the sedimentation
diffusion method which ‘involved separate experimental
determination of the sedimentation coefficient, s, and the
diffusion coefficient, D, of the macromolecule bei.ﬁg studied.

S was evaluated from the net rate of movement of a sedimenting

boundary using the equation:-

s = mé-"‘...... . 4(nx)

w i dt
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where w is the angular velocity
t is time of sedimentation
r is the distance of the boundary

from the centre of rotation

D was determined by establishing a synthetic
boundary between a solution of the macromolecule and pure
solvent and measuring the rate at which the two phases
diffused into each other. Combination of S and D gave the

Sfredberg equation for the determination of molecular weight

RTs
YA
where M is the molecular weight of the macromolecule
R is the gas constant
T is the absolute temperature

V is the partial specific volume of the macromolecule

and p is the density of the solution

Determination of molecular weights of macromolecules by

this sedimentation-diffusion method has now been largely
superceded by the use of sedimentation equilibrium techniques.
Sedimentation equilibrium is the equilibrium state achieved
between the centrifugal force of sedimentation and the

centripetal diffusion force and the technique is consequently
thermodynamically rigorous. The basic equation of
sedimentation equilibrium in a two component system, (Williams,

Van Holde, Baldwin and Fujita, 1958) is:-

1 de _ M (1 -—."V‘p)wzr
c dr RT (1 +c(dlny)
{ dec)

where ¢ = concentration of solution

H
]

distance from centre of rotation

<}

partial specific volume of the macromolecule



p = density
T = absolute temperature
and R = the gas constant

v, is defined in terms of the activity and the concentration of
the solution by Yo = az/cz. When the activity coefficient term

in the above equation is omitted, the equation reduces to:-

2RT dlnc

X7 2
(1 - %% )y 4l

=

M
wapp
The photo-electric scanning system yields data in a form which

permits direct evaluation of MW the whole cell weight

cellapp,
average apparent molecular weight, using the gradient of a
straight line fitted through a plot of In ¢ vs. rz. The apparent
weight average molecular weight at each point in the In ¢ vs.

1‘2 data may be evaluated by fitting curves to successive groups

. . 2
of data points to obtain the gradient of the In ¢ vs. r curve at

each point.

The Rayleigh optical system has also been used in
the sedimentation equilibrium determination of molecular
weights of proteins but suffers from the disadvantage that since
the concentration at any point in the cell is simply proportional
to the number of Rayleigh fringes at that point, correlation of
the number of fringes with absolute concentrations has to be
separately determined. Yphantis (1964) has, however,
described a form of the sedimentation equilibrium technique
which enables a direct correlation of concentration with fringe
number. By operating the ultracentrifuge at speeds higher
than those normally used for the attainment of sedimentation
equilibrium, the concentration of solute at the meniscus is
reduced to zero and so provides a reference point in the cell

where the concentration is known exactly. Separate correlation



of fringe number with concentration is therefore unnecessary.
Archibald (1947) showed that after a short time of sedimentation
there was no net transport of solute in the region of the
meniscus or at the bottom of the cell, that is, the protein in
these areas existed in a state of sedimentation equilibrium.
The molecular weights of the macromolecules could therefore
be evaluated by application of the sedimentation equilibrium
equations to these areas. The 'Approach to Equilibrium'
method of Archibald has the advantage that molecular weights
can be determined quickly. The use of short columns in
standard sedimentation equilibrium experiments has reduced
substantially the time needed to attain equilibrium and so

eliminates the need for the approach to equilibrium method.

The determination of the molecular weights of
biological materials by ultracentrifuge techniques has been
reviewed by Bowen (1970), Williams (1963) and Creeth and
Pain (1967).

Numerous biological materials cannot be obtained
as homogeneous discrete species whose molecular weight can
be determined using the techniques described above.
Heterogeneity may be a result of simple polydispersity or of
self-association processes. Polydispersity in a macromolecular
sample may be considered as the presence of distinct forms of
the macromolecule between which no inter—éonver sion is
possible. In an associating system, distinct macromolecular
species are present in a dynamic equilibrium. Ultracentrifuge

analyses are available to characterize both systems.

4. 4.1 Ultracentrifugal Analysis of Polydispewrsity .

Sedimentation velocity ultracentrifugation is

particularly useful for providing information about



the heterogeneity of sedimenting species.
Schumaker and Schachman (1957) introduced a
distribution function g (s) to define the distribution
of species of different sedimentation coefficieants
across a sedimenting boundary. They showed that
the distribution function could be normalized by a

process of summation and division to yield:-
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where AS° is the average of the largest and
20, w smallest values of S0
20, w
e is the distance from the axis of rotatio:
x is the distance of the meniscus from

the axis of rotation

o
The values of Sz were calculated at each point

0, w

across the sedimenting boundary from the expression:
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The above expression for g (s) assumes that
the boundary spreading is due solely to the distribution
of S values, in other words that thiere is no
broadening of the sedimenting boundary due to
diffusion, no effects of concentration and pressure
dependencies of sedimentation coefficient. Creeth
and Pain (1967) have pointed out that caution must be

exercised in assessing derivative curves of a
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sedimenting boundary in terms of the degree of
heterogeneity since there are several cases of
associating systems where a single symmetrical
pattern may be obtained, The review by Nichol,
Bethune, Kegeles and Hess (1964) gives a full‘
account of the theory and application of transport
phenomena to the study of heterogeneous and

chemically reacting systems.

Ultracentrifugal Analyses of Associating

Protein Systems

Sedimentation velocity experiments,
successfully used by Schumaker and Schachman
(1957) and Schumaker, Richards and Freexr (1967)
in the study of polydispersity of macromeolecular
samples, have also been used in the investigation
of chemically reacting systems. For associating
systems in which the reaction time is short relative
to the period of the experiment, the theoretical
analysis proposed by Gilbert (Gilbert, 1955, 1959;
Gilbert and Jenkins, 1956, 1959) has made it
possible to predict the shape of the sedimenting
boundary and also enable estimation of the extent
of the association and of the equilibrium constant
involved. The Gilbert and Jenkins theory also
predicts that, under certain circumstances, a single
symmetrical boundary gradient curve may be
observed when there are more than one sedimenting
species present, illustrating the need for caution
in interpretation of sedimentation profiles. The
theory suffers from the disadvantage that certain

restricting simplifications have been introduced
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and also from the fact that the pressures generated
by the high speeds used in velocity centrifugation

can affect the equilibrium of associating protein

systems, (Fujita, 1956),

For these reasons, sedimentation
equilibrium has been the method of choice for
investigation of associating protein system and
numerous mathematical methods have been
developed to this end (Adams, 1964; Adams and
Williams, 1964; Adams, 1965; Adams and Filmer,
1966; Adams, 1967 a, b, ¢c; Sophianopoulos and
Van Holde, 1964; Teller, Horbett, Richards and
Schachman, 1969; Roark and Yphantis, 1969;

Chun and Kim, 1970; Chun and Kim, 1969;

Haschemeyer and Bowers, 1970),

Characterization of an associating protein
system requires the elucidation of the species
present and determination of the equilibrium
constants of the formation of these species. Two
general approaches have been adopted, one
involving a direct evaluation of the molecular weight
distributions of the polymer, the other requiring

the evaluation of molecular weight averages (q. v.).

The former approach is the one developed by
Haschemeyer and Bowers (1970). They have shown
that discrete molecular weight distributions of
associating protein systems in sedimentation
equilibrium can be characterized when the
concentration as a function of radial position is

expressed as a sum of exponential terms and

have described computer evaluation of such



expressions. Using simulated data, Haschmeyer
and Bowers (1970) found that in the presence of
realistic experimental errors, acceptable results
were provided by the analysis. Scholte (1968) has
also successfully applied the technique of fitting
continuous molecular weight distribution to an
exponential equation in the case of a polydisperse
sample. The method of analysis of associating
protein systems by fitting exponential equations to
continuous molecular weight distributions is
theoretically capable of describing accurately any
type of association whereas, as is pointed out by
Scholte (1968), molecular weight averages cannot,

in theory, describe completely accurately a
molecular weight distribution. The fact that the
technique of describing molecular weight distribution
in terms of an exponential equation is currently only
applicable to thermodynamically ideal systems is,
however, a limitation of the method. Non-ideal
effects arise because of steric and electrostatic
interaction of species in solutions and can be

defined in terms of an empirical constant, the second
virial coefficient, B, which relates the concentration

of a molecular species to its activity by the equation:-
Iny = BMIC

where Ml is the molecular weight of monomer species
¢ 1is the concentration
B is the virial coefficient

is the activity of the species
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The methods of analysis of associating
protein systems developed by Adams (1967)
incorporate estimation of the second virial
coefficient, in contrast to the methods using
exponential expression of molecular weight
distributions. Average molecular weights used

in the method of Adams are defined:-

n, M,
Number average molecular weight, M_ = —= 1
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Weight average molecular weight, M = Z i 1 _ =
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The molecular weight of monomer, M_, is also used

1
in the Adams method and can be estimated by
extrapolation of a plot of M vs. ¢ to zero

wapp
concentration. It is possible that the use of such
techniques may result in inaccurate values of Ml due
to the difficulties of obtaining reliable experimental
data at low concentrations. Rowe and Rowe (1970)
have described a graphical method which allows

accurate determination of M, for systems showing a

1
linear dependence of M on concentration.
wapp

Estimates of M1 from alternative methods may

indicate the reliability of the value of Ml obtained by

the method of Rowe and Rowe (1970). One such

method is sedimentation in concentrated solutions of

guanidine hydrochloride which dissociates completely



any macromolecular complexes. A drawback of
this method is that the protein may bind significant
amounts of guanidine hydrochloride. Amino acid
analyses may also be useful in terminations of Ml'
Adams defined special parameters, or
molecular weight moments, in terms of M

wapp’
M and Ml and concentration ¢, and used

Moapp” Maapp

these molecular weight moments to construct specific
equations based on these of Steiner (1954).describing
non-ideal associating systems. These equations

can be solved for ZBM1 using the techniques of
successive approximation. This value of BMi may
then be used to compare experimentally obtained
values of molecular weight moments with those
predicted by the theoretical equations, The best fit
of calculated and experimental values identifies the
type of association. Verification of the type of
association may be achieved by generation of

MWB—PP vs. ¢ plots, using the theoretical equations,
and comparison with the original molecular weight
data. The Adams theory of the analysis of

associating protein systems is described in detail

in Appendix 1.

The theories of Adams have been successfully
applied to studies of the dimerization of lysozyme
(Sophianopoulos and Van Holde, 1964; Adams and
Filmer, 1966; Deonier and Williams, 1970), to
studies of the association of myosin (Godfrey and
Harrington, 1970 a, b) and of purines (Van Holde,
Rossetti and Dyson (1969)).



Several authors have described extensions
and minor modifications of the basic theory.
(Roark and Yphantis, 1969; Chun et al., 1969;
Chun and Kim, 1969; Teller (1970); Deonier and
Williams (1970)). A particularly simple method
of analyzing associating protein systems has been
described by Chun and Kim (1970) based on the use
of the weight fraction of monomer, fl. They found
that plots of Mw/Ml vs. fl, Ml/Mn vs, f MW/M!
vs. l/ff—l and'd(MW/Ml) vs. d(MI/Mn)

df1 dfl

1!

generated theoretical curves for ideal associating
systems. The Chun and Kim graphical method has
the advantage of being very easily applied, although
it is limited to consideration of ideal systems. For
this reason, it is useful as a preliminary analysis

to identify the type of association being studied.

The application of the theories of Adams and
of Chun and Kim to the study of the self-association
of GAR histone will be described in the Results

Section of this thesis.

Hydrodynamic Characterization of DNA

The previous section has described methods used for the
study of the physiochemical properties of proteins, which may be
applied to the characterization of the histone components of
chromatin. Knowledge of the physicochemical properties of DNA
is also necessary to the understanding of the structure and function

of nucleohistone complexes.



Mammalian DNA is very large and heterogeneous and is
consequently difficult to characterize precisely. Sucrose density
gradient centrifugation has been used by Schumaker, Richards and
Freer, (1965) in an attempt to fractionate the DNA, They showed,
however, that the DNA in fractions produced by this method still
exhibited considerable heterogenity. Estimation of the distribution
function g (s) (Schumaker and Schachman, 1957) from boundary
sedimentation velocity experiments was found to be useful in
characterizing such heterogeneity. The large size of DNA has
precluded the use of absolute methods of determination of molecular
weight, such as sedimentation equilibrium and sedimentation-
diffusion. Much effort has been devoted, therefore, to the
establishment of 'relative' methods which could correlate the

molecular weight of the DNA with its hydrodynamic behaviouwr.

Viscometry is a particularly useful hydrodynamic method for
the characterization of DNA. The introduction of rotating cylinder
viscometers which produce low shear stresses (Zimm and Crothers,
1962) is a significant technical improvement which has increased
the accuracy of determination of the relative viscosity (), of DNA.
Sedimentation velocity has also been used to characterize DNA.

The introduction of the photo-~electric scanning system (Schachman,
1963 a, b) enables the measurement of the sedimentation coefficient,

s, of DNA, using only microgram amounts.

The absolute values of the molecular weight of DNA needed
for the establishment of empirical relations of the molecular weight
with S and (1) have been obtained by using homogeneous preparation
of viral DNA whose contour lengths may be measured directly in
the electron microscope. The molecular weights of DNA preparations
can also be estimated from a theoretical analysis of the width of a
band of DNA at buoyant equilibrium in a density gradient (Schmid
and Hearst, 1969).
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The correlation of S and (1) with the molecular weight of
DNA has been studied by Crothers and Zimm (1965) who deduced
that the optimal empirical equation for native, double stranded

DNA is:-
0.455 log ;o M = 1.819 + log ,, (S -2.7)

Correlation of S and 1 with the M. W. of DNA not only permits the
rapid evaluation of the molecular weights of unknown DNAs but also
yields information on structural parameters of the molecule. Such
information has led to the conclusion that the double helix is a rigid
rod over short distances, behaves like a weakly bending rod over
several hundred angstroms and becomes very flexible over longer
distances. (Bloomfield, 1968). Because of this behaviour, DNA

has been described as a wormlike coil.

The heterogeneous nature of mammalian DNA has made
detailed investigation of its hydrodynamic properties difficult. In
contrast to mammalian DNA, circular DNA isolated from certain
viruses is more homogeneous, thus permitting detailed characteriza-
tion of its hydrodynamic properties. Because of a deficiency in the
number of duplex turns, such circular DNA species adopt a supercoiled
structure (Vinograd and Lebowitz, 1966). Release of the strain in
these molecules by the introductioﬁ of single ~stranded nicks causes
them to form a relaxed circular duplex, which sediments at a
slower rate than the supercoiled structures. The techniques of
band sedimentation introduced by Vinograd, Bruner, Kent and
Weigle (1963) have provided aconvenient method for the comparison
of the sedimentation properties of the two forms of circular viral
DNA. Molecular weights of the DNA can be evaluated from the
sedimentation coefficients of the two species using empirical
equations derived for each form of the DNA by Gray, Bloomfieid and
Hearst (1967) and Hudson, Clayton and Vinograd (1968).



The formation of complexes of histones with the two forms
of small circular DNA may provide a useful model system for

analysis of the shape and conformation of mammalian chromatin.

Aim of Experimental Studies Carried Out

To allow meaningful interpretation of the physicochemical
characterization of GAR -DNA complexes, the individual components
of the nucleoprotein complex were studied separately. The
properties of GAR histone were analyzed at different salt
concentrations and pH. Shapes of the protein aggregates were
studied using molecular sieve chromatography. To study the
effects of binding different histone aggregates to DNA, the
physicochemical properties of DNA-histone complexes were

investigated, using different forms of DNA,
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MATERIALS AND METHODS

1. MATERIALS

1.

1.

Biochemicals

2X crystallized bovine serum albumin was obtained
from Armour Pharmaceutical Co., Eastbourne, Sussex,
Cytochrome C, ribonuclease A, lysozyme and haemoglobin
were purchased from Siglma Chemical Co., St. Louis,
Missouri, U.S,A, and a chymotrypsin was obtained from
Seravac Laboratories, Maidenhead, England. Myoglobin
and chymotrypsinogen were obtained from Mann Research
Laboratories, New York, N.Y., U,S. A, Spermidine

phosphate was purchased from Sigma Chemical Co.

Chemicals

CsCl (opticallgrade) was obtained from the Harshaw
Chemical Co., Cleveland, Ohio, U,S.A, Urea(Ultra-pure
grade) was purchased from Mann Research Laboratories,
New York., All other chemicals were of '"ANALAR' grade
and were obtained from British Drug Houses Biochemicals,

Poole, Dorset.

Organic Chemicals

1.3.1 Stains

Amido Black was obtained from Edward Gurr

and Sons, London, England.

1.3.2 Polyacrylamide gel reagents

Acrylamide was purchased from Koch-~Light
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1.

Laboratories, Colnbrook, Bucks; N', N
methylene bis-acrylamide from B, D, H.
Laboratory Chemicals Division, Poole,
Dorset, and N, N, N', N' tetramethylethylene -
diamine (TEMED) from Eastman Organic
Chemicals, Rochester 3, New York, U,S. A,

1.3.3 Intercalating Dyes

Ethidium bromide (EB) was obtained from

Calbiochem, Lios Angeles, U, S. A,

Dialysis Tubing

Dialysis tubing used was Visking tubing sizes 8/32',
18/32" and 36/32". The tubing was boiled five times in
0.15M EDTA, pH 8.0 and five times in distilled water

prior to use,

Ultrafiltration

A Medel 50 ultrafiltration cell (Amicon Industries,
Inc., Carhbridge, Mass., U.S,A.) was used for
concentration of dilute histone solutions using a UM-2
membrane with a molecular weight cut-off of 1000 undex

a pressure of 50 p. s.i. of nitrogen.

Buffers

— T T TR

Dilute Mcllvaine buffers of constant low ionic strength

(0.9005T) were prepared by direct weighing of the relevant
constituents (Elving, Markowitz and Rosenthal, 1956).

‘"Buffers were prepared as 10 times or 100 times concentrates,

were sterilized by autoclaving and were stored at 4°C.  The

pH of the buffers was checked after dilution.
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Materials for Column Chromatography

Sephadex G100, G25 and Blue Dextran 2000B were
supplied by Pharmacia Fine Chemicals (U, K.) Ltd.,
London. Cellulese nitrate was obtained from B, D, H,
Laboratory Chemicals Division, Poole, Dorset. The
cellulose nitrate was suspended in 2XSSC and homogenized
for about 1 min at top speed in an MSE Ato-mix to produce
a fine slurry. A column of final height 4 inches was
poured under gravity in a previously sterilized glass
column of diameter 1' fitted with a sintered base. About
500ml of sterile 2XSSC was washed through the column

prior to use to remove any UV -absorbing contaminants.

Biological Material

A plaque-purified strain of SV40 virus was supplied
by Dr. J. Williams, Institute of Virology, Glasgow

University.

Fresh calf thymus glands were obtained from the
Veterinary Department, Corporation of Glasgow Markets
Department and were immediately deep frozen and stored
at ~70°C until used. In no case were glands stored for

periods longer than 3 months,

Calf thymus DNA lot No. 71A was obtained from the
Worthington Biochemical Corporation, Freechold, New

Jersey, U,S,A,

African green monkey kidney cells (BSC-1) (Flow
Laboratories Ltd., Irvine, Scotland) were grown in
mono-layer cultures on glass in an atmosphere of 5% Co2

in air. Minimal Eagles medium supplemented with 10%



foetal calf serum (Flow Laboratories Ltd., Irvine, Scotland)
was used as growth medium. Monolayer cultures of BSC-1
cells in plastic petri dishes (NUNC, Denmark, 90mm X 4mm)
were infected with SV 40 virus as described by Rush, E_ason
and Vinograd (1971). Seven days after infection, cells were |
scraped from the dishes and the suspension was centrifuged
at 1000g for 10 min at 40C. The infected cell pellet was
stored at —ZOOC.

2. METHODS

2.1 Purification of the Glycine Arginine Rich Histone

The Glycine Arginine rich (GAR) histone (histone IV
in the nonemenclature of De Lange et al. (1968)) was purified
from calf thymus by the method of Starbuck et al. (1968).

This method uses as a preliminary purification step the
method of Johns (1964) to separate the histones of calf

thymus chromatin into fractions of similar amino acid
composition. 100g of calf thymus glands were thawed in
0.15M NaCl and attached fatty or muscle tissue was removed.
The glands were partially minced by scissors and homogenized
in 500m1l ice~cold 0. 15M NaCl in a Waring Blender for 5 min
at full speed. The chromatin was pelleted by centrifugation
at 1110g for 30 minutes in an MSE medium centrifuge at 40C
and was then washed five times by dispersing the chromatin
in 400ml ice-cold 0.15M NaCl in a Waring Blender at half
speed for 2 min, followed by centrifugation in an MSE

medium centrifuge at 4°C for 15 min at 1100g. The washed
pellet of chromatin was then dried by dispersing the
chromatin in 400ml of ice-cold EtOH; I—IZO (90:10 by volume).

The histones of the chromatin thus prepared were



fractionated by extraction with 400ml ice-cold 1. 25NHCI:

EtOH (1:4 by volume) in a rotating bottle at 4°c overnight,
a procedure which selectively removed the arginine rich
class of histones, comprising fractions F3 and FzA.
These two fractions were removed from the remaining
insoluble chromatin by centrifugation at 1100g and were
separated by dialysis against several changes of 100%
Eth at 4°C for 16k, The Arginine -lysine (A L) rich

histone (F, in the nomenclature of Johns (1964) was

3
precipitated by this treatment. Acetone precipitation of

the soluble FZA fraction as suggested by Johns (1964) was
avoided because of the risk of degradation; instead the
fraction containing histone FZA was dialysed against several
changes of 0. 01M HCI1 and concentrated to a small volume

on a Model 50 Ultrafiltration cell fitted with a UM2 membrane
(molecular weight cut-off 1000). The histone fraction
obtained by this method is heterogeneous (Starbuck et al.,
1968; Johns, 1964); both GAR histone and arginine-lysine

(AL) rich histone are present.

To ensure complete dissociation the crude histone
fraction was left overnight at 40(’3 in 6M urea, 0.01M HCL
Separation of the two discrete molecular species present
in the crude fraction was achieved by gel filtration
chromatography on Sephadex G100, previously equilibrated
with 0. 01M HCl, as described by Starbuck et al. (1968).
Separation of the two histone species which differ in
molecular weight by about 6000 daltons, was achieved
. using two 100mm X 2% cm diameter columns connected in
series by a flow adaptor (Pharmica Fine Chemicals (U, K)

1td.)). A perpex pump (LKB Scientific Instruments Ltd.)



was used to produce a constant flow rate of 12ml/h.
Because of cross-~-contamination between the peaks
corresponding to AL and GAR histones, peaks were pooled,
concentrated by ultrafiltration and re-chromatographed.
The resulting pure species of histone were then
chromatographed separately on a 20cm X 1. 5cm diameter
column of Sephadex G25, previously equilibrated with
0.01M HC1, to remove any low molecular weight
constituents. Pure GAR and AL stocks were rapidly
frozen using a Drikold/ethanol freezing mixture and were

o
stored at ~-70 C till required.

Polyacrylamide gel electrophoresis of purified

histone species

Analysis of purified histone species by polyacrylamide
gel electrophoresis was carried out according to the method |
of Fambrough and Bonner (1969), which is based on the
method of Reisfeld, Lewis and Williams (1962).

Stock solutions were made up as follows:-

1. Stock acrylamide solution

60g acrylamide )

in 100ml H
4g bis-acrylamide ) 1n " 20

2. Stock TEMED solution

4ml pure TEMED ) made up to

48ml 1N KOH ) 100ml by

17. 2ml glacial acetic acid ) distilled water

A gel solution was made by adding 2 vols, of stock
TEMED to 1 vol. of stock acrylamide and adding 1 vol. of a

freshly made solution of 1% (W/v) of amonium persulphate

(APS) in distilled water. The gel solution was poured into
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431 X 3" diameter glass tubes and left for 30 min to allow
polymerisation to take place. 0.4M glycine, pH 5.0 was
used as electrode buffer., Histone samples in a volume
of not greater than 0. 2ml] were made dense relative to the
electrode buffer by the addition of a few crystals of solid
sucrose and were applied directly to the top of the gel
column through the electrode buffer using a lml syringe.
Electrophoresis was carried out for 3 or 5h at a constant
current of 3mA/gel, after which time the gels were
removed from the glass tubes by rimming the tubes with

a syringe needle. The gels were stained by immersion
overnight in a 1% (W/v) solution of Amido black in 7% (v/v)
acetic acid solution and were destained electropllorétically

v R . .
in a 7% ( /v) acetic acid solution.

Amino-acid analysis of purified histone species

Total amino acid analyses were carried out on a
JEOLCO type JLC-5AH amino acid analyser (Japan
Electronics and Optical Co., Ltd.). Histone samples wezre
exhaustively dialysed against 0. 01M HCI, lyophilized and
hydrolyzed in constant boiling 6N HCL in sealed tubes at
110°C for 20h. The HCl was removed by rotary evaporation
under reduced pressure and the remaining hydrolyzate was
dissolved in the starting buffer of the amino acid analyzer.
Amounts of hydrolyzate applied were such that the amount
of any individual amino acid was never greater than 100n
moles. No corrections were made for hydrolytic losses.

Amide N was not determined.

Isolation of intracellular SV40 DNA

Intracellular covalently closed SV40 DNA (form I) was



isolated from SV40 ~infected BSC-1 cells by the technique of
selective alkaline denaturation as described by Rush, Eason
and Vinograd (1971), which is based on that of Rush and

" Warner (1970). About lg of frozen SV40 -infected BSC-1
cells were suspended in 50ml of 0. 1% (w/v) sodium
dodecylsulphate, 0.15M EDTA (pH 8.0). The pH was
adjusted to 12. 2 by dropwise addition of 1N NaOH and was
maintained at that pH at room temperature for 3 min with
vigorous stirring. The pH was then adjusted to 7.5 by
dropwise addition of 1N HCI and the precipitate thus formed
was removed by centrifugation at 15, 000g for 10 min at 4°c
in an MSE 18 centrifuge. The resulting supernatant was
then incubated at 80°C for 3 min with RNase at a final
concentration of 10ug/ml. The precipitate formed was
removed by centrifugation in an MSE 18 centrifuge at 4°¢
and the supernatant was concentrated by wotary evaporation
under reduced pressure at ZSOC to a final volume of about
20ml, The material was then chromatographed on a
100cm X 24cm diameter Sephadex G100 column at 400, using
2 X S5C as eluting buffer., The Sephadex had previously
been freed of contaminating nucleases by autoclaving. The
eluate was collected in 5ml aliquots in sterile fraction
collector tubes and the excluded volumes were pooled and
passed through a nitrocellulose column which retained
alkali-denatured, single-stranded material. The eluate
contained closed circular duplex DNA and was concentrated
by rotary evaporation at 25°C.  Care was taken throughout
the preparation to maintain sterility in order to minimize
any nuclease contamination. Small amounts of circular
éiuplex DNA with one or more single strand breaks

(Form II DNA) were detected by band sedimentation in the



analytical ultracentrifuge (q.v.). The presence of
Form II DNA is attributable to the introduction of

single -stranded breaks into closed circular duplex DNA.
during the preparation. Closed circular duplex DNA and
nicked circular DNA were resolved using CsCl-ethidium
bromide equilibrium centrifugation. (Radloff, Bauer and
Vinograd, 1967). DNA samples were centrifuged in
CsCl gradients of initial density 1. 55g/ml, containing
100ug/ml ethidium bromide for 40h at 20°C in an angle
40 rotor at 39, 000 r.p.m, in a Spinco Model L,
Ultracentrifuge. Two flourescent bands were visible on
illumination of the tubes with ultraviolet light and were
collected by direct tube puncture., Ethidium bromide
was removed by extraction with a small amount of
isoamyl alcohol. CsCl was removed by dialysis against
SSC and the DNA samples were stored in sterile bijoux

bottles at -20°C.

Preparation of GAR -DNA complexes

A convenient method for describing the relative
amounts of DNA and histone used to form nucleoprotein
complexes has been described by Shih and Bonner (1970},
in which the molar concentration of the basic residues in
the histone (Arg + Lys) is expressed as a fraction of the
molar concentration of the phosphate residues present in
the DNA to which the histone is bound., Alternatively, the
composition of DNA -histone complexes may be described
in terms of the relative weights of the macromolecular

constituents.

GAR -DNA complexes were prepared at two pH

values, 7.0 and 5.0, using the low ionic strength Mcllvaine
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type buffers described in Materials Section 1.6. Two
methods were used to prepare GAR ~-DNA complexes -~ the
salt gradient dialysis method described by Huang et al.
(1964) and Olins et al. (1968) and by the method of direct
mixing of the two constituents (Ansevin and Brown, 1971).
Using the salt gradient dialysis method, samples of GAR
and DNA in 0.7M NaCl at varying ratios of (Arg + Lys)/P@é-f.
The protein and DNA were mixed and dialyzedagainst
0.4M NaCl pH 7.0 for 4 hours. This was followed by
dialysis for lh against 0.15M NaCl and a further dialysis
for 10h against 0.075M NaCl.

The method of directly mixing histone and DNA at
low ionic strengths suffers from the disadvantage that
precipitat;’.on of DNA occurs unless a low concentration of
histones relative to DgA is used., The binding of histones
at low (Arg + Lys)/P64 was accomplished by the slow
addition of histone solutions to DNA with vigorous agitation

to avoid high local concentrations of histone.

Estimation of concentration of GAR histone solutions

The concentration of GAR solutions was determined
from the value of the extinction coefficient at the wavelength
of maximum absorbance (275nm). Experimental
determinations of the extinction coefficient. of GAR were
obtained by exhaustive dialysis against distilled water
followed by lyophilization, Accurately weighed amounts of
lyophilized GAR protein were dissolved in accurately
measured volumes of 0, 01M HCIL and the absorbance of the
solutions read in an SP 500 spectrophotometer, with -

b. 01M HCI as a reference buffer, Several determinations

wele carried out and a mean value obtained.
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A theoretical value of the extinction coefficient was
determined from the amino acid composition of GAR by the

method of Wetlaufer (1962).

Estimation of partial specific volume of GAR

Estimations of the partial specific volume of GAR
were carried out using the technique of density perturbation

sedimentation equilibrium in D_O (Schachman and Edelstein

(1966), Thomas and Edelstein (21971)). A series of
sedimentation equilibrium experiments were performed in
which the solvent density was varied by altering the amount
of deuterium oxide (DZO) present. Objections to the
theoretical validity of this approach have been raised by
Reisler and Eisenberg (1969). Accordingly, a further
estimation of the partial specific volume of GAR was made
on the basis of a summation of the contributions to the
overall partial specific volume, of the individual amino
acids present in the protein molecule. The amino acid

content of GAR protein as described by Starbuck et al.
(1968) was used.

Analytical gel filtration chromatography

Analytical gel filtration chromatography was carried
out on a Whatman 40cm X lcm diameter glass column fitted
with sintered end pieces or on a 6" X 3/8' diameter glass
column. A slurry of Sephadex G100 (Pharmacia Inc.,
Uppsala, Sweden) was made in the appropriate buffer,
"fines'" were decanted and the slurry was degassed by
partial evacuation. Egquilibration was achieved by leaving
the gel at room temperature overnight. The column was
packed under gravity flow and the column was washed with

several column volumes of buffer. Columns were run at
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room temperature. Elution profiles were monitored using
a LKB UVICORD flow absorptiometer (LKB Instruments
Co., Uppsala, Sweden) equipped with a 277nm filter or by
direct collection of 0. 4ml fractions using a ISCO Model
T fraction collector. The absorbance of the fractions
was measured at 235nm in an UNICAM SP500
spectrophotometer. Calibration of the columns was carried
out using the methods of Steere and Ackers (1969).
Standard proteins used were cytochrome C, lysozyme,
haemoglobin, and chymotrypsin, bovine serum albumin,
myoglobin and chymotrypsinogen. The void volumes of
the columns were determined from the elution volume of
Blue Dextran 2000B and the internal volume was obtained
from the elution volume of potassium dichromate. As
described by Ackers (1967a, 1967 b) a more meaningful
calibration of a column than a correlation of molecular
weight with elution volume is the use of the Stokes radius,
a, of the standard proteins. Values of a, the Stokes
radius of the standard proteins used were taken from
Tanford (1961). Values of o, the molecular siecve
partition coefficient as defined by Ackers (1967) were

obtained from values of partition coefficient.

In order to study interacting protein systems using
gel filtration techniques, large volumes of protein samples
were applied to the Sephadex column, as described by
Ackers and Thompson (1965). ILarge sample volumes
ensure that on elution, a 'plateau' region is achieved at

which the concentration of eluted protein is equal to that
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of the applied sample., Initial sample volumes of 4ml -
10ml were routinely used to attain such constant elution
concentrations. Values of the weight average partition
coefficient,g,, at each of the plateau concentrations used
were obtained from the trailing boundary of the plateau

as described in Appendix 2.

Thermal Denaturation Studies

Melting profiles of DNA and DNA complexes were
obtained using a UNICAM SP800 spectrophotometer equipped
with an SP870 constant temﬁerature all accessory.,
Temperature measurements were made using a Pye
""Scalamp' thermocouple galvanometer. Melting profiles
were normally obtained at DNA concentration ranges
corresponding to absorbances at 275nm of 0. 6 ~ 1.0,

Measurements of turbidity were monitored at 320nm.

Analytical Ultracentrifugation

All ultracentrifuge experiments were performed
with a Spinco Model I analytical ultracentrifuge equipped
with RTIC temperature control and a photoelectric scanning
system. (Lamers, Putney, Steinberg and Schachman
(1963)). Rotor speeds were controlled by an electronic

rotor speed control system (Beckman Instruments Co. ).

2.10.1 Two component equilibrium ultracentrifugation

of GAR

L ]

All protein solutions for analysis were
dialyzed overnight against the appropriate buffer
to fulfil the requirements of Cassassa and

Eisenberg (1964) concerning three component

systems (Buffer ion, macromolecule, and solvent).
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The diffusate was used as a reference buffer.
Experiments were performed with 12mm
aluminium-~filled epon double sector centrepieces.
The sectors were loaded with protein solution

and diffusate in the manner recommended by
Adams (1967), using polyethylene syringe needles
to minimize contact with metal. In all cases,
the column heights in the solution sector were

close to 0. 3cm. No layering oils were used

‘because of the possibility of interactions with

the protein solution (Adams, 1967). Alignment
of cells in the rotor was checked critically using
a microscope aligning tool (Beckman Instruments
Co.). Runs were allowed to proceed for at least
40h and usually longer. Scans were normally
carried out at wavelengths which permitted
measurable pen deflections to be recorded on the
scanning system. The extinction coefficient of
the protein at the scanning wavelength was used to
relate absorbance to concentration of the protein
using the calibration stair-steps produced by the

scanning system.

Analytical Band Sedimentation

Analytical band sedimentation runs were
carried out by method of Vinograd, Bruner, Kent
and Weigle (1963), using an aluminium-filled
epon double sector band-~forming centrepiece
(Beckman Instruments Co.). 15pl of DNA
solutions were introduced in the sample well and
0. 35ml of bulk solvent (normally CsCl) in each

sector, The rate of movement of the peak



maximum was used to calculate the sedimentation

coefficient of the DNA. (Bruner and Vinograd,
(1965).

2.10.3 Boundary sedimentation experiments

Experiments were carried out using 12mm
aluminium-filled epon double sector centrepieces.
During rotor acceleration, current to the drive was
maintained at as constant a level as possible and
the total time taken to obtain speed was noted. The
time of any scan relative to the start of the run was

always carefully noted.

2.11 Optical Rotatory Dispersion (ORD)

2.11.1 Determination of a-helix content of GAR histone

ORD spectra of GAR histone were obtained
in three solvent conditions:~ 0. 075M NaCl/0.01M
HC1, 0.15M NacCl, 0.01M HCI and 0.01M HCL.

The concentration of histone used was such that the

absorbance never exceeded 2. 0.

ORD spectra were measured on a Bendix/
Bellingilam and Stanley Polarmatic G2
spectropolarimeter. The instrument was
calibrated with sucrose (BDH»—An’alar grade) by the

procedure of Yang and Samejima (1963).

Treatment of ORD data

The rotation data weve expressed in terms of

, [R"L\ , defined as:

], = (o), (J) (=)
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where [a] = S anda)\ is the observed
A 1c rotation in
degrees

1 is the path length in de cimefres of the col.,

c is concentration in g/100ml

i_\‘/I is the mean amino acid residue weight which was
determined for GAR from the amino acid
composition of Starbuck et al. (1968) and was found
to be 108.4. Rotations were reduced to the value

they would have in vacuo, using the Lorentz

correction factor 3 ; where n_ is the
N S A
n + 2

refractive index of the solvent. The variation of

the refractive index of the solvent with wavelength,
i.e. its dispersion, was taken into account in all
measurements. The values of refractive indices
at all wavelengths were approximated using the

Sellmeir equation.
2

2
n =1+_a)\

Y
where n is the refractive index

A is the wavelength
and )\v and a are coefficients to be determined.
The equation was solved for a and _)\Vz by
substitution of known values of the refractive index

at two wavelengths (Adler and Fasman, 1968).

The contribution to n_ by the low protein

A

concentrations used were assumed to be

negligible.



The ORD spectra were analyzed by means of
the Moffit-Yang and Schechter-Blout equations.

The Moffit-Yang equation is:

2 4
a b )\
[R’_] - 0 Ao + ; o) ;
2 2 2
AT AA) (A" -x)

R'] ( N /2° lotted against
[ \ - A ) }‘o was plotted agains
2 2 2 . .
A [ (n - ;\O ) to yield a_ as the intercept and

bo as the slope. (Moffit and Yang, 1956),

’\o was assumed to be 212nm.

The Schechter-Blout equation is:

2 2
A
(R] = 193 Ni93 N Aa25 N 225
T R L U
193 B 225
Tg eval;.ate the COfolClentS A193 and A225
[Rl] (A" -~ A\ 193) / A 193 was plotted against
2 2 2 . o
A 5o5 [ (\" -A 225) and A, calculated from

the slope. A193 was calculated from the intercept

of the above plot.

Helical contents were calculated according to
Schechter and Blout (1964), and Schechter, Carver
and Blout (1964). Helical contents are given by

Hy o, = (A, + 750)/(36.5)

H,,s =-(A +  60)/(19.9)

i Using Moffit-Yang plots, assuming }\0 = 212nm,

per cent helix is given by:

% Helix = ~(b_ - 100)/8.00



2.

12

The helix content of GAR was also measured
by the method of Urnes and Doty (1961) from the

experimentally obtained values of bo using the

equation:
~b
% Helix = 9
- 6. 30

Data Processing

Data processing and mathematical analyses were
carried out using digital computer programmed in

FORTRAN or ALGOL languages. Computers used were:-

UNIVAC 1108 - National Engineering Liaboratory,
East Kilbride, Scotland.

ICL KDI'9 - University of Glasgow Computing

Service, Glasgow.

DIGITAL PDP3IL - Department of Biochemistry,

University of Glasgow
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RESULTS

In this section, the results of experimental investigations
of the physico~chemical properties of one of the arginine-rich group of
histones, the glycine-arginine rich histone (GAR), and of the
properties of complexes formed between DNA and this discrete histone
species will be described. Arginine-rich histoneé have been shown
qualitatively to aggregate in salt conditions and it has been suggested
that the presence of aggregates of these histones in vivo may affect
the biological function of chromatin (Stellwagen and Cole, 1969;
Edwards and Shooter, 1970). An initial aim of the present studies
was to characterize the self-association properties of GAR histone on
a rigorous, quantitative basis. Calf thymus was chosen as the source
material of GAR histone preparations because of the relative abundance
of the histone in this tissue. In addition, preparative techniques were
available to enable the large-~-scale preparation of GAR in a discrete,

homogeneous form from calf thymus tissue (Starbuck et al., 1968).

Purification and initial characterization of GAR histone from

calf thymus tissue

Chromatin was prepared from calf thymus glands by
homogenising approximately 100g of tissue in isotonic saline solution
as described in Methods Section 2. 1. The arginine rich class of
histones (FzAl) was isolated from the washed chromatin preparation
by the selective extraction procedure of Johns (1964). Studies of
the physico-chemical properties of such histone preparation have been
carried out by Edwards and Shooter (1969) and have revealed that
there are several discrete species of histones present. Current
techniques for analysis and characterization of the physical
propexties of proteins generally require that the protein species be
homogeneous. Accordingly, the arginine-rich class of histones

obtained by the method of Johns (1964) was further purified by gel



filtration chromatography on Sephadex G100 as described in Methods
Section 2.1. The elution profile of a preparation of the FZAI class
of histones on Sephadex G100 is shown in Fig. 1(a). It can be seen
that the FZAI group of histones gives rise to 4 distinct peaks, one
of which is eluted at a position close to the void volume. Starbuck
et al. (1968) have obtained similar elution profiles and have shown
by polyacrylamide gel electrophoresis that the peaks corresponding
to fractions 119-130 and 150-168 ave composed mainly of the
arginine lysine rich histone (AL) and the glycine-Axrginine rich histone
(GAR) respectively, although there is minor cross-contamination
between the peaks. Fractions 152-170 wevre pooled, councentrated
and re-chromatographed. The resulting elution profile is shown in
Fig. 1(b). Only one peak is obtained, eluting in a position similar
to that of GAR. The fact that the peak is not symmetrical suggests
that there may be some contamination by AL histone. Fractions
156-172 were pooled and aliquots containing about 20ng of protein
were analyzed by polyacrylamide gel electrophoresis as described
in Methods Section 2. 2. A typical gel is shown in plate 1. At the
concentration of histone used, only one band is visible. Starbuck

et al. (1968) obtained similar gel patterns and estimated that the
histone was> 96% pure. Prior to analysis, the preparation of GAR
histone was chromatographed on Sephadex G25 to remove any low
molecular weight contaminants not detected by polyacrylamide gel
electrophoresis. The elution profile of GAR on G25 is shown in

Fig. 1(c). Fractions 10-14 were pooled and concentrated,

Accurately weighed quantities of pure GAR protein were
dissolved in known volumes of 0. 01M HC1 and the absorbance measured.
The average value of 4 estimations of the extinction coefficient
obtained by this method was found to be 0. 397 with a standard deviation

of + 0.01. The extinction coefficient of pure GAR was also obtained



FIG 1 (a)

e et e s o

Elution profile of F Al class of histones on a Sephadex

2

Gl00 -column 200cm X 2. bcm.

Histone fraction F,A, was isolated from 100g of calf
thymus tissue by the selective extraction method of Johns (1964), as
described in Methods Section 2.1. The proteins were dissociated in
6M urea/0. 01M HCL for 36h at 4°C and applied to a 200 X 2. 5cm
Sephadex G100 column equilibrated with 0. 01M HCl. 3ml fractions

were collected and their absorbance at 275nm measured.

FIG 1 (b)

Elution profile of GAR histone on a 200 X 2. 5cn G100

Sephadex column.

Histone fraction FzAl was chromatographed on a 200 X
2. 5cm column of Sephadex G100 (Fig 1(a)). Fractions 150-168 were
pooled, concentrated and re-chromatographed. 3ml fractions were

collected and their absorbance at 275nm measured.

FIG 1 (c)

Elution profile of GAR histone on a 10 X 2. b5cm Sephadex

G25 column.

GAR was chromatographed on Sephadex G100 (Fig 1(Db)),

fractions 156~172 were pooled concentrated and re-~chromatographed
ona l0X 2, 5cm column of Sephadex G25. 2ml fractions were

collected and their absorbance at 275nm measured.



FI1G 1(a)

{ 7\
!
Aors /
0.3 I\ /
. .’
Jf"\/
0.2 ’

l\/\/ L

~—
50 100 150 200
Fraction No.
FIG 1(b)
0.2 .
AZ?B
0.1 1
\..__.,.—l—‘ f
0‘ 0 1 1 -~ [ 2
50 Fraction No. 150 200
FIG 1(c)
0.3 4
275
0.2

. \
0.1, \
‘ . .

o TYO e T Y -

N o

S~

LS

AT T TT0 12 14 18 iR S0 3
Fraction No.



PLATE 1

POLYACRYLAMIDE GEIL, ELECTROPHORESIS OF GAR HISTONE-

GAR histone was isolated from calf thymus by the method
of Starbuck et al. (1968) as described in Methods Section 2.1. 0.2ml
aliquots of GAR histone containing 20pg protein were applied to 7. 5%
polyacrylamide gels, with 0.4M glycine, pH 5. 0 as electrode buffer.
Electrophoresis was carried out for 3h at 3mA/gel. The gel was

stained in 1% Amido Black and destained electrophoretically.



PLATE 1



from the absorbance of a solution whose concentration had been
measured by the procedure of Lowry, Roseborough, Farr and
Randall (1951), using standard solutions of BSA for calibration of the
method, and found to be 0.236. The low value of the extinction
coefficient obtained by this method compared to that obtained by the
method of direct weighing is probably attributable to the abnormally
low content of tyrosine residues in GAR histone, since the method of
Lowry et al. (1953) is sensitive to the amount of tyrosine residues in
a protein molecule. An additional check on the values of the
extinction coefficient of GAR histone was provided by the calculation
of the absorptivity of the GAR histone from its amino acid composition,
according to the method of Wetlaufer (1962). The amino acid
composition given by Starbuck et al. (1968) was used and the value
of the extinction coefficient calculated to be 0.402, As pointed out
by Wetlaufer (1962) this method is at best approximate, since local
interactions between the amino acid residues of a polypeptide chain
may affect significantly the absorptivity of the absorbing amino acid
residues. The calculated absorbance of 0,402 at 275nm for a Ing/ml
solution of GAR nevertheéless agrees well with the value of 0. 397
obtained by the method of direct weighing, indicating that there is
little secondary structure involving the amino acid chromophores
(Wetlaufer, (1962)). The value of the extinction coefficient obtained
by the method of direct weighing of GAR histone was used in all
subsequent determinations of protein concentration. This value
approximates to the extinction coefficient of 0. 35_2 estimated for

a lmg/ml solution of whole histone at 275nm (Walker, 1965). The
concentration of GAR histone was calculated from absorbance values
at various wavelengths, using the UV spectrum of a solution of GAR
of known, concentration. The amino acid composition of GAR histone
was estimated as described in Methods Section 2. 3 and the average
values of three separate determinations are tabulated in Table 2,

along with the amino acid composition obtained by Starbuck et al.



TABLE 2

AMINO ACID ANALYSIS OF GAR HISTONE

Histone samples were exhaustively dialyzed against
0. 01M HCl, lyophilized and hydrolyzed in 6M HCl at liOOC for 20h.
Amino acid analyses were carried out on a JEOLCO type JLC 5. AH

arnino acid analyzer as described in Methods Section 2. 3

The amino acid composition of GAR histone is compared
with that obtained by Starbuck et al. (1968). Partial specific volume
and mean residue weight of GAR were calculated from the individual

contributions of the amino acids.



i

TABLE 2

Moles % . .
Amino |Moles % | Starbuck | No. of Specific m.owﬁmwvﬁ.. Residue n.uowwwwwcn

Acid (Exptal) | etal. residues | Volume | oo 0 Weight tion to

, v M.R.W.
(1968)
!

Lys 9.7 9.8 9 0.82 0. 0803 128.17 12.5606
His 2.16 2.2 2 0. 67 0. 0065 137.14 3.0472

Arg 11.2 13.6 i2 0.70 0.0910 156.18 20.303
Asp 6. 06 5.4 5 0. 60 0.0314 115.08 6.2140
Thr 6.02 6.8 6 0.70 0.0476 101.1¢0 6.8750
Ser 3.97 2.4 2 0.63, 0.0151 87.07 2.0896
Glu 8.5 6.7 6 0. 66 0.0422 | 129.11 8. 6503
Pro 1.0 1.0 1 0.76 0. 0076 97.11 C.8711
Gly 13.8 16.8 16 0.74 0.1292 57. 05 G.5844
Ala 10. 6 7.8 7 0.74 0. 0577 71.07 5. 5430
Cys 0.0 0.0 0 0. 61 0. 000 103.14 0. 0000
Val 6.7 7.7 7 0.75 0. 0577 99. 13 7.6330
Met 1.0 1.0 i 0.75 0. 0075 131.19 1.3113¢
Ile 5.7 5.3 5 0.90 0.0477 113.15 5.9969
Leu 9.3 8.5 8 0.90 0.0705 113.15 9.6172
Tyr 3.3 3.1 3 0.71 0. 0220 163.17 5.0584
Phe 1.6 2.0 2 0.77 0.0154 147. 17 Z2.9430
Trp N. D. 0.0 0 0.74 0.0 186. 20 G. 0000

v = 0.7294 MRW = 1084




(1968). It can be seen that the histone molecule has a high arginine
and glycine content although the experimentally obtained values are
somewhat lower than those obtained by Starbuck et al. (1968). A
significant feature of the amino acid composition is the high lysine
content, which with the high arginine content accounts for the basic
nature of the protein. The basic amino acids, lysine, arginine and
histidine comprise about 23% of the total amino acids and four amino
acids (lysine, arginine, gly&:ine and leucine) constitute over 40% of

the total amino acids. The number of each amino acid residue per
protein molecule calculated by Starbuck et al. (1968) on a basis of

a protein molecular weight of 10, 600 is shown in Table 2. This
molecular composition was used to calculate the individual contribution
of each amino acid to the overall partial specific volume of the protein,
using the values of €ohn and Edsall (1943) for the specific volume of
each amino acid (Table 2). A value of 0. 7294 was obtained for v.
Estimation of the molecular weights of a protein by ultracentrifugal
analyses are dependent on the values of v used} for this reason, a
reliable value is essential. At present, however, there is no simple
yet completely accurate method available for the determination of v.
Goodrich, Swinehar{, Kelly and Reithel (1969) have pointed out that
since -g-g——— % 1 -9p , evaluation of the partial specific volume term
in the sedimentation equilibrium equation may be obtained by measuring
the change in density of dialyzed proteins with respect to concentration.
Such a procedure is laborious although satisfactory‘re sults have been
reported using this method (Goodrich and Reithel (1970)). The
technique of density perturbation sedimentation equilibrium introduced
by Schachman and Edelstein (1966) and Thomas and Edelstein (1971)

is probably the simplest of all available methods for the determination
of v. Sedimentation equilibrium experiments on solutions of GAR

histone in 0, 01 M I-ICl/DZO vielded a value of 0. 715 for Vv, calculated



by the method of Schachman and Edelstein (1966). Because of
objections to the theoretical validity of this technique (Reisler and
Eisenberg, 1969), the value of v calculated from the amino acid
composition of GAR determined by Starbuck et al. (1968) was used in
all subsequent ultracentrifugal analyses. Current methods for the
analysis of associating protein systems using ultracentrifugal
techniques make the assumption that the partial specific volume of all
interacting species is the same (Adams, 1967 c}. In such cases,

the accuracy of v is not crucial, since the characteristics and type

of association will be correctly identified although the absolute values

of molecular weights may be in error because of inaccuracies in v,

The mean residue weight (M.R. W.) of GAR histone was

calculated using the amino acid analysis obtained by Starbuck et al.

(1968).

Values of the individual contribution of each amino acid
to the overall M, R, W, are shown in Table 2. A value of 108. 4 for
M.R.W. of GAR was calculated.

Analytical gel filtration chromatography of GAR histone

Analytical gel filtration chromatogtaphy provides a
powerful, yet technically simple method for obtaining information
concerning the size and shapes of macromolecules. To obtain such
data on GAR histone, analytical gel filtration chromatography was
carried out on Sephadex G100 as described in Methods Section 2. 8.
Since Edwards and Shooter (1969) have shown that histone fraction
fza,l exists in an unaggregated state in salt-free conditions, the column
was equilibrated with 0. 01M HCL. Sample volumes of about 0.5 ml
were applied; the elution volumes, Stokes radii and molecular
weights of the standard proteins used to calibrate the column are shown

in Table 3. The elution volumes of BSA and lysozyme were arbitrarily

selected to calibrate the column as described in Appendix 2(a).



TABLE 3

ANALYTICAL GEL FILTRATION CHROMATOGRAPHY OF GAR

HISTONE

0. 5ml samples of GAR histone were chromatographed on
a 40cm X lcm Sephadex G100 column equilibrated with 0. 01M HCI and
the elution proﬁie monitored at 275nm by an UVICORD flow
absorptometer. Standard proteins were also chromatographed and the
Stokes radius, a, of GAR was calculated {from the elution volumes and
Stokes radius of BSA and lysozyme using the calibration procedure

described in Appendix 2(a).



Table 3

. Molecular| Stokes
Elution . )
Volume Sieve radius,
Protein Coefft. a, M. W.
(i) (o) o
A
Bovine Serum
Albumin 18.05 0.196 36.1 65000
Chymotrypsin 25.5 0.413 2k, 0 21500
Chymotrypsinogen 24,8 0.392 24.5 23650
Cytochrome C 28.6 0.500 19.0 12400
Haemoglobin 19.50 0.238 39.8 64000
Lysozyme 28,70 0.506 20,6 13930
Myoglobin 25.60 0.h15 18,8 18800
Ribonuclease A 28,65 0,50k 19.2 12640
(Vo)
Blue Dextran 11.31 - - -
Potassium .
Dichromate (vi)
3)4 . L!‘O — - -
GAR 27.85 0.480 20.53 10000

[
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The Stokes. radius of GAR histone was determined from the equation

a=5.25+4+ 32.60

where a is the Stokes radius of the eluted species

and o is the molecular sieve coefficient (Appendix 2(a)).

The Stokes radius of GAR was found to be 20. 53A°, Although the
estimation of molecular weights from gel filtration data has been
demonstrated by Ackers (1964) and Chun et al. (1969) to be inaccurate
because of molecular asymmetry, Andrews (1965) has shown
empirically that an approximately linear relationship exists between
elution volume and loglo(lviolecular Weight) The elution volumes and
Log(Molecular Wei.ghts) of the standard proteins used are shown in
Fig. 2(a). It may be seen that for these proteins, a linear
J;elationship between Ve and Log (MW) does exist. The straight line
does not, however, pass through the elution volume of GAR histone.
This may indicate some molecular asymmetry in GAR histone, but

it is possible that the salt-free conditions with which the éolumn was
equilibrated may have caused aggregation or changes in the
conforration of the proteins used for calibration, thus affecting the

calibration curve.

Gel filtration chromatography fractionates molecules on
the basis of molecular size and consequently, in the case of asymmetric
molecules, corvelation of molecular weights with elution volumes may
not be accurate. A moxe rigorous method for describing the gel
filtration behaviour of macromolecules is to correlate the Stokes
radius, a, of an eluting species with its elution volume. Porath (1963)
has found that a linear relationship exists between the cube root of the
molecular sieve coefficient and the Stokes radius of eluted species.

Fig. 2(b) shows the relationship between the cube root of the
1

molecular sieve coefficient, oj", of the standard proteins used for the



FIG 2 (2)

ANALYTICAL GEL FILTRATION CHROMATOGRAPIHY OF GAR
HISTONE

0. 5ml aliquots of GAR histone were chromatographed on
a 40cm X lcm diameter Sephadex G100 column equilibrated with
0.01M HCl and the elution profile monitored on a LKB UVICORD flow
absorptiometer. The elution volumes of the following standard
proteins were also measured:~- cytochrome C, ribonuclease A,
Jysozyme, myoglobin, chymotrypsin, chymotrypsinogen, haemoglobin

and bovine serum albumin.

FIG 2 (b)

_ANALYTICAL GEL FILTRATION CHROMATOGRAPHY OF GAR
HISTONE

0. 5ml aliquots of GAR histone were chromatographed on

a 40cm X lcm diameter Sephadex G100 column equilibrated with
0.01M HCl. The void volume, Vo, and the internal volume, Vi’ of
the column were estimated from the elution volumes of Blue Dextran

- and potassium dichromate respectively. The column was calibrated
using the Stokes radii and elution volumes of BSA and lysozyme as
described in Appendix 2(a). Values of the molecular sieve
coefficient, ¢, for the calibrating proteins were calculated from
their elution volumes using the expression:-

Ve - Vo

v,
i
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calibration of the gel filtration column and their Stokes radius, a.

With the exception of myoglobin, it is found that all the data points
lie ona straight line. The Stokes radius of GAR was calculated
from the molecular sieve coefficients and Stokes radii of BSA and
lysozyme as described in Appendix 2(a). Effectively this
calibration procedure assumes the existence of a linear relationship
between the Stokes radius and the molecular sieve coefficients of
the two proteins used. It is therefore to be expected that a linear
relationship exists between GAR, BSA and lysozyme in Fig. 2(b).
The validity of the column calibration based on BSA and lysozyme is
confirmed by the fact that the data points for thé other standard
proteins used also fall on this line. It is therefore reasonable to

conclude that GAR histone can be represented as a spherical protein |

of Stokes radius 20. 53A°.

To analyze associating systems of GAR on gel filtration
columns, it is necessary to evaluate the molecular sieve coefficients
" of oligomers of GAR (Appendix 2(b)). Values Ofo'i, the molecular
sieve coefficient of i-mers of GAR histone, were calculated as
described in Appendix 2(b) according to two extreme models of
molecular shape, compact and linear aggregation. The values of
o; calculated for these forms of molecular complexes are shown in
Table 4. For linear complexes of more than 6 monomeric species,
the values ofci, are so small that experimental resolution of higher
aggregates would be unattainable. Gel-filtl'atioxx analysis of GAR
complexes of more than 6 monomeric units is therefore difficult using
Sephadex G100 but could be carried out on gels of laxrger pore size.

In the present studies, gel filtration analyses of GAR complexes were
carried out on G100, the mathematical interpretations of the dp.ta
being limited to the consideration of aggregates of not more than

6 monomeric units.



TABLE 4

MOLECULAR SIEVE COEFFICIENTS OF COMPLEXES OF GAR

HISTONE

The molecular sieve coefficient of unaggregated GAR histone
was obtained from chromatography on Sephadex G100 equilibrated
with 0. 01M HCL. Molecular sieve coefficients of aggregates of

GAR histone were calculated for both linear and compact

aggregation as described in Appendix 2(b). Equations used were:-
1
Compact aggregation g = erfc (a, i° -ao)/bo)
1
Linear aggregation f.‘)"i = erfc ((f/fo) a,i® - a.o)/b0

For linear aggregation, values of f/f0 were calculated from the ratio
of length to diameter of the aggregates using the equations of Perrin

(1936) as described in Appendix 2(b).



TABLLE 4

£ O o
a f .
. 5 o Linear Compact
* App. 2(b) Aggregates Aggregates
1 0.8165 - 0. 4760 0.4760
2 1.6330 1.022 0.3583 0.3583
3 2.4k49s5 1.07h 0.2hg5 0.2903
L 3.2660 1,131 0.1703 0.2351
5 k.0825 1.188 0.0952 0.194kT
6 4, 8990 1.243 0.07k5 0.1638
T 5.7155 1.296 0.0517 0.139k
8 6.5320 1.347 0,0297 0.1198
9 7.3485 1.396 0.0184 0.1036
10 8,1650 1,443 0.,0115 0.0902
11 8.9815 1.488 0,0065 0,0793
12 9,7980 1.532 0.0038 0.0697
13 10.6145 1.575 0.0021 0.0616
1k 11. 4310 1.616 0,0016 0.05hT
15 12,2475 1.657 0.0007 0.0L8T7
16 13.0690 1.696 0.000k 0.0h434




Ultracentrifugal analyses of GAR histone in salt conditions

Sedimentation equilibrium analysis of GAR histone was
carried out as described in Methods Section 2.10.1 in two different
solvent conditions, 0.075M NaCl/0.01M HCL and 0. 15M NaCl1/0.01M
HC1l. All runs were carried out using UV optics at a speed of 26, 000
rpm at ZOOC. The apparent weight average molecular weights
(Mwapp) of GAR histone in 0. 075M NaCl/0.01M HCI1 obtained {rom
seven separate s¢dimentation equilibrium experiments are shown
as a function of concentration in Fig. 3, and Mwapp values obtained
from eight separate sedimentation equilibrium experiments in 0. 15M
NaCl/0.01M HCI are shown in Fig. 4. It may be seen that under both
solvent conditions, Mwapp increases with concentration. This may be
attributable to either the presence of an associating protein system or
to polydispersity within the sample. Cassman and Schachman (1971)
have pointed out that only in an associating system is the value of leapE
at any particular concentration independent of the starting concentration
of the equilibrium run. Comparison, at a single concentration, of
Mwapp values evaluated from I nc vs. 1'2 data obtained from separate
sedimentation equilibrium experiments at different initial concentration
thus enables distinction between polydispersity and associating protein
systems. It can be seen from Figs. 3 and 4 that at any single
concentration the values of Mwapp from separate sedimentation
equilibrium experiments are similar, indicating the presence of
reirersibly associating protein systems. In principle, values of

wapp from sepa.rat‘e sedimentation equilibrium runs should form
a continuous curve when plotted against concentration but in practice,
discontinuities of the type shown in Figs. 3 and 4 are common (Adams
and Filmer, 1966; Albright and Williams, 1968; Deonier and
Williams, 1970; Kelly and Reithel, 1971). Such discontinuities

have been attributed to pressure effects at the extremities of the

sedimenting column (Deonier and Williams, 1970). The discontinuous



FIG. 3

APPARENT WEIGHT AVERAGE MOLECULAR WEIGHTS OF GAR
HISTONE IN 0.075M NaCl/0. 01 M HCL |

Samples of GAR histone at different initial concentrations
were dialyzed exhaustively against 0. 075M NaCl/0. 01M HCI and
centrifuged at 26, 000 rpm for at least 36h at 20°C in an AN-G rotor ‘
in a Beckman Model E analytical ultracentrifuge equippe'd with

absorption optics. Apparent weight average molecular weights

(M

wap
of In ¢ vs. r data. The gradient at each point in the lnc vs., r

p) were determined from computer evaluation of the gradient

data was evaluated by fitting a quadratic polynomial to successive
: 2

and overlapping sets of 5 data points on the In c vs. r curve, and

differentiating the polynomial analytically. Concentrations were

estimated from absorbance measurements using the relationship:-
Img/ml = 0. 397 O. D. units at 275nm

A third degree polynomial was fitted to the data and
constrained to pass through M = 10,600 at C =0
wapp

L — Experimental M curves
wapp

—_— Best fitting curve
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FIG. 4

APPARENT WEIGHT AVERAGE MOLECULAR WEIGHTS OF GAR
' HISTONE IN 0. 15M NaCl/0. 01M HCIL

Samples of GAR histone at different initial concentrations
were dialyzed exhaustively against 0. 15M NaCl/0, 01 M HCI and
centrifuged at 26, 000 rpm for at least 36h at 20°C in an AN-G rotor
in a Beckman Model E analytical ultracentrifuge, equipped with
absorption optics., Apparent weight average molecular weights
(Mwapp) were determined from computer evaluation of the gradienf
of In ¢ vs. r data. The gradient at each point in the In c vs,
data was evaluated by fitting a quadratic polynomial to successive
and overlapping sets of b data points on the ln ¢ vs. rz curve and
differentiating the polynomial analytically. Concentrations were

estimated from absorbance measurements, using the relation

Img/mla0. 397 O. D. units at 275nm.

A third degree polynomial was fitted to the data and constrained

to pass through M = 10600 at C = O.
wapp

Experimental Mwapp values

Best fitting curve
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molecular weight data shown in Figs. 3 and 4 were proce ssed»by the

construction of a continuous interpolation curve using numerical
techniques of curve -fitting by the method of least squares. (Adams,
1967 ¢; Godfrey and Harrington, 1970 a,b). A third degree
polynomial relating MW&PP to C was considered adequate to describe
the data of Figs. 3 and 4. It was found that both fitted curves
intersected the ordinate at a value of Mwapp slightly higher than the
monomer molecilar weight Ml’ of 10, 600 calculated from the amino
‘acid analysis of GAR. These discrepancies illustrate the
difficulties of extrapolating accurately the weight average molecular
weight data describing associating protein systems, to infinite
dilution, In part, these difficulties can be ascribed to the problems
of obtaining accurate molecular weight data at low concentrations.

In the particular case of GAR histone, the relatively low extiﬁction
coefficient of the protein makes accurate measurement of Mwapp at

low concentrations difficult when absorption optics are used. It is

also possible that inaccurate values of M, may arise from the use of

1
unweighted polynomial curvenfitting. Using this type of curve-fitting
it is possible that the preponderance of data at higher concentrations
~adversely affects the ability of the fitted curve to represent accurately
the experimental data at lower concentrations. This effect may be
overcome by using weighted polynomial curve-fitting in which each set
of data points is assigned a weighting factor directly proportional

to the accuracy with which the data were determined experimentally.
In the present studies, no such weighted curve-fitting procedure was
available. Even with weighted curve-~fitting procedures, accurate
determination of I\/I1 for associating protein systems is difficult.
However, a number of simple graphical procedures are available
which allow, in some cases, more accurate extrapolation of M

wapp
data to zero concentration. Fig. 5(a) shows plots of the reciprocal



FIG 5

ESTIMATION OF MONOMER MOLECULAR WEIGHTS OF GAR
HISTONE

Sedimentation equilibrium analyses of GAR histone in
0.075M NaCl/0.01M HCI1 and 0. 15M NaC1/0. 01M HCl were carried
out as described in Methods Section 2.10. 1, at various initial
concentrations. Whole cell apparent weight average molecular

weights (M ) were evaluated from the gradient of the best

weellapp 5
straight line through the ln ¢ vs. r data.

A\ 0. 075M NaC1/0. 01M HCI1
O—————0 0. 15M NaCl1/0.01M HCIL

Fig. 5(a) The reciprocal of M is plotted as a function

wcellapp
of initial concentration.

Fig. 5(b The logarithm of M

is plotted as a function
wcellapp

of initial concentration.

Tig. 5(c) Rowe and Rowe (1970) plots of data from one single
sedimentation run. Imn c vs. rz data were smoothed by fitting of
a quadratic polynomial to the data and values of Z and T were
evaluated using a PDP8/L computer as described by Rowe and

Rowe (1970).



60}

501

401
30

20

10

1 .._.C L. U ’ 1 q 0 Na 0
concentration (mg/ml) Concentration (mg/mil)

Fig. 5({a) . Fig. 5(b)



L.

of the whole cell weight average molecular weight M
wcellapp

function of initial concentration. For associating systems, such

, as a

plots are generally curved. Values of I/N{vcellapp for each of the
separate sedimentation equilibrium experiments used to construct
Figs. 3 and 4 formed distinct curves, and accordingly only values
of M obtained from sedimentation equilibrium experiments
wcellapp
with starting concentrations less than 2. Smg/ml were processed,
to allow linear extrapolation through the data. Best-fitting straight
lines through the data are shown in Fig. 5(a) and yielded values of
Ml of 12390 and 12090 in 0. 075M NaCl1/0.01M HCIl and 0. 15M NaCl
/0.01M HCI respectively. The lack of a good fit to the data is
probably due to the inaccuracies involved in the estimations of
by fitting a straight line to non-linear In ¢ vs. rz data.

chellapp

Fig. 5(b) shows plots of logio M s. concentration. Again

wcellapp v
because of non-linearity at high concentrations, only data from runs

with starting concentrations less than 2. 5mg/ml were processed.
Best-fitting straight lines through the data are shown in Fig. 5(b)
and yielded Mlvalues of 11850 and 11750 in 0. 075M NaCl/0. 01 M HC1

and 0. 15M NaC1/0. 01M HCI1 re spectively. These values of Ml are

higher than the value of monomer molecular weight obtained from
amino acid analysis, and further illustrate the difficulties of
obtaining monomer molecular weights of associating systems.

Recently, Rowe and Rowe (1970) have derived equations which enable

more accurate evaluation of Ml from a single sedimentation equilibrium

run. They defined the functions Z =[1n c\cj and
<.
!

1c.
Cc JJ
C.
4

q1

J

2 .

T = [1' - and showed that the gradient of a plot of Z as a function

qC
J

C
L Cs




of T may be used to calculate Ml' Plots of Z as a function of T,
evaluated for a single sedimentation equilibrium run are shown in
Fig. 5(c). It can be seen that in both 0. 075M NaCl/0.01M HCI1 and
0.15M NaCl/0.01M HCl, Z -~ T plots for GAR histone are non-linear,
indicating polydispersity with respect to molecular weight (Rowé

and Rowe, 1970). In the case of the electrophoretically pure GAR
histone this polydispersity is due to associating processes.

1 of 10, 800 and
11200 in 0. 075M NaCl/0. 01M HC1I and 0. 15M NaCl/0, 01M HC1

Regression lines through the data gave values for M

respectively.

The graphical methods depicted in Fig. 5 a, b, c all yield
different values of M;, with the method of Rowe and Rowe (1970),
(Fig. 5(c)) yielding values of M, closest to that obtained from the
amino acid analysis. In view of the significant non-linearity of the
Z - T plots, however, the accuracy of the determinations of the
gradient of these plots may be limited and consequently, it is

possible that the agreement of the values of M, obtained by this

1
method with that given by amino acid analysis is fortuitous. For
this reason the value of Ml used in the present studies was that
based on amino acid analysis, namely 10, 600 daltons. Several
ultracentrifugal analyses of associating protein systems have shown
that extrapolated Mwapp data at C = O does not agree Wi‘l;h the
monomer molecular weight estimated by alternative methods such as
amino acid analysis. (Kelly and Reithel, 1971; Godfrey and
Harrington, 1970 a,b; Albright and Williams, 1968; Deonier and
Williams, 1970). These authors have attributed the inconssistency
to inaccuracies in the Mw data at low concentrations and have

app

artificially constrained the best-fitting curve through the Mwa.pp v

conc. data to pass through Ml’ the monomer molecular weight

S.

obtained by amino acid analysis. Such a procedure was adopted in

the present studies; the best-fitting curves through the Mwapp



vs. c¢ data assuming Ml = 10600 are shown in Figs. 3 énd 4. The

apparent weight average molecular weight data represented in Figs. 3 and
4 were used to calculate the parameters required for the énalysis of
associating protein systems developed by Adams (1967a), as described in
Appendix I Data processing was performed on a UNIVAC 1108 computer
programmed in FORTRAN, The computer program was extensively tested
using standard data of Adams and Filmer (1966}, Sophianopoulos and Van
Holde (1964) and Albright and Williams (1968). In all cases, the computed

results were in complete agreement with the results quoted by these authors

The values of M obtained from the processing of M_ ____ data
_ napp ! wapp

(Appendix 1) are shown in Fig. 6(a) and plots of Ml/Mwapp and Ml/MnaPP

are shown in Fig. 6(b). The values of the molecular weight moments

MI/CM and CM]./Mnapp and of the parameters and f,, which were

l Ed
used in the Adams-type analysis are shown in Table 5. The graphical

wapp

procedure of Chun and Kim (1970) for the analysis of associating protein
systems is a useful pieliminary to the more detailed and rigorous
treatment of Adams, since the type of association may be identified
graphically by comparison of the experimental data with those predicted
theoretically. In the analysis of Chun and Kim (1970) reduced molecular
weight moments are used which are defined as:

. -
(Mwapp) Mwapp/Ml and (Mna.pp) Mnap_p/Ml

Fig. 7(a) shows plots of (M ) vs. 1/(M,_)' which characterize
theoretical ideal associating systems of the monomer -n-mer type for

1<n <78, the standard graph describing an ideal indefinite association and
also the experimentally obtained data for GAR in 0, 075M NaCl/0.01M HCI
and 0. 15M NaCl1/0.01M HCL For GAR in 0.075M NaCl/0. 01M HCI, it can
be. seen that the experimental data fit most closely the standard curve for
an ideal monomer-~dimer type of association. At values of j'/(Mnepp) <, 0, 6,
there is a slight downturn of the experimental data away from the predicted

curve., This slight deviation, which occurs in the high concentration



L AAA UE al

AND M OF GAR HISTONE IN 0. 075M Na .
MWAPP NADP 5 5M NaCl1/0. 01M HCL

AND 0. 15M NaC1/0. 01 M HC1

Apparent weight average molecular weights (M ) of
wapp
GAR histone were obtained from sedimentation equilibrium analyses at

different starting concentrations. Best-fitting curves through the
experimental Mwapp data were constrained to pass through the value of
the monomer molecular weight of GAR (10600 daltons) as estimated

from amino acici analysis. M,’iapp values were calculatgd from M

wapp
-data using the relationship:

C
Ml i ch
M T M
wapp napp

b 4
3
2

of GAR in 0. 15M NaCl1/0. 01M HCL
wapp

p of GAR in 0. 15M NaC1/0. 01 M HCI
of GAR in 0. 075M NaCl1/0. 01M HCIL

£ & %

wapp
" app OFf GAR in 0. 075M NaCl/0. 01M HCL
FIG 6(b)
MI/MAPP OF GAR HISTONE IN 0. 075M NaCl1/0. 01M HCL and 0. 15M
NaCl/0.01M HCIL
M pp of GAR histone were evaluated from sedimentation
wa :
equilibrium experiments at different starting concentration and Mnapp'
values calculated using the expression:
o
o L
M T M
wapp napp

Best-fitting curves through the Mwapp data were constrained to pass

through M, = 10600 daltons.

——1 M1/Mnapp of GAR histone in 0. 0756M NaCl1/0.01M HC1
De— ) MIIM b of GAR histone in 0. 075M NaCl/0.01M HC1
wapp
o0———0 M, /M of GAR histone in 0. 15M NaCl1/0. 01M HC1
a 1 napp
&

M, /M of GAR histone in 0. 15M NaC1/0.01M HCI
1" "wapp
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TABLI: 5

ANALYSIS OF SELF-ASSOCIATION OF GAR HISTONE IN 0. 075M

NaCl/0.0IM HCL and 0. 15M NaCl/0. 01M HCl BY ADAMS THEORY

The M vs. ¢ data (Figs. 3 and 4) obtained from ultra-
wapp

centrifugal analysis of GAR histone in 0.075M NaC1/0. 01M HCI and
0.15M NaCl/0. 01M HCI was processed by computer to evaluate:-

f.,a, M. /cM and cM, /M as described in Appendix 1.
1 1 wapp 1 n

app

Iiquations used were: -

dc

dc

ey
fo—r)
n
o
¥
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e
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TABLE 5

conc.

0.01M HCL/0.075M NaCl

0.15M NaCl/0. 91M HC1

g /ml . gw ogu . . HSH ngm .

ogﬁm@w ?meww 1 ogs.m.@wn gﬁm@@ 1
0.5 0.384 | 1.436 0.356 | 0.768 | 0.386 | 1.534 |0.364 | 0.771
1.0 0.620 | 0.666 0.699 | 0.620 | 0.616 | 06.551 |0.688 | 0.616
1.5 0.786 | 0.428 1.031 | 0.524 | 0.762 | 0.308 |0.960 | 0.508
2.0 0.920 | 0.314 1.354 | 0.460 | 0.862 | 0.208 |1.203 | 0.431
2.5 1.043 | 0.248 1.668 | 0.417 | 0.937 | 0.156 11.418 | 0.375
3.0 1.165 | 0.204 1.977 | 0.388 | 0.999 | 0.125 1.610 | 0.333
3.5 1.291 | 0.174 2.280 | 0.369 | 1.056 | 0.104 ([1.786 | 0.302
4.0 1.420 | 0.152 2.581 | 0.355 | 1.108 | 0.089 11.950 |0.277
4.5 1.550 | 0.134 2.880 | 0.344 | 1.159 | 0.077 {2.110 |0.258
5.0 1.673 | 0.121 3.179 | 0.335 | 1.707 | 0.069 |2.271 |0.241
'5.5 1.779 | 0.110 3,480 | 0.323 | 1.256 | 0.062 12.438 |0.227
6.0 1.855 | 0.101 3.783 | 0.309 | 1.286 | 0.057 {2.619 |0.214




range of the data, may be a result of non-ideal effects. For GAR

in 0. 15M NaCl/0. 61 M HCI it may be seen that iﬁ the low concentration
range, thatis, for values of 1/(Mnapp)’ greater than 0.7, the
experimental data are barely distinguishable from the theoretical
plots describing monomer-dimer or indefinite association. At
higher concentrations the experimental data do not correspond to

any of the standard curves. In Fig. 7(b), theoretical plots of

(M P)’ vs. the weight fraction of monomer, f., are depicted for

1°
idev;?pxnonomer -n~mer association where 1< n« 5. The experimental
data obtained for GAR in 0. 075M NaCl/0. 01M HCL, approximate

best to the standard curve for monomer~dimer association, while

the data obtained in 0. 15M NaCl/0. 01M HCL do not satisfactorily
agree with any of the standard curves. It can be seen that for both
sets of experimental data there is a deviation from linearity at a
value of fl of approximately 0.75. In general, errors in the

Chun and Kim graphical procedure may arise from non-ideal effects
or from errors introduced in the numerical processes used to generate
the data. In the case of Fig. 7(b) it seems likely that the small
deviations observed in the experimental data at fl-‘,}_.—,O. 75 are a

result of the laitter source of error. At this value of fl, the
concentration is low and it is theréfore to be expected that non-ideal
effects will be small. Moreover, at this low concentration range

it can be seen from Figs. 3 and 4 that in both experimental conditions,
apparent weight average molecular weights increase markedly with
concentration. In this range of sharply increasing Mwapp values as
a function of ¢, there is thercfore a possibility that the integration
procedures used to evaluate Mnapp and fl may introduce errors

which give rise to the small deviation of Fig. 7(b). The same

argument of small numerical errors introduced by integration.at

low concentration can be employed to explain the deviations shown
1

by the experimental data in Fig. 7(d) where plots of 1/(Mnapp)
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FIG 7

Analysis of association of GAR in 0, 075M NacCl/0. 01M HCl

and 0, 15M NaCl/0. 01 M HCIL by the graphical method of Chun and Kim
(1970). Experimental values of (M ), (M ) and . were

wapp napp 1
determined from the Mwapp data of Fig.34 as described in Appendix 1.

Theoretical curves
0 0 GAR histone in 0. 15M NaCl/0. 01 M HCL
- « GAR histone in 0. 075M NaCl1/0.01M HC1

FIG 7§a!.

Theoretical curves of (Mw)' vs. 1/{Mn)' for ideal monomer-n-

mer associations were constructed using the relationship (Mw)' =

.
(Mn)!

relationship (Mw)' = 2 (Mn)' -1

-n + n + 1 and for ideal indefinite association using the

FIG 7(b)

Theoretical curves of (Mw)' vs. fl were constructed for ideal

monomer-n-mer associations using the relationship (Mw)!' = -(n-l)f1+n.

FIG 7(c)

1
Theoretical curves of (Mw)' and (Mn)' vs. (fl) 2 were
constructed for ideal indefinite associations using the relationships

1
(Mw)' = 2 (fl) 2 .1 and f, = ll(Mn')z

FIG 7(d)

Theoretical curves of (1/Mn)' vs, fl were constructed for

ideal monomer-n-mer associations using the relationship 1/(Mn)' =

(1- %) f1 + i and for ideal indefinite associatlion using the relationship

ool 2 a w (Mwapp)' vs. f; %, 0.15M NaCl, 0.01M HCI
1 (Mn)’ &8 (Mnapp)' vs. £, 2, 0.15MNaCl, 0. 01M HCl
b (Mwapp)' vs. £, 2, 0.075M NaCl, 0.01M HCI

"2, 0.075M NaCl, 0.01M HC1

1

L
“2

-

Wl

1
Qe—6 (Mnapp)' vs. £
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G
ey

Vs, fl are depicted for ideal monomer-n~mer associations and for
indefinite association. In plots of this kind, errors introduced by
integration affect the parameters of both axes, which may account
for the larger deviations in Fig, 7(d). At high concentrations, f1<
0.5, it can be seen that the experimental data obtained in 0, 075M
NaCl1/0. 01M HCl approximate best to the monomer-dimer standard
graph while in 0. 15M NaCl1/0. 01M HCI the experimentél data initially
coincide with the standard monomer-trimer curve but deviate from
this curve at higher concentrations. This deviation, coupled with
the fact that Figs. 7(a) and 7(b) do not show agreement between the
experimental data in 0. 15M NaCl/0. 01 M HC1 and standard curves
for monomer-trimer makes it seem unlikely that the association of
GAR histone in these solvent conditions can be adequately described
by a monomer-~trimer or indeed by any monomer-n-mer association
or indefinite association. A more reliable test of indefinite
association is provided by comparison of theoretical plots of

(M )' and (M )! vs. the reciprocal of the square root of the
wapp napp :

"2
1
GAR in 0. 075M NaCl/0. 01M HCI1, neither of the experimental curves

1

of M

weight fraction of monomer f , with expérimental data. For

wapp °F Mna,pp vs. (fl)"g approximated to the theoretically
predicted curves for indelfinite association(Fig. 7( c)) The experimental
curves of M, vs. (fl)"’*‘ for GAR in 0. 15M NaCl/0.01M HCL were
closer to the theoretical curves but did not agree satisfactorily with
either. Overall, it therefore appears from Fig. 7 that while the
association of GAR histone in 0. 075M NaCl/0. 01M HC1 may be
described with reasonable accuracy by a monomer-dimer association,
the association of GAR in 0.15M NaCl1/0.01M HCLI is not satisfactorily
described by monomer-n-mexr or by indefinite associations. The
possibility that the data obtained in 0. 15M NaCl/0. 01M HCL may
describe an association of the general monomer-m-mer-n-mer type
was tested by comparing the experimental data with the theoretical

curves for association of the general type monomer-dimer-n-mer,



uy Mwapp’ : _ ~
The derivative of (M )' with respect to f,, ———— is plotted
wapp 1 dfl
d(l/( M f
against the derivative of (1/M }') with respect to f,, (1/( napp) )
napp 1 e
1

in Fig. 8(a). It can be seen that for GAR iII.l 0.075M NaCl/0. 01 M HC1,
the experimental data do not agree with any of the predicted curves for
monomer~dimer-n~-mer association! for GAR in 0. 15M NacCl, there
appears to be some agreement between the experimental curve and the
predicted curve for a monomer -dimer -tetramer association. It can be
seen that there is a 'tail' on the experimental curve which is probably
due to errors introduced in the numerical processing of the data, since

M) . AL/ o))

df 1 . df 1

the evaluation of both involve the

potentially error-producing process of differentiation. Most of the
experimental points lie between the predicted curves for monomer-~dimer-
trimer and monomer-dimer ~-tetramer but are closer to the monomer-
dimer ~tetramer curve. Fig. 8(b) shows that there is no agreement between
the experimental data in both conditions and theoretical curves for
monomer-~trimer-n~mer, |

From the graphical analysis of Chun and Kim represented
in Figs. 7 and 8, the following tentative conclusions were made.
Although no unequivocal determination of the type of association of
GAR in 0. 075M NaCl/0. 01M HC1 and 0. 15M NaCl/0. 01M HCL was
possible, nevertheless the Chun and Kim analysis indicated the most
likely modes of association to be monomer-dimer in 0. 075M NaCl
/0.01M HC1 and monomer-dimer ~tetramer in 0. 15M N’aCl/O. 0lM HCL.
The discrepancies between the experimental data and the predicted
curves arise from one or both of two possible sources, namely,
errors in the numerical processing of the data or from deviations
from thermodynamic ideality. The theories of Adams (1967Db)
however, incdorporate quantitation of non-ideal effects. ZFor the se.
reasons, it seems that the optimal use of the ideal graphical

procedure of Chun and Kim (1970) is as a preliminary process prior



FIG 8

ANAILYSIS OF ASSOCIATION OF GAR HISTONE IN 0. 075M NaCl1/0.01M

HCL and 0. 15M NaCl/0. 01M HCl BY THE GRAPHICAL METHOD OF
CHUN AND KIM (1970)

Experimental values of (M ), (M ), £ were
wapp napp 1

evaluated from the Mwapp vs. c data of Figs.34asdescribed in

dix 1. Diff iati ' ' wit
Appendix 1 ifferentiation of (Mwapp) and 1/ (Mnapp) with respect

to.fl was carried out by fitting a third degree polynomial and

differentiating analytically.

Theoretical curves

° © GAR histone in 0, 15M NaCl/0. 01M HC1 -
© - GAR histone in 0, 075M NaCl/0. 01M HCI1
FIG 8(a)

Theoretical curves for ideal monomer-dimezr-n~-mer

association were constructed using the relationship:

!
dMw) L, dY/(Mn))
af af
1 1
FIG 8(b)

Theoretical curves for ideal monomer~trimer~-n~mer

associations were constructed using the relationship:

dMw) . d(mn))
i, )
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to more rigorous analysis.

Used in this context, the procedure of Chun and Kim

(1970) may limit the number of different association models to be

tested by the more rigorous analyses.

The experimental data describing GAR in 0. 075M NaCl
[0.01M HCL and 0. 15M NaCl/0. 01M HCI were analyzed by the
procedures of Adams using the tested computer program referred

to earlier.

Initial analysis of the experimental Mwap data of GAR
in 0. 075M NaCl1/0. 01M HCl, was carried out using the techniques of
successive approximation to find values of BM; which satisfied
equation No. 1.1 in Appendix 1. Table 6 lists these values of ]31\/11
which satisfy best the Adams equation for a monomer-~n-mer
association with 2<n<10, at four different concentrations. Only in
the case of monomer-dimer association, is the best value of ','ESM1
approximately constant at the concentrations used, suggesting that
this is the type of association involved. The values of BMl obtained
for this type of association are small, an average of about 0. 006ml/mg.
Similar techniques were used to determine the best value of BMI
using Adams equation (No. 1.2, Appendix 1), for indefinite
association. At the four concentrations used in this analysis, no
consistency was observed in the BMI values obtained for this type
of association. (Table 7). The implication of the existence of a
monomer-dimer type of association with small BI\/I1 suggested that
a complete analysis of the association by the methods of Adams be
carried out assuming this type of association. Using a value of

0. 006ml/mg for BM, the equations (Nos. 1.3 and 1.4, Appendix 1)

1
describing a monomer~dimer association were evaluated at several

different concentrations (Table 8).



TABLE 6

ANALYSIS OF SELF-ASSOCIATION OF GAR HISTONE IN 0. 075M
NaCl/0. 01 M HC1

M, as a function of ¢ was determined from
wapp
sedimentation equilibrium analyses and values of the parameter,a

and M were obtained by computer analysis of the M data.
wa wapp
(Appendix 1). Successive approximation techniques were used to

determine best-fitting values of BI\/I:L for monomer-n-mer association

using the equations:-

nc ~(n-1) aexp (-BMIC) (Ml/Mwapp -BMlc)-c = 0



TABLE 6

C Blvi1 For Discrete Association (ml/mg)

mg / :

ml |1-2 |1-3 |1-4 |1-5 [1-6 |1-7 (1.8 |1-9 |1-10
1.5(.008 {.1119(.1909 - - - - - -
3.5(.005 [.0539|.0839.1019 1139|.1230]. 1290}. 1340f . 138
4.5].006 |. 043 |,066 {079 |. 088 |.095 [.099 |.104|.107
5,51.004 | 036 |.054 | 065 |, 073 |. 078 |.082 |, 085 .088




TABLE 7

ANALYSIS OF SELF -ASSOCIATION OF GAR HISTONE IN 0. 075M
NaCl/0.01M HCIL

M as a function of ¢ was determined from the sedimeﬁtation
wapp

equilibrium analyses and values of the parameters, a and Mna,pp were

obtained by computer analysis of the Mwapp data (Appendix 1).
Successive approximation techniques were used to determine best~

fitting values of BM, for indefinite association using the equation:-

1

(2/p -1) (My/M,_ -BMc) -1 = 0

where p = Mlan -BMlclz

app



TABLE 7

Conceuntration BM_ for
(mg/ml) Indefifiite Association
1.5 -0. 0004
3.0 0. 0040
4.5 0.0130
5.5 0.0280




TABLE 8

ANALYSIS OF SELF-ASSOCIATION OF GAR HISTONE IN 0, 075M
NaCl/0.01M HCL USING ADAMS THEORY (APPENDIX 1)

Values of Mwapp of GAR as a function of ¢ were
determined by sedimentation equilibrium and the parameters, W ,
cM,. /M , M, /cM were evaluated from the M Vs, C
1" napp 1 wapp wapp
data (Appendix 1). Modes of association are tested by comparison
of experimental data with those calculated using the theories of

Adams (Appendix 1).

Equations used were:

I

a) Zch/M c

napp

b) 2 cM, /M -c
1" napp

c) 6 ch/Mn

2
a exp (-BMI c) + BMl c

. 2
2 (M - BM
W+ 2 ( l/c Mwapp 1) + BM, ¢

1

1
2
c -1/(Ml/cMw-BM)
2

- 5c = 2aexp (-BMlc) + 3BI\/I1

OERE: 15 BM, c

e) 8-cM,/M - 6c=3a exp(-BM._c) +4 BM c;2 -1/(M, cMw-BM._)
1 napp 1 1 1 1

f) 24 M /M - 26c=6a exp (-BM,c) + 12 BM

app

) 30 chanapP -19c = 12 a exp (-BM

Je% W - 9/(M, /M)

-BM, )

. 2
g) 3 cMI/Mnapp - ¢ =W + 3/(M;cMw-BM,) + 3/2 (BM, c")



TABLE 8

T C

Mode Eq. BMl Data Co\llgi Conc.
used used Value Value | (mg/ml)

M-D a 0.006 0.70 0.91 2.0
a 0.006 0.95 1.20 3.0

a 0. 006 1.358 1.775 5.0

b 0.006 0. 840 0.920 2.5

b 0. 006 1,26 1.33 4.5

M-D-Tr c 0.006 | -1.876 | -1. 358 2.0
c 0.006 | -3.15 -2. 60 3.0

d 0,006 | -5,92 ~5. 09 5.0

d 0. 006 2.51 2. 70 2.5

d 0.006 0. 90 1.30 4.5

M-D-Tet e 0.006 | -2.2 -1, 456 3.0
e 0.006 | -4,78 -3.32 5.0

f 0. 006 0. 45 0. 62 2.0

f 0.006 | 30.6 31.5 3.0

M-Tr g 0.006 2.92 7.98 3.0




It was found that there was approximate agreement between

the experimental and calculated values of the equations, indicating that

a monomer ~dimer association correctly describes the association of GAR
histone in 0. 075M NaCl/0. 01M HCl. Additional verification of the type
of association involved was provided by comparison of the experimental
data with those calculated by equations 1. 6 and 1. 7 (Appendix 1),
describing a monomer ~dimer-trimer type of association and by equations
1.8 and 1. 9 of Appendix 1, describing a monomer-~dimer-tetramer
association. As pointed out by Adams and Filmer (1966) and Godfrey

and Har(rington (1970a, b) a monomer~dimer association is a special

case of both monomer ~dimer-trimer and monomer-~dimer-tetramer
associations. A monomer-dimer type of association can be regarded

as a monomer ~-dimer-~trimer asslociation with K3 = 0 and as a
monomer -dimer -tetramer association with K4 = 0. As can be seen

from Table 8, there is approximate agreement between the experimental
and calculated values of the equations describing monome» -dimexr -

trimer and monomer ~-dimer -tetramer associations, using a value of

0. 006ml/mg for BMl' The lack of exact agreement between experimental
and calculated data for the cases of monomer~-dimer, monomer-dimer -
trimer and monomer ~dimer~tetramer associations can only be accounted
for by experimental error in the initial evaluation of molecular weights ox
by the introduction of numerical errors in the subsequent processing of
the data. The most likely source of error in the numerical processing
of the data is the evaluation of Y, which requires numevrical differentiation
techniques. It was considered that in view of the relatively small amount
of data being processed, standard techniques of numerical differentiation
were potentially error-producing. Differentiation was therefore
accomplished by fitting a polynomial to the data and differentiating the
polynomial by analytical techniques. Extension of the range of
concentration used in the initial evaluation of Mw to both higher and

app
lower concentrations would also improve the analysis. Comparison of

the experimental and calculated values of the equation describing a



monomer -trimer type of association (Equation 1.5 of Appendix 1) is

also indicated in Table 8. It can be seen that there is complete
disagreement between the experimental and calculated data for this type
of association, the extent of the difference between the calculated and
experimental values being much greater than those for monomer-dimer,
monomer -dimer -frimer and monomer-~dimer ~tetramer associations,
which are probably due to slight errors in numerical processing. Since
a monomer ~-trimer association is not a special case of a monomer-~dimer
association, no agreement is expected between calculated and
experimental values of the monomer-~trimer association if the real mode
of association is monomer-dimer. Overall, the data of Fig. 8 indicate
the likelihood of a monomer~dimer association best describing the
association of GAR histone in 0. 075M NaCl/0. 01M HCI and accordingly
the value of KZ, the equilibrium constant of the monomer-dimer
association was calculated using a value of 0. 006ml/mg for BM]’ as
described in Appendix 1. K, was found to be 2, 203ml/mg. To eliminate

2
the possibility that the mode of association had been falsely assigned,

theoretical values of UMwapp vs. ¢ were generated for a monomer -dimexr
association with KZ = 2. 203ml/mg. Generation of theoretical Mwapp data

was accomplished as recommended by Adams (1967 c), using the equation:-

Ml I\'/11
- et B h » -
i + Mlc where Mw is given by the
wapp W
- M 2
equation I\/IW = 1 (cl + 2K, < }. For each value of c (the total
c
. . 2 '
concentration), c1 is obtained from the quadratic .KZ Cl + cl -c =0,
Thus it can be seen that the generation of theoretical Ml/Mwapp vs.

data for a given association is completely independent of any parameters
used in the Adams' type of analysis and is therefore independent of any
. possible numerical errors introduced in the evaluation of these parameters.
Comparison of theoretical curves of M],/Mwa.pp vs. ¢ with the original

experimental values thus provides a rigorously valid method of verifying

the mode of association (Adams, 1967 b). 1In Fig. 9(a), the original



FIG 9 (a)

EFFfECT OF VARIATION OF BMl ON MONOMER -DIMER ASSOCIATION

WITH KZ = 2.2031ml/mg

Values of MI/M were predicted for a monomer-~-dimer

association with K, = 2. 2031ml/mg as described in Appendix 1.

2
R— BM, = 0.10ml/ug
D BM1 = 0, 0lml/mg
o—1 BMl = 0. 005ml/mg
" BMI = 0, 0lml/mg
o—————p :BM1 = 0, 10ml/mg

Data obtained experimentally for GAR in 0.075M NaClL/
0.01M HC] are shown as + + o

FIG 9 (b)

EFFECT OF VARIATION OF BI\/I1 ON MONOMER -DIMER -TETRAMER

ASSOCIATION WITH KZ = 0,169ml/mg and K, = 1.237ml/mg

4 "

Values of MIIM were predicted for a monomer-dimer-~

tetramer association with K., = 0.169ml/mg and K, = 1, 237Tml/mg as

described in Appendix 1. : *
o0 BI\/I1 = 0, 10ml/mg |
PA S A BM, = 0. 0lml/mg
e WU o, BMl = 0. 005ml/mg
p———t BM1 = 0. 0lml/mg
o # BM, = 0. 10ml/mg

Data obtained experimentally for GAR in 0. 15M NaCl1/0.01M

HCl are shown as » s
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had

experimental values of Ml/Mwapp are seen to agree closely with those
predicted for a monomer-dimer association with K2'= 2.203ml/mg

2.081 X 10~31/mole and BM, = 0. 006ml/mg, thus verifying that this
g

1

mode of association accurately describes the association of GAR histone
in 0. 075M NaCl/0.01M HCl. Also shown in Fig. 9(a) are the predicted

curves of Ml/Mw vs. ¢ for a variety of BMI values. The free-energy

app
change, A G, for the dimerization of GAR histone in 0. 075M NaCl/0. 01M

HCl was calculated using the equation AG = -RT In K and found to be
-5.861K cals/mole. This value of AG is of the same order of magnitude
as values of A G calculated for other associating systems (e.g. -6.02K
cals/mole for the dimerization of B -lactoglobulin (Kelly and Reithel,
1971)).

Since the graphical procedure of Chun and Kim suggested
that the association of GAR in 0. 15M NaCl/0. 01M HCL could possibly be
described in terms of a monomer-dimer ~-tetramer association, this type
of association was tested using the moxe rigorous analysis of Adams.

Values of BM, were calculated using equation 1.) of Appendix 1 fox

1
monomer -n-mer association by successive approximation techniques

.

(Table 9). For associations of the monomer -n-mexr type it can be seen

that there is no consistency in the calculated BMI values at the three

concentrations used, thus effectively eliminating monomer-n-mer as the

type of association involved. Also shown axe the calculated ]E’>I\/I1 values

using equation 1, 2 of Appendix 1.for indefinite association. No

consistency of BM1 values at the three concentrations used is observed.

Values of BMl calculated for monomer-dimerx -tetramer association using
equation 1. 8 of Appendix 1 were found to be consistent at the three

concentrations used. (Table 9). The value of 0. 004ml/mg for BM., was

therefore used in a detailed analysis of the experimental data by tlie
procedure of Adams. {Table 10). It can be seen that there is very good
agreement between the calculated and experimental values of equations
1.8 and 1. 9 of Appendix 1 describing monomer -dimer -tetramer

associations. For monomer-dimer asscciation, using equations 1.3 and



TABLE 9

ANALYSIS OF SELF-ASSOCIATION OF GAR HISTONE IN 0. 15M NaCl/
0, 01M HC1

Values of Mwapp as a function of ¢ were determined from
sedimentation equilibrium analyses and values of the parameters g and

were obtained by computer analysis of the M data
wapp : wapp

(Appendix 1). Successive approximation techniques were used to

determine best-fitting values of BM, for monomer-n-mer association

1
(Table 7(a)) and for indefinite association (Table 7(b)), using the

equations:-
nc - (n-1) a exp (—BM1 c) (M}./Mnapp

and (2/p -1) (MI/Mnapp -BMlc)-l = 0

where p = MlanaPP -BMlc/Z

—BMIC) ~c=0



TrBLE

9

wzw for Monomer-n-mer “mHSH for “_wgu for
Conc. ml /mg . |ndefinite M-D-Tet.
mg/ml T mi/mg ml/mg
1-211-3[1-4{1-5}11-6{1-7{1-8{1-911-10
1.5 0.010§.025 { .050].130[.138{,163].181{.196}.200 0.167 0. 005
3.5 .000.0051.012.0311.043 .0511058L0631{.067 0.073 0. 004
4.5 L0.005 .00l L002 |.LO171.027|.035{.040 1044 1].048 0. 059 0.004
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1.4 of Appendix 1, there are large differences in the calculated and
experimental data. Also, for monomer ~trimer association the

calculated and experimental values of equation 1.5 of Appendix 1 do not
agree closely. For monomer-dimer-trimer associations the differences
between the calculated and experimental values of equations 1.6 and 1.7
are smaller than those for monomer -dimer and monomer-trimer
association but are considerably larger than the differences between

the calculated and experimental data for monomer-dimer ~-tetramer
association. It should be noted that unlike the case of monomer ~dimexr
association, which is a sub-set of monomer-dimer -tetramer and
monomer-dimer—frimer associations, a monomer-dimer-tetramer
association is not, conversely, a sub-set of a monomer-dimer association
or of a monomer~dimer-trimer association. This distinction is clearly
made by Adams (1967 a) and explains the inconsistency of ?E’>ZM1 values in
Table 9 for monomer-~-dimer and monomer -~tetramer associations. On
this basis, the close agreement between calculated and experimental data
for only the monomer -dimer-tetramer association (Table 10) suggests
this mode of association as best describing the association of GAR in |
0.15M NaCl/0.01M HCL.  Calculated values of the equations describing
monomer ~dimer ~trimer, monomer-dimer and monomer ~trimer
associations are unlikely to agree with the experimental values using a
value of 0. 004ml/mg for BI\/I1 if the mode of association is monomer -
dimer~tetramer. The approximate agreement between calculated

and experimental values for the monomer-dimer-trimer equations

(Table 10) is less close than that for the monomer-dimer ~tetramer
association. Overall, the data of Table 10 indicate the possibility

of a monomer-dimer-~tetramer association describing correctly the
association of GAR in 0,15M NaCl/0. 01M HCl and accordingly the

values of X, and K

2 4’
dimer -tetramer association were calculated as described in Appendix 1.

the equilibrium constants describing the monomer -

KZ was found to be 0. 169ml/mg and K4

confirmation of the assigned mode of association is, however, only

1.237ml/mg. Rigorous

achieved by comparison of the original Mlleapp vs. c data with that



TABLE 10

ANA.LYSIS OF SELF-ASSOCIATION OF GAR HISTONE IN 0.15M NaCl/
0.01lM HCI USING THE THEORY OF ADAMS

Values of Mwapp of GAR as a function of ¢ were determined

by sedimentation equilibrium and the parameters a, ¥V, c Ml/Mnapp’
M1/CMwapp were evaluated from the M vs. c data (Appendix 1).

wapp
Modes of association are tested by comparison of experimental data
with those calculated using the theories of Adams (Appendix 1).

Fquations used were:

a) 2 CMI/Mnapp ~c= aexp (-BMlc) + BM, c2

b) 2 CMlanapp ~c =Y+ Zl(Mlchwapp - BMI) + BMI Cz

c) 8 chanaPp-éc = 3 a exp (-—BM1 c) + 4 BMlc2 -l/(MlchW-BMI)

d) 24 CMlanapp -26c = baexp (-BMlc) + 12 BMl c2 -V - 9/(1\/11/
CMW - BMI)

e) 6 CMlanapp - bc = 2aexp (—BMIC) + 3BM, c2 -1, O/(M]./CMW'
BM )

3 2
f) 3 CMlanapp ~-c= W+ 3/(M1/CMW-BM1) + 2 BMl c

2
-19c=12 uexp(-BMlc) + V+:15 BM, ¢

M
g) 30 cM, /M __ 1

PP



TABLE 10

BM

Cald

Mod Eq. 1 Data Conec.
oce used used Value Value | (mg/mil)

M-D a 0.004 1 0.406 0.872 2.0
a 0.004 | 0.220 1.023 3.0

b 0.004 ] -0.458 ~1.54 5.0

b 0.004 | 0.420 0.13 1.5

M-D-Tet | ¢ 0.004 | -2.37 -2.313 2.0
c 0.004 | -5.11 -5, 164 3.0

c 0.004 (-11.87 -10. 30 5.0

d 0.004 |-15.95 -16. 51 1.5

M-D~Tr e 0.004 | -2.77 -3.142 2.0
e 0.004 -5.35 ~6.182 3.0

g 0.004 | 0.30 1.95 1.5

M-Tr f 0.004 | 1.80 5. 30 5.0




generated from the equations describing the association. Generation

of theoretical Ml/Mwapp vs. ¢ data was carried out for a monomerzr -~

dimer ~-tetramer association using the equation:-

1 - L
= v + BMIC
wapp w
M M, (¢, +2K_ c 2 4 K 2
1 161 2 ¢ t4Kgc)
where ——— =
M c

At each value of c (the total concentration), values of
c, were estimated by Newton-Raphson solution of the equation
2 2
K ~-c = 0. h i
4 K.z ¢, tey e The predicted values of M]./Mwapp

are therefore completely independent of the parameters used in the
Adams analysis and are unaffected by any possible error in the

evaluation of these parameters. Comparison of the generated M1/

Mwapp data with the experimental data is therefore a rigorous test

of the postulated mode of association. Fig. 9(b) shows that there

is close agreement between the oviginal experimental Ml/Mwapp

vs. ¢ data and those generated theoretically for a monomer-dimer~
tetramer association with K_ = 0. 169ml/mg and K, = 1. 237ml/mg

and BM

2 4
1 = 0 004ml/mg. This confirms that a monomer-dimer-

tetramer type of association correctly identifies the association of
GAR in 0. 15M NaCl/0.01M HCL.  Also shown in Fig. 9(b) are the
theoretical M, /M data for monomer-dimer-tetramer

1" " "wapp

associations with K2 = 0.169ml/mg and K = 1, 237ml/mg, for a

4

varviety of BMl values.

From each of the equilibrium constants, K, = 0. 169ml/mg

2



(1.59 X 10-3 1/mole) and Ky =1.237ml/mg (1.168'X 1073 1/mole),
the free energy changes, AG, of the association were computed '
using the equation AG = -RT In K and were found to be -5.47 K
cals/mole and -5.52 K cals/mole respectively for the monomer -
dimer and dimer-~tetramer equilibria. These values of A G are
of the same order of magnitude as those described for other
associating protein systems (e.g. -5.32 K cals/mole for the

dimerization of insulin (Jeffrey and Coates, 1966)).

Gel Filtration Analyses of the Association of GAR

The analyses of the association properties of GAR in
0.15M NaCl/0.01M HCI and 0. 075M NaCl1/0. 01M HCI described above,
are all based on molecular weight data, so no indication is given of
the shape of complexes formed. Analyses of the association of GAR
histone were therefore carried out by the gel filtration techniques
described in Methods Section 2. 8 using columns equilibrated with the
same solvent as used in the ultracentrifugal analyses, 0. 075M NaCl/
0. 01M HCIL and 0. 15M NaCl1/0. 01M HCL. Large sample volumes (up
to 10ml) of GAR histone were applied to the column to produce a
plateau region in the elution profile. Values of 0“w, the weight average
molecular sieve coefficient were calcutated from the trailing boundary
by the method described by Ackers and Steere, (1967) (See Appendix
2(b)). Values of o, were calculated for several different plateau

concentrations and are tabulated in Tables 11 and 12,

For the association of GAR histone in 0. 075M NaCl values of
fl obtained from the ultracentrifugal analysis of the protein (Table 5)
wevre substituted in equation 1 of Appendix 2(b) along with the values of
O”i predicted for complexes of GAR with i < 6 according to two extremes
of molecular shape. (Table 4). A KDF-9 computer programme& in

ALGOL was used to calculate theoretical c-w’s as a function of



TABLE 11

ANALYSIS OF THE SELF-ASSOCIATION OF GAR HISTONE IN 0. 075M
NaCi/O. 0lM HCI BY GEL FILTRATION CHROMATOGRAPHY

GAR histone was chromatographed on Sephadex G100 -
columns equilibrated with 0. 075M NaCl1/0.0lM HC1 using sample
volumes of 4-10ml. Values of a‘w were calculated from the elution
volume of the centroid of the trailing boundary of the plateau region
as described in Appendix 2(b). Simson's rule was used as the method
of integration to locate the centroid of the trailing boundary, which is
that point where the area beneath the trailing boundary equals the area
above the trailing boundary up to an extension of the plateau region
(See Appendix 2(b)). Values of 1, required for the gel-filtration
analysis of monomer -~-dimer~-n~mer, were evaluated using the
equation:-

f o, Cde

n= 2

2
C



TABLE 11
<
conc., c ¢ d 2 _GW C
mg/ml Cw Ow g"wc & ¢ 2
(o) C
1.50 0.450 0.675| 0.454 2.25 0.201
2.70 0. 420 1.133] 1.525 7.29 0. 2095
3.27 0. 386 1.2701 2.099 10. 68 0.196
4, 42 0.382 1.682) 3,685 19.52 0.189




TABLE 12

ANALYSIS OF THE SELF-ASSOCIATION OF GAR HISTONE IN 0.15M
NaCl/0.01M HCl BY GEL FILTRATION CHROMATOGRAPHY

GAR histone was chromatographed on a Sephadex G100 column
equilibrated with 0. 15M NaCl/0. 01M HCI1, using sample volumes of
4-10ml. Values of G‘W were calculated from the elution volume of the
centroid of the trailing boundary of the plateau region as described in
Appendix 2(b). Simson's rule was used as the method of integration to
locate the centroid of the trailing boundary which is that point where the
area beneath the boundary equals the area above the trailing boundary up
to an extension of the plateau region (See Appendix 2(b)). Values of 1,
required for the gel-filtration analysis of monomer-dimer-n~-mexr, were

evaluated using the equation:-~

SO“Cdc




TABLE 12

c o , %RVCdc
(mg/ml)| w | O °© { oy%de | © )
o c
1.65 0. 348 0.573 0.474 2.22 0.174
‘2.15 0. 320 0. 688 0.816 4,62 0.177
2.90 0.295 0.856 1.378 8.41 0.164
4, 25 0. 260 1,105 2. 63 18. 05 0.145




L.
concentration for the monomer-n~-mer association with n<6. The
computer program had previously been tested using standard data of
Chun et al. (1969). The predicted curves are plotted in Figs, 10(a)
and 10(b), and show tilat the experimental values ofg w 28ree most
closely with the curve predicted for monomer-dimer association. As
expected for monomer-n-mer associations with n<3, the predicted
values of O at high concentration are lower for linear association
than for the corresponding compact association. The curves
corresponding to linear and compact monomer ~dimer associations are

identical.

A directly analogous procedure using equation 3 of Appendix
2(b) was employed to generate predicted curves for indefinite
associations of linear and compact shapes for GAR in 0. 075M NaCl/
0.01M HCl. The experimental data do not fit either of the theoretical
curves (Fig. 10(c)), confirming that indefinite association does not
adequately describe the association of GAR in 0. 075M NaC1/0. 01M
HCL. It can be seen from Fig. 10(c) that the experimental data do
not lie between the two predicted curves, eliminating the possibility
that the experimental data represented an indefinite association of a
shape intermediate between the two extreme fnodels of shape, linear

and compact.

The procedure of Chun et al. (1969) and Chun and Kim (1969)
using gel filtration techniques for the analysis of associating protein
systems combines information obtained from gel~filtration studies

with data (in particular, values of f., the weight fraction of monomer),

1’
derived from molecular weights obtained in the ultracentrifuge. It

is significant that no attempt is made to derive f, or molecular weights

1
from the gel-filtration data; wvalues of fl obtained in the analytical
ultracentrifuge in the same solvent conditions in which the gel
filtration studies are carried out, are simply combined with the gel-

filtration data. This necessity for combining data obtained by one



FIG 10

GEL FILTRATION ANALYSIS OF GAR IN 0.075M NaCl/0.01M HCI1

Approx., 10ml samples of GAR were chromatographed on a
40cm X lcm Sephadex G100 column, equilibrated with 0.075M NaCl/
0.01M HCL Values of o, were calculated from the trailing boundary
of the plateau regions in the elution profiles as described in
Appendix 2(b). Theoretical curves ofo w VS ¢ were constructed as
described in Appendix 2(b) using fl values obtained from ultra-

.centrifugal analysis (Table 4).

FIG 10(a) .

Theoretical curves were constructed for ideal monomer-~
n-mer associations using values OfO’i calculated for linear

aggregation ( Table 4), using equation 1 of Appendix 2(b).

Theoretical Curves

o————6  GAR histone in 0. 075M NaC1/0. 01M HCI

FIG 10(b)

Theoretical curves were constructed for ideal monomer-n-

mer association using values ofcyi calculated for compact aggregation.

Theoretical curves

OO0 GAR histone in 0. 075M NaCl/0, 01 M HC1

FIG 10(c)

Theoretical curves were constructed for ideal indefinite

association, using equatioﬁ 3 of Appendix 2(b).

o o \% GAR histone in 0, 075M NaCl/0.01M HC1
e — Compact indefinite association

O Linear indefinite association
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technique with those from another technique represenisthe major
drawback of the analysis of Chun et al. (1970). Despite the fact
that the ultracentrifugation and gel-filtration are carried out under
the same solvent conditions, it is possible that small sources of
errors unique to each technique may affect the combination of these
two sets of data. For example, pressure effects in sedimentation

may affect the accuracy of derived values of £, and thus errors may

be introduced when these data are combined w];ith the gel filtration
data, in which pressure effects are absent. Nevertheless, it has
been demonstrated clearly by Chun et al. (1969) that the approach
using the two techniques of ultracentrifugation and gel-filtration is

vastly superior to the method in which molecular weightsare estimated

empirically from gel-filtration studies.

As described in Appendix 2(b), the method of Chun et al.
(1970) for analyzing monomer-m-mer-n-mer associations was
modified for ease of computation. Instead of substituting values of

fl obtained from ultracentrifugal studies into the gel-filtration

equation and generating theoretical curves of o, Vs C in a manner
analogous to that used above for monomer-n-mer and indefinite
association, it was found more convenient to generate standard curves

of fl vs. ¢ from the gel filtration values of T The test of the

existence of a particular mode of monomer-m-mer-n-mer association

is therefore comparison of predicted and experimental curves of f1

vs. ¢. For the association of GAR in 0. 075M NaCl1/0. 01 M HC1 the
experimental values of U (Table 4) were substituted into Equation 2

of Appendix 2(b) and theoretical curves of fl vs, ¢ were evaluated by

computer, for comparison with the experimental values of fl

obtained from analytical ultracentrifugation and tabulated in Table 5.
required for this procedure were

(4] CdC,

The values of )= [
' g w

(o}

calculated by integration ofo'wc as a function of c. (Table 11).



Using the experimentally obtained values of o and 1 together with
the predicted values of o (Table 4), theoretical curves of fl VS, C were
generated and are shown in Figs. 11 a and b for monomer-dimer-n-mer
associations according to the two shape models, compact and linear.
Fig. 11(a) demonstrates that the experimental values of fl .obtained
from ultracentrifuge analysis under the same conditions do not agree
satisfactorily with the predicted curves for compact monomer~dimer-
n-mer association. At low concentrations (<< 1. 5mg/ml) it can be
seen that the experimental curve coincides with the predicted curve

for monomer-dimer-trimer association. This may be due to the

fact that there are no points between C = O and ¢ = 1. 5mg/ml on the
predicted curves and the exact position of the curve in this
concentration range is uncertain. The lack of points in this
concentration range is a consequence of the generation of the predicted
curves from S data, rather than the generation of predicted curves
of o;v vs. ¢ from f1 data, which are available over the whole '
concentration range. Similarly, Fig. 1llb, demonstrates that although
there is agre‘ement at low concentrations between the experimentally
obtained data and the predicted curve for a linear monomer-dimer -
trimer aggregation, there is no satisfactory overall agreement
between the experimental data and the standard curves. Again, the
exact positions of the predicted curves at concentrations less than

1. 5mg/ml are unknown because of the lack of data points in this

region.

Complete gel filtration analysis of the association of GAR in
0.075M NaCl1/0. 01 M HCI therefore confirms the results of the
ultracentrifugal studies, since correlation between experimental data
and predicted curves only occurs in the case of a monomer-~dimexr

association,

Gel filtration analyses were also carvied out on GAR in

0.15M NacCl, 0.01M HCI. The values of rﬁ\;v obtained are shown in



FIG 11

GEL FILTRATION ANALYSIS OF GAR IN 0, 075M NaCl1/0. 01M HCL

Approximately 10ml samples of GAR were chromatographed
on a 40cm X lcm Sephadex G100 column, equilibrated with 0. 075M
NaCl/0.01M HC1l. Values of o, were calculated from the trailing
boundary of the plateau regions in the elution profiles as described in
Appendix 2(b). ';[‘heoretical curves of fl vs. ¢ were constructed using

equation 2 of Appendix 2(b).

FIG 11(a)

Theoretical curves of fl vs. ¢ were constructed for ideal
monomer ~dimer -n-mer associations using values ofg ; calculated for

compact aggregation ( Table 4).

e Theoretical curves
FA e e AN Experimental curves obtained from
ultracentrifuge analysis of GAR in

0.075M NaCl1/0. 01M HCL

FIG 11(b)

Theoretical curves of f‘l vs. ¢ were constructed for ideal
monomer~dimer-n-mer associations using values of ¢ i calculated for

linear aggregation (Table 4).

- V. Theoretical curves
Ao A Experimental curves obtained from
ultracentrifugal analysis of GAR in

0.075M NaCl1/0.01M HC1
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Table 12. Using the values of fl’ shown in Table 5, which were
obtained by ultracentrifugal analysis, theoretical curves for ideal
compact and linear association of the monomer~-n-mer type were
generated using equation | of Appendix 2b. Comparison of the
experimental and theoretical curves are shown in Figs. 12(a), (b).

It may be seen that there is little agreement between theoretical and
experimental curves, A similar procedure was used to generate
theoretical curves of Oy V8 © for compact and linear ideal indefinite
association, using equation 3 of Appendix 2(b). (TFig. 12(c)\), No
agreement is observed between theoretical and experimental curves.

When equation 2 of Appendix 2(b) is used to generate curves of f, vs.

1
c from experimental values of o (Table 12) and the theoretical
values of o ; (Table 4), it can be seen (Figs. 13 a, b) that the values of

fl vs. c obtained experimentally by ultracentrifugation agree

reasonably with the curves predicted for a linear monomer-dimer -
trimer association and a compact monomer -dimer -tetramer association
The valuesof 1 required for the generation of the theoretical curves

were evaluated from integration of the curve ofo-w c vs. c (Table 12).
The inability of the analysis to distinguish unambiguously between

linear monomer-dimer~trimer associations and compact mnonomer -~
dimer-tetramer associations is probably due to the similarity in size

of a linear trimer and a compact tetramer which is reflected in the
similarity of their predictedo ;'8 of 0. 2495 and 0. 2351 respectively.
Since ultracentrifugal analysis had clearly implicated a monomer -
dimer -tetramexr type of association the possibility, suggested by the

gel filtration analysis, that a linear-monomer-dimer-trimer association
was involved, was discounted. It was therefore concluded that GAR

histone undergoes a monomer~dimer-tetramer association in which

the complex formed is of a compact shape, similar to a tetrahedron.

Effect of pH on the association of GAR histone

One aim of these studies is to investigate the nucleoprotein



FIG 12

GEL FILTRATION ANALYSIS OF GAR IN 0, 15M NaCl1/0.01M HC1

4-10ml samples of GAR were chromatographed on a 4.0cn.1
X lcm Sephadex G100 column, equilibrated with 0. 15M NaCl1/0. 01 M
HCl.  Values of g, were calculated from the trailing boundary of fhe
plateau regions in the elution profiles as described in Appendix 2(b).
Theoretical curves of g w VS ¢ were constructed as described in
Appendix 2(b) using fl values obtained from ultracentrifugal analysis

(Table 5).

FI1G 12(a)

Theoretical curves were constructed for ideal monomerx-
n-mer associations using values ofg i calculated for linear aggregation

(Table 4), using Equation 1 of Appendix 2(b)

[ N - Theoretical curves

0————0 GAR histone in 0.15M NaCl/0. 01M HCI1

FIG 12(b)

Theoretical curves were constructed for ideal monomer-
n-mer associations using values ofcri calculated for compact

aggregation { Table 4), using Equation 1 of Appendix 2(b)

PRI Theoretical curves

o-———o0 GAR histone in 0. 15M NaCl1/0. 01M HCI -

FIG l2(c)

Theoretical curves were constructed for ideal indefinite
association, using Equation 3 of Appendix 2(b).
O—-——0 GAR histone in 0, 15M NaC1/0,. 01M HC1

Oy———— Compact indefinite association

g—-n Linear indefinite association
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FIG 13

GEL FPILTRATION ANALYSIS OF GAR IN 0. 15M NaCl1/0. 01 M HCI

4-10ml samples of GAR were chromatographed on a 40cm
X lem Sephadex G100 column, equilibrated with 0. 15M NaCl1/0. 01M
'I-IC].. Values of ¢ w vere calculated from the trailing boundary of the
plateau regions in the elution profiles as described in Appendix 2(b).
Theoretical curves of f, vs. ¢ were constructed using equation 2 of

1
Appendix 2(b).

FIG 13(a)

Theoretical curves of £, vs. ¢ were constructed for ideal
1 )
monomer-dimer -n-mer associations, using values of ¢ i calculated

. for compact aggregation (Table 4).

-0 Theoretical curves
L\ Experimental curve obtained from
ultracentrifugal analysis of GAR in

0.15M NaCl/0. 01M HCL

FIG 13(b)

Theoretical curves of fl vs. ¢ were constructed for ideal
monomer-~dimer-n-mer associations using values Ofoi calculated

for linear aggregates ( Table 4).

o0 Theoretical curves
A Experimental curve obtained from
ultracentrifugal analysis of GAR in

0.15M NaCl1/0.01M HC1
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complexes formed by the interaction of GAR and DNA. Since these
nucleoprotein complexes are generally formed experimentally at

pH values near neutrality, ultracentrifugal studies on pure GAR histone
were carried out to investigate the type of association of GAR histone
at higher pH values. The preliminary ultracentrifugal analysis of
Edwards and Shooter (1969) on the aggregation of FZAI histone
fractions had shown that the state of aggregation was independent of
pH in the range 1-7. The graphical analysis of Chun and Kim (1970)
of the association of GAR in 0. 075M NaCl1/0.01M HCI1 and 0. 15M
NaCl/0. 01M HCl had suggested that the modes of association in these
conditions were monomer-~dimer and monomer ~dimer ~-tetrameur,
respectively. These suggestions were confirmed by the more detailed
analysis of Adams. Accordingly, the graphical procedure of Chun
and Kim was again used to study the association at higher pH values.
Dilute low ionic strength MclIlvaine type buffers were used for these
studies and Fig. 14(a) shows the values of Mwapp obtained from
sedimentation equilibrium experiments carried out on GAR histone in
0.075M NaCl, pH 5.0 and 0. 075M NaCl, pH 7.0. As in the analysis
of the association of GAR histone in 0. 075M NaCl/0. 01 M HCI, the
value of Ml’ the monomer molecular weight was taken to be 10600,
as calculated from the amino acid analysis. The best-fitting curve
through the Mwapp data was constrained to pass through M'1 at c = o
and is shown in Fig. 14(a). For each pH value, three separate
sedimentation equilibrium experiments were carried out. A large
concentration range (from about 0. 5mg/mil to 5. Omg/ml) is
nevertheless covered by these three sedimentation equilibrium studies
and it can be seen from Fig. 14(a) that a single continuous curve can
be drawn through the data without large deviations between the
best-fitting curve and the experimental data. Possible errors

introduced because of the relatively small number of separate

sedimentation equilibrium studies used to described the associations



FIG 14(a)

ASSOCIATION OF GAR HISTONE IN 0,075M NaCi, pH 5.0 and

0.075M NaCl, pH 7.0

Preparation of GAR histone at different initial concentrations
were exhaustively dialyzed against 0. 075M NaCl, pH 5.0 and 0. 075M
NaCl, pH 7.0 and centrifuged at 26, 000 rpm for at least 36h at 20°¢c
in an AN-G rotor in a Beckman Model E analytical ultracentrifuge,
equipped with absorption optics. Apparent weight average molecular
weights (Mwapp) were determined from computer evaluation of the
gradient of In ¢ vs. r data. A third degree polynomial was fitted
to the data using a least squares curve-fitting procedure and constrained

to pass through Ml = 10600.

¢———2 GAR histone in 0. 075M NaCl, pH 5.0
O—————¢ GAR histone in 0. 075M NaCl, pH 7.0

Best-fitting curve

FIG 14(b)

ANALYSIS OF ASSOCIATION OF GAR IN 0.075M NaCl, pi 5.0 AND
0.075M NaCl, pH 7.0 BY THE GRAPHICAL PROCEDURE OF CHUN
AND KIM (1970)

Experimental values of (M ), (M )! and f. were
wapp napp 1

determined from the Mwapp data of Fig. 14(a) as described in
Appendix 1. Theoretical curve for an ideal monomer-dimer

association was constructed using the relationship:

1
M = o
( W) f1+2

Theoretical curve
¢t Experimental curve for GAR in 0. 075M NaCl, pH 5.0
o———0 Experimental curve for GAR in 0. 075M NaCl, pH 7. 0



Fig. (14 (a)

20
(M)
wapp
(X107
15
10 ’ 1 )
1.0 2.0 3.0 4.0 5.
Concentration (mg/mil)
Fig. 14(Db)
2.0
M )
TR \ |
1.0 ¢ '
6.0 - 0.5 1.0
f



are therefore likely to be small. Although the absolute values of

wapp for GAR in 0. 075M NaCl, pH 5.0 are different from those

in 0. 075M NaCl, pH 7.0, the Mwapp vs. € curves are broadly
similar in both cases. Fig. 14(b) shows close agreement between
both sets of experimental data and the predicted plot of (Mwapp)'
VS. fl for a monomer-dimer association. The experimental data
fgrma curve over the whole concentration range, with a slight
downward deviation at high concentrations. This may be due to
non-ideal effects.Fig. 15(a) confirms that a monomexr-dimer

association satisfactorily describes the experimental data. Plots

of (M

wap
0.075M NaCl pH 5.0 and pH 7. 0 agree well with the standard

p)' Vs, 1/(Mnapp)' for experimental data obtained in both

monomer ~dimer curve. Ideal indefinite association is shown in

f‘ig. 15(c) to be inadequate as a description of the experimental
association. None of the experimental plots of (Mapp)' vs. (fl)-%
agree with the standard curves for indefinite association. Similarly
Fig. 15(b), effectively eliminates monomer~dimer-n-mer associations.
Plots of d(Mwapp)'/dfl, vs. d(1/M

napp
do not agree with the standard curves for monomer-~dimer -n-mer

)‘/clf1 for the experimental data

associations. In Fig. 15(d), it can be seen that at higher concentra-
tions, that is at f1 < 0.5, plots of 1/(Mnapp)' Vs, f1 of the
experimental data approximate best to the standard plot describing a
monomer~dimer association. At low concentrations, small
deviations from linearity are observed, similar to those observed in
the Chun and Kim analysis of the association of GAR in 0. 075M NaCl/
0.01M HC1 and 0. 15M NaC1/0.01M HCLl. The deviations are
probably due to errors introduced in the integration processes used
to derive f, and Mnapp' While the Chun and Kim (1970) graphical
analysis does not permit completely unambiguous identification of the

mode of association and is less rigorous than the procedure of Adams,

nevertheless graphical analysis of the self-association of GAR histone



ANALYSIS OF ASSOCIATION OF GAR IN 0,.075M NaCl, pH 5.0 AND

0.075M NaCl, pH 7.0 BY THE GRAPHICAL PROCEDURE OF CHUN
AND KIM (1970)

e T y 1 i
Experimental values of (Mwapp) , (Mnapp) and f, were
calculated from: Mwapp data of Fig. 14(a) as described in Appendix 1.

Theoretical curves
g————2 GAR histone in 0. 075M NaCl, pH 7.0
¢———¢ GAR histone in 0. 075M NaCl, pH 5.0

FIG 15(a)
Theoretical curves of (MW)' vs. 1/(Mn)' for ideal monomer-n-~

mer associations were constructed using the relationship:

- (M )t = -n '-('—-M'—')-;— + n 4+ 1 and for ideal indefinite association using the
w
n
P s P o= v
relationship: (Mw) 2 (Mn) 1

FIG 15 (b)

Theoretical curves for ideal monomer-dimer-n-mer associations
were constructed using the relationship:

(M, )" d(1/(m)")

= =2 =0 +n -l
f
dl dfl

FIG 15(c)
1

Theoretical curves of (M_ ) and (Mn)' vs. (£) "2 were comstructed

for ideal indefinite associations using the relationship:

(M) =2 (fl)“%: -1 and £, = 1/(M_)'?

¢ o Experimental Mwapp, GAR in 0. 075M NaCl, pH 5.0
A———/\ Experimental Mnapp GAR in 0.075M NaCl, pH5. 0
O0————a Experimental Mwapp, GAR in 0. 075M NaCl, pH 7.0
g~ Experimental Mnapp, GAR in 0. 075M NaCl, pH7.0

FIG 15(d)
Theoretical curves of (ll(Mn)' vs. f1 for ideal monomer-n-mer

association were constructed using the relationship:
1
1/(Mn)1 = (1- =) fl + 1/n and for ideal indefinite
2
1

YADRA

association using the relationship: f; = (
n
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in 0. 075M NaCl, pH 5.0 and 7. 0 suggested that the most likely mode
of association in both conditions was monomer-~dimer. The
differences in the Mwapp vs. ¢ curves (Fig. 14(a)) for the two
solvent conditions are probably due to differences in the equilibrium
constant governing the association, or in the virial coefficient, BMI'
The association of GAR histone in 0, 15M NaCl at pH 5. 0 and 7. 0 were
also analyzed by the graphical procedure of Chun and Kim (1970).

Fig. 16(a) shows the Mwapp vs. c data obtained in these conditions.
For each solvent condition, only two separate sedimentation
equilibrium runswere carried out but these span a large range of
concentration. The best-fitting third~01'der polynomials through

the data, constrained to pass through the monomer molecular weight
(Ml) as determined by amino acid analysis (10, 600 daltons) are also
shown in Fig. 16(a). It can be seen that these best-fitting curves
adequately represent the experimental data, suggesting that errors
introduced because of the lack of many separate sedimentation
equilibrium experiments may be minimal. In Fig. 16(b) plots of
(Mwapp)' Vs, fl for the experimental data are compared with standard
graphs representing monomer-n-mer associations. No agreement
between experimental and theoretical graphs is observed. In Fig. 17
(a), an agreement is apparent between the experimental plots of
(Mwapp)' vs. 1/(Mnapp)' and the theoretical graphs depicting
monomer-n-mer association. At low concentrations, the experimental
curves show an inflection point, similar to that described in the
association of GAR histone in 0. 15M NaCl/0.01M HCl. The
explanations, of numerical error introduced in the processes of
integration of the Mwapp curve at its steepest regions, and of
thermodynamic non-ideality, which were proposed in the case of
0.15M NaCl1/0. 01M HCL, probably also hold at pH 5. 0 and pH 7. 0.

Fig. 17(b) demor_lstrates that the experimental plots of d( Mwapp)'/dfl
Vs, d(I/Mnapp)'dfl approximate best to the standard graph depicting
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SELF-ASSOCIATION OF GAR HISTONE IN 0, 15M NaCl, pH.5.0 AND
' 0.15M NaCl, pH 7.0

Preparations of GAR histone at different initial c;on.centrations
were exhaustively dialyzed against 0, 15M NaCl, pH 5.0 and 0. 15M NaCl,
pH 7.0 and centrifuged at 26, 000 rpm for at least 36h at 20°C in an AN-G
rotor in a Beclcm:;,n Model E analytical ultracentrifuge equipped with
absorption optics. Apparent weight average molecular weights (Mwappz),
were determined from computer evaluation of the gradient of In ¢ vs., =

data. A third degree polynominal was fitted to the data using a least

squares curve-fitting procedure constrained to pass through 1\/[1 = 10600

R GAR histone in 0, 15M NaCl, pH 5.0
O———3  GAR histone in 0, 15M NaCl, pH 7.0

Best-fitting curve

FIG 16(b)

ANALYSIS OF SELF-ASSOCIATION OF GAR IN 0,15M NaCl, pIH 5.0 AND
0.15M NaCl, pH 7.0 BY THE GRAPHICAL PROCEDURE OF CHUN AND

KIM (1970) . .

Experimental values of (1\/.[W

Y, (M )! and £, were
app napp 1
determined from the Mwapp data of Fig. 16(a) as described in
Appendix 1. Theoretical curves for ideal monomer-n-mer associations

1
were constructed using the relationship (Mw) = -(n-~1)f:l + n

Theoretical curve
¢— —» Experimental curve for GAR in 0. 15M NaCl, pH5. 0
o———0- Experimental curve for GAR in 0.15M NaCl, pH7. 0
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1.
ANALYSIS OF SELF-ASSOCIATION OF GAR IN 0.15M NaCl, pH 5.0

AND 0.15M NaCl, pH 7.0 BY THE GRAPHICATL, PROCEDURE OF
CHUN AND KIM (1970)

Experimental values of (M ), (M )* and f
wapp napp 1
were calculated from MW&PP data of Fig. 16(a) as described in
Appendix 1,
Theoretical curves

o GAR histone in 0. 15M NaCl, pH 7.0
o GAR histone in 0. 15M NaCl, pH 5.0

FIG 17(a)

Theoretical curves of (Mw)' Vs, 1/(Mn)' were
constructed for ideal monomer-n-mer associations using the relationship
(Mw)' = ~n 1/(Mn);" +n 4+ 1 and for ideal indefinite association using the

. . . 0o
relationship (Mw) 2 (Mn ) -1.

FIG 17(Db)

. Theoretical curves for ideal monomer -n-mer "’

associations were constructed using the relationship:

dM_)'/af, = -2n d(1/(M)") /df} +n -]

FIG 17(c)

Theoretical curves of (MW)' and (Mn)' Vs, (fl) ® were

e

constructed for ideal indefinite association using the relationship (MW)'

1
= 2 (Jfl)‘"'a -1 and f_ = 1/(1\/111')2

1
o—————o  Experimental Mnapp’ GAR in 0. 15M NaCl, pH 5.0
06—  Experimental Mwapp’ GAR in 0. 15M NaCl, pH 5.0
om—0 Experimental Mnapp’ GAR in 0.15M NacCl, pH 7.0

G——y  Experimental Mwapp’ GAR in 0.15M NaCl, pH 7.0

FIG 17(d)

Theoretical curves of 1/(Mn)‘ vs. fl were constructed

for ideal monomer-n-mer associations using the relationship 1/(Mn)'

= (1-1/n) f; + 1/n and for ideal indefinite association using the relationship
2
£; (1/(M_)")



3=

NN\
N\

A

tojr=

(£,)



monomer ~dirner -tetramer association., Again at low concentrations

there are marked downward curvatures. The possibility of indefinite
association being involved is discounted by comparison of the
experimental plots of (Mapp)‘ vs. (fl) -z with the standard graphs for
indefinite association {Fig. 17(c)). Fig. 17(d) illustrates that the
experimental data are not adequately described by monomer-n-mer
associations. The experimental data in Fig. 17(d) do not agree

with any of the standard graphs. Marked deviation from linearity
may be seen in the experimental data at low concentrations. These
deviations are similar to those found in the association of GAR in
0.15M NacCl/0. 01M HCI which were attributed to numerical errors
introduced in the data processing. It appears that plots of 1/(M )!

wapp
Vs, fl are particularly sensitive to these exrrors.

While conclusions regarding the mode of association, drawn
from the Chun and Kim (1970) type of analysis must be considered
with some slight reservation because of the ideal nature of the
analysis and because of the possibility of the introduction of numerical
errors, nevertheless the graphical analyses of the association of
GAR histone in 0. 15M NaCl, pH 5.0 and 7. 0, depicted in Figs. 16(b)
and 17, indicate that the most likely description of the association
may be in terms of a monomer~dimer-tetramer association. Within
the limitations imposed by these reservations, it therefore appears
that the modesof association detected in 0. 075M NaCl1/0. 01M HC1 and
0.15M NaCl/0.01M HCI are unaltered at pH 5. 0 and 7. 0, at the same

salt concentrations.

ORD Analysis of GAR histone

The associations of GAR -histone described above, were
further analyzed using ORD to determine whether the formation of

complexes of GAR caused an alteration in the secondary structure of



the protein. Optical rotatory dispersions were measured, using
light in the visible range, under different condition!s, 0.15M NacCl/
0.01M HCL, 0.075M NaCl/0.01M HCL and 0. 01M HC1 as described

in Methods Section 2.11. ORD data were processed on a DIGITAL
PDP8/1, computer using a tested program kindly supplied by

Mr. D. S, Lochead, Department of Biochemistry, University of
Glasgow. Schechter-Blout and Moffitt-Yang plots, which can
provide information on the secondary structure of protein in solution,
were constructed as described in Methods Section 2. 11 and are
represented in Fig. 18(a),(b). Fig. 18(a) shows that the gradients of
the best straight line through the data obtained in 0. 075M NaCl/ |
0.01M HCI and 0. 15M NacCl1/0. 01M HCI are approximately equal
while the gradient of the best-fitting straight line through the data
obtained in 0. 01 M HCI1 is much smaller. The Moffitt-Yang plots
shown in Fig. 18(b) also reveal that the gradients of best-fitting
straight lines through the data obtained in 0. 075M NaCl/0, 01 M HC1
and 0. 15M NaCl/0. 01M HCI are similar while the gradient through
the data obtained in salt-free conditions is much smallex. The
gradients and intercepts of these plots (Figs. 18 a and b) are shown in
Table 13, and the values were used to calculate the helix contents of
GAR histone in the different solvent conditions. % helix contents were

estimated from the Schechter-~Blout parameters, ‘ and A

A193 225, as
described in Methods Section 2. 11. Helical contents were also

calculated from the Moffitt-Yang parameter, b_, by the methods of

0’
Schechter, Carver and Blout (1964) and Urnes and Doty (1961).
Helical contents calculated by these methods are shown in Table 14,

For GAR in salt-free conditions, the method using the A coefficient

225
of the Schechter-Blout plots and the Urnes and Doty (1961) method
using b0 of Moffitt~Yang plots yielded small negative values of helix

content.’



FIG 18

ORD OF GAR IN 0. 01M HC1, 0,075M NaC1/0, 01M HCl and 0. 15M NaCl/
0.01lM HCIL

ORD spectra were obtained as described in Methods
Section 2. 11 and were analyzed by means of the Schechter -Blout and
Moffitt-Yang equations. DBest fitting straight lines were constructed

through the experimental points using the method of least squares.

FIG 18(a)

Schechter -Blout plotg of the data

A GAR in 0. 01 M HC1
b——a GAR in 0. 075M NaCl/0, 01 M HCI1
o————=0 GAR in 0. 15M NaCl/0.01M HC1

FIG 18(b)

Moffitt-Yang plots of the data

o————-—-~na GAR in 0. 01M HC1
AN GAR in 0. 075M NaCl/0. 01M HC1
o0 GAR in 0.15M NaCl/0.01M HCI1
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TABLE 13

OPTICAL ROTATORY PARAMETERS FOR GAR HISTONE

f

ORD spectra of GAR were obtained as described in Methods
Section 2. 11. Parameters were estimated from Schechter-Blout

plots and Moffitt-Yang plots (Figs. 17 (a, b)).



TABLE 13

Solvent B193 | Paos b %o
0.01M HC1 -323 -10 121 -249
o ?;ﬁ;fél/ 228 | -62 -26 ~196
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TABLLE 14

HELIX CONTENT OF GAR HISTONE

Helix contents of GAR histone were calculated from the

optical rotatory parameters of Table 13 using the following equations:-

Hig, = (&g, +750)/(36.5)
Hy,s = A8, + 60)/(19.9)
% Helix = (b - 100) /8.0

% Helix = —b0/6.30



TABLE 14

% Helix by various methods

Solvent Urnes/
Aoz | #225 P, Doty
o
0.01M HC1 11. 84 ~2.51 9.7 ~-3.33
0.01M HC1/
0.075M NaCl| 14.74 0. 20 16. 62 5.24
0.01M HCL/
0.15M NaCl| l4.54 0.10 15,75 4,12




£

The estimation of helical contents by ORD methods is an
empirical procedure, all methods currently available being based
on a calibration system using completely random coil structures and
synthetic polypeptides containing 100%. a-helix. Experimental values
between these two extremes are expressed as a percentage of a
completely helical structure. On this basis, negative values of helix
content are therefore impossible in princ.:iple. Ixperimental
determinations of helix content using ORD are at best only accurate
to within + 5% (Tomimatsu and Gaffield, 1965). Within experimental
error, the negative values of helix content found in the case of GAR
histone in salt-free conditions using the A225 coefficient of the
Schechter-Blout plots and the Urnes and Doty (1961) method using
bO of the Moffitt-Yang plots, could therefore represent small
positive helical contents. The small positive gradient of the
best-fitting straight line through the Moffitt-Yang plots of the data
for GAR in salt-free conditions is also hard to rationalize except
on the basis of experimental error. Evaluation of helix content
by the method of Urnes and Doty (1961) using bo has been shown to be
less reliable than estimates based on the methods of Schechter et al.
(1964) using b_. (Tomimatsu and Gaffield, 1965). Helical contents
estimated by the latter method agree reasonably with those calculated

using A both methods indicating low helix contents in GAR histone

in salt-;:?:e conditions. (Table 14). Helix contents in 0, 075M NaCl
and 0. 15M NaCl are slightly greater than that in salt-free conditions
but not by more than the minimum experimental error of + 5%, so
from these studies one cannot unambiguously state that salt increases
the helicity of GAR histone. For all conditions examined, large
differences in the helix content calculated from A193 and from Az 25
coefficients were found indicating the presence in GAR histone of

3

secondary structures (for example, hydrophobic bonds and hydrogen

bonds and B-sheet structures) other than random coils and helices.

(Schechter and Blout, 1964). .



The analyses of the association of GAR histone by
ultracentrifugation, gel-filtration and ORD, as described above
provide quantitative information on the association process, The
remainder of the experimental work described in this thesis is
concerned with studies of the binding of GAR to DNA and the effect

of the association of GAR histone on its interaction with DNA.

These studies initially used calf thymus DNA (C, T, DNA)
and to permit meaningful interpretations of the properties of CT-DNA -
GAR complexes, some physico-chemical properties of the DNA

alone were investigated.

Characterization of C. T. DNA

Mammalian DNAs are generally of high molecular weight and
are frequently heterogeneous with respect to their sedimentation
properties. The procedure described by Schumaker and Schachman
(1957) to analyze the distribution of sedimentation coefficients across
a sedimenting boundary is particularly useful for the characterization
of heterogeneous DNA species. The distribution of sedimentation
coefficients across a sedimenting boundary g(s) of C. T. DNA in
0.15M NaCl, pH 5. 0 was calculated by the method of Schumaker and
Schachman (1957) using a PDP8/L computer. The g(s) distribution
is shown in Fig. 19(a) and can be seen to encompass a wide range of
s values, from 13% to 33s, indicating that the DNA is heterogeneous.
The distribution is asymmetric with a larger proportion of sedimenting
species of high sedimentation coefficients. The value of the ordinate,
g(s), gives a measure of the relative number of species of DNA with
a given s value. The values of the molecular weight of the DNA
corresponding to the range of sedimentation coefficients covered by
the g(s) plot were obtained using the empirical equation of Crothers
and Zimm (1965) relating the sedimentation coefficient of linear

duplex DNA to its molecular weight:-
O~ wele b \ . ™M o= . : - ( - Y
> low ERS4C SR N S-7T ﬂ
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HETEROGENEITY OF C. T, DNA

Solutions containing 25pg/ml of C. T. DNA were centrifuged
at 20°C in an AN-D rotor in a Beckman Model E analytical ultra-
centrifuge at 44, 000 rpm. Sedimentation coefficients across the

sedimenting boundary were calculated using the equation

5 T . (.‘L )2.303_1Og x
20, w "~ - 2
w (1 -vp ) qZO,w woi xo
The distribution g(s) of sedimentation coefficients across the
sedimenting boundary was calculated by the method of Schumaker
and Schachman (1957) using the equation:
obs 3
AC x
gls) = o \x
A x o
— 3
e ZACObS (x
20, w A x X
o
FIG. 19(b)
HETEROGENEITY OF C. T, DNA
Using the equation of Crothers and Zimm (1965),
S=2.7+0.0157 X (M. W. )0' 447, molecular weights were calculated
from S, values across a sedimenting boundary of DNA (Fig. 19(a)).

20, w
The molecular weights are plotted against the g(s) values corresponding

to the S‘2 values from which they were derived.

0,w
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The values of the molecular weight of the C. T. DNA evaluated from
the sedimentation coefficients shown in the g(s) plot are depicted in
Fig. 19(b). Molecular weights in this Figure are plotted against the
g(s) value corresponding to the sedimentation coefficient from which
the molecular weights were derived. Although g(s) values are
customarily used to indicate the distribution of sedimentation
coefficients of a heterogeneous sedimenting boundary, g(s) values
are a measure of the relative number of species present in a
sedimenting population, and g(s) can therefore be used to indicate the
distribution of molecular weights. Fig. 19(b) demonstrates that the
distribution pattern of molecular weights is slightly different from
the distribution of sedimentation coefficients shown in Fig. 19(a),
with the molecular weight distribution being slightly more skewed
towards the higher molecular weight region. This emphasis towards
higher molecular weight values is a direct consequence of the
exponential nature of the empirical equation of Crothers and Zimm
(1965), used to evaluate the molecular weights of the DNA from its
sedimentation coefficients. Since g(s) represents the relative
amount of a particular species in a heterogeneous population, g(s)
values can be considered as directly proportional to the concentration
of the particular species in the population. Accordingly, the value
of MW, the weight average molecular weight can be evaluated for
the heterogeneous population of DNA using the basic equation for Mw:»-
xc; Mi
MW N Yyc,
i
The value of M_ for the distribution of C. T. DNA shown in Fig. 19(b)
was calculated to be 8.2 X 106 daltons. It can be seen that the value
of MW does not correspond to the maximum of the distribution. The
fact that the distribution of sedimentation coefficients (Fig. 19(a))

is different from the distribution of moleculaxr weights (Fig. 19(Db)).

precludes the evaluation of a weight average sedimentation coefficient
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from the distribution of sedimentation coefficients and the subsequent
evaluation of a molecular weight corresponding to this value of a

weight-average sedimentation coefficient.

The heterogeneity of C. T. DNA shown by the distribution of
sedimentation coefficient g(s) in Fig. 19(a) was confirmed by band
sedimentation of C. T. DNA through 1. 2M NaCl as described in Method:
Section 2.10.2. A typical trace is shown in Fig. 20. A sedimentation
profile is indicated which is broadly similar to the g(s) distribution
but differs slightly in having a slightly greater predominance of
sedimenting species of higher s value. This minor discrepancy may
be explained in terms of the concentration dependence of sedimenting
species, which in general, predicts a decrease in the sedimentation
coefficient with increasing concentration. In bouﬁdary sedimentation
(Fig. 19) the leading edge of the boundary penetrates a zone
containing a finite concentration of DNA, the concentration effect thus
effectively lowering the sedimentation coefficients of this part of the
boundary. In contrast, the leading species in band sedimentation
penetrate a zone composed of the bulk solvent, 1. 5M NaCl, of zero
DNA concentration. Effectively, the sedimentation coefficients of
this part of the boundary are therefore slightly greater than those of

the corresponding species in boundary sedimentation.

The characterization of the C. T. DNA provided by the g(s)
distribution and the band sedimentation data providesa basis for the

investigation of GAR histone - DNA complexes.

Analysis of GAR histone - C.T. DNA complexes

8.1 Thermal denaturation studies

Thermal denaturation studies of nucleoprotein

complexes can provide useful qualitative information on the



FIG. 20
BAND SEDIMENTATION OF C. T. DNA

1511 of C. T. DNA in SSC were introduced into the sample
well of a Vinograd type III double sector band-forming centrepiece,
containing 0. 35ml of CsCl (density 1. 320g/ml) as bulk solvent.
Sedimentation was carried out at ZOOC at 40, 000 rpm in AN-D rotor,

The scanning wavelength was 265nm.
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interaction of proteins with DNA. Binding of histones to DNA
stabilizes the double helix against thermal denaturation (Olins,

1969; Shih and Bonner, 1970) and histone -DNA complexes are
therefore characterized by melting temperatures considerably higher
than those of free DNA. In certain solvent conditions, the increased
melting temperature due to the histone -DNA complex may be greater
than 10000 and therefore be unable to be measured because of boiling.
For this reason, thermal denaturation studies of histone -DNA
complexes are frequently carried out in solvent éonditions which lower
the melting temperature of both free DNA and DNA -histone complexes.
In the present studies, EDTA at a concentration of 2.5 X 10~4M

was used to lower melting temperatures to within a measurable rangé.
EDTA presumably achieves this effect by chelation of cations which

stabilize the double helix.

Formation of DNA-~histone complexes can be achieved by two
methods, the salt gradient dialysis method of Huang et al. (1964)
or by the method of divect addition of histones to DNA (Ansevin and
Brown, 1971). In both methods, precipitation of the DNA may occur
if a high ratio of histone to DNA is used. The nomenclature system
of Shih and Bonner (1970) (Methods Section 2. 5) can be used to describe
the relative amounts of DNA and histone. Complexes of GAR histone
and C. T. DNA were formed using the salt-gradient dialysis method
of Huang et al. (1964) at various ratios of (Arg + Lys)/Po4, .
Absorbance melting profiles of these complexesin 2.5 X 10 M
EDTA, pH 5. 0 were carried out as described in Methods Section 2. 5.
The melting profiles shown in Fig. 21(a), demonstrate that the
melting of the nucleoprotein complex is characterized by a biphasic
melting profile, with one transition at approximately the same
temperature as that of free DNA aud a second transition about
30-40° higher. In the complex formed at an Arg + Lys/Po4 ratio

of 0. 35, the second transition is not clearly indicated but can be



FIG 21

THERMAL DENATURATION OF GAR - C,T. DNA COMPLEXES

Tig. ’Zlgél C. T.‘ DNA - GAR complexes were prepared by the salt-
gradient dialysis method of Huang et al. (1964) at several (Arg + Lys)/
P64 ratios and were diluted with the final buffer to an absorbance value
between 0.7 and 2. 0 absorbance units at 260nm. Thermal
denaturation was followed as described in Methods Section 2. 9, using

a UNICAM SP500 spectrophotometer,

0————0 C.T. DNA
A——n (Arg + Lys)/PB, = 0.35
i (Arg + Lys)/PS‘; = 0, 55

Fig. 21(b) C.T. DNA - GAR complexes were prepared by the

-4
direct addition of GAR to DNA in 0.075M NaCl, pH 5.0+ 2,.5X 10 M

EDTA at various ratios of histone to DNA, as described in Methods

Section 2. 5,
o— C.T. DNA
DHe———4A  GAR/DNA = 0. 20
Q———8 GAR/DNA = 0. 30
Fig. 21(c) C.T. DNA - GAR complexes were prepared by the

direct addition of GAR to DNA in a dilute Mcllvaine type phosphate
buffer, of ionic strength <0.01, at pH 5. 0.

Q——0O C.T. DNA
F——0 GAR/DNA = 0.25
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qualitatively estimated to occur over approximately the same range
as that of the complex formed at an (Arg + Lys) fPoé ratio of 0. 55,
It can be seen from Fig. 21(a), that the first transition in the
biphasic melting profile of the nucleoprotein complex does not
correspond exactly with that of free DNA, but instead is less sharp
and occurs at a slightly higher temperature. This effect is more

pronounced with a complex of a higher Arg + Lys/Po, ratio.

Fig 21(b), shows the melting profiles of nucleoproteii complexes
prepared by the direct addition of histones to DNA at various ratios
by weight of histone/DNA in 0.075M NaCl, pH 5.0 X 2.5 X 10" %M
EDTA. Assuming that the EDTA does not significantly affect the
self~association of GAR histone, the protein exists in these conditions

in a monomer ~dimer equilibrium.

The validity of the assumption that EDTA does not affect the
state of aggregation of GAR can only be verified experimentally,
Nevertheless, the present studies on the association of GAR as well
as those of Edwards and Shooter (1970) on crude FZAI histone fractions
have indicated that the aggregation of the arginine-rich histone is

‘dependent only on salt concentration and it therefore appears unlikely
that EDTA which chelates divalent cations, will affect the aggregation.
However, in the lack of any direct experimental proof, the
assumption that EDTA does not affect the aggregation of GAR is
entirely arbitrary. It can be seen that the complexing of histone to
DNA under these conditions causes part of the DNA to melt at a
higher temperature than that of free DNA. The exact melting
temperature of the nucleoprotein complex cannot be accurately
ascertained because of the high temperatures involved. It may be
seen that free DNA in 0. 075M NaCl, pH 5.0, + 2.5 X 10-41\/1 EDTA
melts at a higher temperature than free DNA in 2.5 X 10"4M EDTA,
pH 5.0 (Fig. 21(a)). This is almost certainly due to the stabilizing

influences of the salt ions on the double helix, Fig. 21(c) shows the



melting profile of a GAR histone-DNA complex formed by the direct
addition of histone to DNA at a weight ratio of 0.25 in 2. 5 %X 10*M EDTA,
pPH 5.0. The studies of Edwards and Shooter (1969a) have shown that

in salt free conditions, the FzAl class of histones exists in an unaggregated
state. The melting profile of DNA-GAR histones complex in these
conditions is similar to the melting profile of DNA-GAR complexes
prepared by the salt-gradient dialysis method of Huang et al. (1964)

(Fig. 21(a)), indicating that the method of preparation of the complexes
does not affect significantly their melting properties. Ag in the complexes
prepared by salt-gradient dialysis, the first transition of the bip-hasic
melting profile of G.AR histone -DNA complexes prepared by direct addition

is not exactly equivalent to the melting profile of free DNA, being instead

more diffuse and occuring at a highexr temperature.

Sedimentation analyses of GAR histone C.T. DNA complexes

Complexes of C. T. DNA with GAR histone were prepared at

pH 5. 0 by the salt-gradient dialysis method of Huang et al. (1964) and
were analyzed by band sedimentation through deuterium oxide.
Deuterium oxide was used to provide a stabilizing density gradient through
which the sedimenting micleoprotein complex can migrate. Salt solutions
cannot be used for this purpose since dissociation of the protein fr.om the
complex occurs in high salt conditions. Values of the sedimentation
coefficients across the sedimenting band were calculated using the equation:

2.303

S = 3 log EM where Xo is the radial distance of the meniscus.
w t 0

The distribution of sedimentation coefficients across the sedimenting zone
is shown in Fig. 22(a). The effect of deuteration of the replaceable
hydrogen atoms in the complex was not taken into account. Deuteration
may affect the equilibrium position of associating protein systems and
may also affect the binding of proteins to DNA. It can be seen from

Fig. 22(a) that the complex is heterogeneous with respect to

sedimentation coefficient, having an S? 0. w value distribution maximum
<\



FIG 22

HETEROGENEITY OF C.T. DNA - GAR HISTONE COMPLEXES

Fig. 22(a C.T. DNA -~ GAR histone complexes were prepared by the
method of salt gradient dialysis as described in Methods Section 2.5
and were analyzed by band sedimentation through 100% D2;O, Values
of the sedimentation coefficients across the sedimenting band were

calculated using the equation:

S ~ 2.;03 . log (%
w X 0

S values are plotted against the pen height in cm at eaclh

point throughout the sedimenting band.

Fig. 22(b) C. T. DNA - GAR complexes were prepared by the method
of salt-gradiént dialysis as described in Methods Section 2.5 and were

analyzed by boundary sedimentation.

Values of g(s), the distribution of sedimentation coefficients

across the sedimenting boundary are plotted as a function of the

sedimentation coefficient at each point in the boundary.

O—=O Complex formed in pH 7. 0, GAR/DNA =0.2
——e’ Complex formed in pH 5. 0, GAR/DNA. =0.2
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at around 50 s, that is about 29 s units greater than that of pure C. T. DNA.
The distribution of sedimentation coefficients, g(s), of the complex was
also estimated from boundary sedimentation experiments and is shown in
Fig. 22(b). The distribution is broadly similar to that shown in Fig. 22(a)
obtained by band sedimentation, indicating that the deuteration of histone-
DNA complex does not affect significantly its sedimentation properties.
Also shown in Fig. 22(b), is the g(s) distribution of complexes formed by
salt-gradient dialysis at pH 7.0. It can be seen that changes in pH over
this range do not significantly alter the sedimentation coefficient

distribution.

For GAR histone-DNA complexes formed by the method of
direct addition of the histones to the DNA, the number of histone
molecules bound per DNA molecule : was calculated using the approach usec
by Steinberg and Schachman (1966) to estimate the number of molecules of
methyl orange bound to BSA. In their method, sedimentation velocity
experiments were carried out on mixtures of BSA and methyl orange, with
methyl orange in excess. Because of their large size, complexes of BSA
and methyl orange sedimented rapidly, leaving unbound methyl orange
behind. From estimates of the constituent sedimentation coefficients of
the interacting species the number of methyl orange molecules bound per
BSA molecule was calculated. Similar experiments were carried out in
the present studies of GAR histone C. T. DNA complexes but the method
involving constituent sedimentation coefficients was not used., Instead the
approach adopted in the present studies was to add known concentrations of
one component, either histone or DNA, to excess known amounts of the
second component and carry out sedimentation velocity experiments on the
mixture using UV absorption optics. The rationale behind this approach
is that the GAR -histone -DNA complexes will sediment rapidly and leave
behind a 'sul?erna.tant' region compuising excess unbound component whose
concentration may be estimated from its absorbance. Using the original

concentration of both reactant and the final concentration of the unbound



B R
excess éomponeht, the stoichiometry of the histone-DNA complex may be
determined in a manner directly analogous to that used to calculate the
number of ligands bound to a macromolecule in equilibrium dialysis
experiments (Klotz, 1946, 1953; Klotz, Walker and Pivan, 1946). It is
‘evident that equilibrium dialysis experiments cannot be directly carried
out on GAR -histone~DNA interacting systems because of the sizes of the
molecules involved. The sedimentation velocity analogue of equilibrium
dialysis described above has, in principle, several advantages overnormal
dialysis methods. The sedimentation coefficient distribution of the
sedimenting complex may be estimated from a g(s) analysis. In addition,
the sedimentation properties of the excess, unbound component in the
'supernatant' region can be directly analyzed, again by measuring the

g(s) distribution.

Initially, experiments were carried out with C, T. DNA in
excess and adding small amounts of GAR histone. The experiments were
carried out under three solvent conditions, 0.075M NaCl, pH 5.0, in which
GAR histone was shown to exist most probably in a monomer-dimer
equilibrium; 0.15M NaCl, pH 5. 0 in which GAR probably existed in a
monomer ~dimer ~tetramer equilibrium; and 0. 4M NaCl, pH 5. 0. Although
the aggregation properties of GAR were not accurately known at this
latter salt concentration, it was nevertheless considered desirable to
extend the range of salt concentration studied to 0. 4M NaCl for the
following reasons. The principle of the salt-gradient dialysis method of
preparation of histone-DNA complexes involves initial mixing of the two
components at salt concentrations in which there is likely to be little
binding. Subsegquent gradual reduction of the salt concentration results in
a condition in which binding of histones to DNA is balanced by their
dissociation from DNA, that is, the binding is readily reversible., Under
these conditions, histone molecules might be expected to combine with
and dissociate from the DNA until a 'preferred’ binding takes place,

that is, the histone combines with a segment of the DNA molecule whose



chemical structure is such that the attractive forces between the DNA
and the histone are stronger than the forces tending to dissociate the
complex. DNA -histone complexes formed in such conditions might
therefore have distinctive properties as a result of the 'preferred' binding.
Since the exact salt concentration at which reversible binding of GAR
histone to C. T. DNA occurs is unknown, the range of salt concentration
used in the present studies was extended to 0, 4M NaCl, despite the fact
that no detailed knowledge of the aggregation properties of the histone in
these conditions is available. Edwards and Shooter (1969) have measured
the sedimentation coefficient of the heterogeneous histone fraction FZAI’
and shown that the sedimentation coefficient increases with increasing salt
concentrations. Within the reservations imposed by the use of
heterogeneous histone fractions and the use of sedimentation coefficient as
a measure of aggregation, the results of Edwards and Shooter (1969) suggest

that in 0. 4M NaCl, GAR histone exists in a more aggregated form than in

0.15M NaCl.

GAR histone and C. T. DNA solutions were dialyzed extensively
against the appropriate buffer and mixed at various ratios by weight of GAR
to DNA, with DNA in excess, as described in Methods Section 2.5. A
representative trace of the sedimentation profile of the complex in 0. 4M
NaCl, pH 5.0 is shown in Fig. 23(a). Only one heterogeneous boundary
was present so that neither discrete species of complex nor free DNA
could be distinguished. In this case, the concentration of the remaining
unbound DNA cannot be estimated, thus preventing calculations of the
stoichiometry of the complex formation. The sedimentation coefficient
distribution g(s) across the sedimenting boundary was measurable,

Fig. 23(b) illustrates the g(s) distribution of the complexes in0. 075M NaCl
pH 5.0, 0.15M NaCl, pH 5.0 and 0. 4M NaCl, pi—I 5.0. It can be seen

that the distributions are very broad and in all cases encompass the g(s)
distribution of free DNA (Fig. 19(a)). In 0.4M NacCl, the g(s) maximum

is approximately 57 s, while the corresponding maxima for 0. 15M NaCl



FIG 23(a

At el e

HETEROGENEITY OF GAR -HISTONE-C, T. DNA COMPLEXES

Preparations of GAR histone and C. T. DNA. were dialyzed
extensively against 0. 4M NaCl, pH 5.0.

Complexes of GAR histone and C. T. DNA were prepared by
the method of direct addition (Methods Section 2. 5), at a histone to
DNA ratio 0of 0.1. The corﬁplex was centrifuged at 10, 000 rpm in an
AN-G rotor in a Beckman Model E analytical ultracentrifuge equipped
with UV optics and a photo-electric scanning device, using light of

wavelength 265nm.

FIG 23(b)
DISTRIBUTION OF SEDIMENTATION COEFFICIENTS OF GAR -HISTONE
C. T. DNA COMPLEXES

Preparations of GAR histone and C. T. DNA were dialyzed
against buffers of 0. 075M NaCl, pH 5.0, 0.15M NaCl, pH 5.0 and
0.4M NaCl, pH 5.0. Complexes of GAR histone and C. T. DNA were
prepared by the method of direct addition (Methéds Section 2. 5), at
low histone to DNA ratios. The complexes Weré centrifuged at
10000 rpm at 20°C in an AN-G rotor in a Beckman Model E analytical
ultracentrifuge equipped with absorption optics. g(s) distributions

were calculated using the equation of Schumaker and Schachman (1957):-
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and 0. 075M NaCl are approximately 42 s and 48 s respectively. The
distribution of sedimentation coefficients in 0. 4M NaCl has a higher
proportion of material sedimenting with greater sedimentation coefficients.
The g(s) distributions are broadly similar to those exhibited by complexes
prepared by the salt-gradient dialysis method at pHH 5.0 and pH 7.0

(Fig. 22(b)), indicating that the method of preparation of the complexes
and the pH at which they are prepared do not affect the sedimentation
coefficient distributions. These results confirm the thermal denaturation
data which do not show any significant difference between complexes
prepared by different methods. The 'ultl'acentrifu.ge analyses of pure GAR
reported earlier indicated that in 0. 075M NaCl the protein existed in a
monomexr -dimer equilibrium and in a monomer -dimer ~tetramex
equilibi'ium in 0. 15M NaCl. Complexes of C. T. DNA with GAR in these
different aggregation states show similar g(s) distributions (Fig. 23(b)).
However, the g(s) distribution of the complexes formed in 0. 4M NaCl,

pH 5. 0 shows a slight shift to higher s values compared with those of
complexes in 0. 075M NaCl and 0. 15M NaCl. Although detailed

analysis of the aggregation state of GAR histone in 0, 4M NaCl was not
carried out, the work of Edwards and Shooter (1969) indicates that the
protein exists in a more aggregated state than in 0, 15M NacCl, that is,

the protein forms species higher than tetramer in 0. 4M NaCl., It is
possible that the higher s values of the complex formed in 0. 4M NaCl

are a result of the more aggrepgated state of the protein.

Since the complexes formed by the direct addition of histones
to excess DNA. at low histone~DNA ratios, were so heterogeneous as to
prevent determination of the concentration of unbound DNA, thus pre‘venting
calculation of the stoichiometry of the complexes, analogous experiments
were carried out using excess histone and adding known amounts of C. T,
DNA. At h:‘fgh ratios of histone to DNA, however, the DNA is precipitated
by the histone and the resulting nucleoprotein complex sediments so quickly

as to prevent accurate measurement of its sedimentation coefficient,



FIG, 24

AMOUNTS OF GAR HISTONE BOUND TO C, T, DNA

Preparations of GAR histone and C. T. DNA were dialyzed
against 0. 075M NaCl, pH 5.0, 0.15M NaCl, pH 5.0 and 0. 4M NaCl,
pH 5.0, Small varying concentrations of a solution of DNA of
concentration 0. 28mg/ml were added to known excess concentrations
of GAR histone in a total volume of 0. 4ml. Complexes were
sedimented at 30000 rpm in an AN-G rotor at 70°C in a Beckman
Model E ultracentrifuge equipped with UV optics. The wavelength
of the light used was 275nm. The number of moles of GAR histoné
bound to a known concentration of C. T. DNA was estimated from the
absorbance of the remaining unbound GAR histone. In all conditions
the molecular weight of GAR histone was taken as 10600 and that of
DNA as 8.2 X 1~06 daltons.

o———* (., 075M NaCl, pH 5.0
fo———a 0, 15M NaCl, pH 5.0
@0 0.4M NaCl, pH 5.0
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Nevertheless, determination of the stoichiometry of these complexes can
still be calculated, since the concentration of unbound excess histone
molecules can be measured from the absorbance of the supernatant.
Varying amounts of C. T. DNA were added to known excess amounts of
GAR histone in three different solvent conditions: 0, 075M NaCl, pH 5. 0;
0.15M NaCl, pH 5.0; and 0.4M NaCl, pH 5.0. The number of histone
molecules bound to a single molecule of C. T. DNA was calculated using the
known initial amounts of both components and the amount of unbound
histone. For the calculation, the molecular weight of the C. T. DNA was
taken as the weight average molecular weight (8.2 X 106da1tons) estimated
from the distribution across a sedimenting boundary of molecular weights
which were, in turn, obtained from the g(s) distribution of sedimentation
coefficient across a sedimenting boundary (Figs. 19a,b). The implications
of using a single molecular weight to describe a heterogeneous population
~in studies on the binding of préteins to DNA will be discussed later. The
molecular weight of GAR histone in the calculation was taken as the
monomer molecular weight based on amino acid analysis, namely, 10600
daltons and the significance of using the monomer molecular weight will
also be discussed in the Discussion Section. Fig. 24 depicts the ratio

of the number of moles of GAR bound to the number of moles of DNA bound,
as a function of the amount of DNA added, for all three conditions. The
best~fitting straight lines through the data are also shown. Although there
is a certain amount of scatter in the data, it can be seen that the data lie
on approximately horizontal lines indicating that the number of individual:
histone molecules bound to each DNA molecule is independent of the
amount of DNA added. The fact that the ratio of moles of histone bound

to moles of DNA bound is independent of amount of DNA added indicates
that there exists a direct proportionality of histone bound to DNA available,
despite the fact that the DNA is heterogeneous. From the data of Flg 24,

it can be inferred that all species of the heterogeneous population of DNA



bind GAR histone. If only one species of DNA of a particular si>ze and
base sequence were capable of binding GAR histone fhen the remaining
unbound DNA would be detected in the ultracentrifuge as a boundary
sedimenting at a rate equivalent to that of free DNA (Fig. 19a). It was
found experimentally, however, that the 'supernatant' remaining after

the sedimentation of the complex migrated in the centrifugal field at a
very low rate, less than 3 s, indicating that the supernatant was composed
of histone. These results are consistent with the fact that these experiment:
were carried out in conditions of excess histone. It can be seen from

Fig. 24 that the ratio of moles of GAR bound to moles of DNA bound is
affected by the salt concentration at which the complex is formed. Most
molecules are bound per DNA molecule of molecular weight 8.2 X 106,

in 0. 075M NaCl, slightly fewer in 0, 15M NaCl and fewer in 0. 4M NaCl..
Table 15 shows the number of GAR histone molecules bound to C. T. DNA
in the salt conditions used, assuming a value of 8.2 X 106 for the
molecular weight of the C. T. DNA. A subsidiary experiment was carried
out in which spermidine phosphate at a final concentration of 0. ImM was
added to the dialyzed C. T. DNA preparations. Varying amounts of the
DNA -spermidine mixtures were then added to known, excess amounts of
GAR histone. The number of GAR molecules bound was calculated as
described above and found to be effectively the same as the number

bound in the absence of spermidine phosphate. Table 15 also showé

the contribution of the protein component of the nucleoprotein complex to
the overall molecular weight of the complex, calculated on the basis of
the number of GAR molecules bound to the DNA, using a value of 10600
for the molecular weight of one GAR histone molecule. The heterogeneity
of C. T. DNA makes the interpretation of the sedimentation properties of
GAR histone - C. T. DNA complexes difficult. To minimize the

analytical problems caused by the heterogenecity of the DNA, studies were



TABLE 15

ESTIMATION OF AMOUNT OF GAR HISTONE BOUND TO C.T. DNA

Preparations of GAR histone and C. T. DNA were dialyzed
exhaustively against buffers of 0. 075M NaCl, pH 5.0, 0.15M Nac(Cl,
pH 5.0 and 0.4M NaCl, pH 5.0. Aliquots of varying known
concentrations of DNA were added to known excess amounts of GAR
histone and the mixtures were centrifuged at 6000 rpm in an AN-G
rotor in a Beckman Model E analytical ultracentrifuge equipped with

UV optics. The wavelength of the light used was 275nm.

The amount of GAR histone bound to known amounts of C, T,
DNA was estimated from the absorbance of the histones remaining
unbound in the 'supernatant'. .The molecular weight contribution of
the bound GAR histone was estimated from the number of molecules
bound, using a value of 10, 600 for the molecular weight of each
histone molecule. The molecular w‘eight of the complex was
estimated by adding the weight average molecular weight of the DNA
(8.2 X 106 daltons) to the total molecular weight of the histones bound
to the DNA. |



TABLE 15

No. of mol. wt.
. Total
Sal GAR contri-~ 1
C?nt molecules| bution mol. wt.
¢ | bound by GAR | ©f corélplex
-3 -6 i
X10 (X10 ) (X10 )
0. 40 1.9 20.1 28.3
0.150 2.59 27. 4 35.6
0.075 2. 84 28.5 36.7




carried out using small viral DNA which is more homogeneous than

mammalian DNA.

Prepal'iatic-m and Characterization of SV40 DNA

Covalently closed circular SV40 DNA was prepared from
SV40 infected BSC-1 cells as described in Methods Section. Band
sedimentation of the preparation of SV40 DNA through CsCl of density
1.320g/ml (Fig. 25(a)) revealed that the preparation was contaminated
by a small amount of nicked circular DNA sedimenting with a lower
sedimentation coefficient thanthe covalently closed DNA. The supercoiled
circular DNA and relaxed circular DNA were resolved using the CsCl-
ethidium bromide equilibrium centrifugation technique of Radloff, Bauer
and Vinograd (1967), described in Methods Section 2,10.2. The |
absorbance profile obtained after harvesting the gradient is shown in
Fig. 26(b). Fractions 30-36, containing only closed circular DNA were
pooled and concentrated as were fractions 41 -48 containing nicked
circular DNA., Band sedimentation of these preparations of SV40 DNA
through CsCl of density 1. 320g/ml vevealed that both preparations were
essentially pure (Figs. 26(a), 26(b)), although the preparation of singly
nicked circular DNA was contaminated with a small amount of non-
sedimenting matevial. The preparations of supercoiled SV40 DNA and

relaxed circular SV40 DNA sedimented with S values of 21. 2 and

20, w
16. 8 reaspectively. The molecular weight of each form of SV40 DNA

was calculated from the experimental values of 820, W using the empirical
equations of Gray, Bloomfield and Hearst, (1967) and Hudson, Clayton
and Vinograd (1968). Covalently closed circular SV40 DNA was found

to have a molecular weight of 3. 05 X 10 > daltons and relaxed circular
SV40 DNA was found to have a molecular weight of 2,97 X 106 daltons,
confirming that the two species of DNA are merely different physical

forms of the same DNA,



FIG. 25(a)

ANALYTICAL BAND SEDIMENTATION OF SV40 DNA

Preparations of SV40 DNA isolated from SV40-infected BSC-1
cells as described in Methods Section 2. 4 were analyzed by band
sedimentation as described in Methods Section 2.10.2. 15ul of
DNA. solutions were introduced into the sample well of a double
band-forming centrepiece with 0. 35ml of CsCl (density 1. 320g/ml)
as bulk solvent. Runs were carried out at 40, 000 rpm and the

scanning wavelength was 265nm.

FI1G. 25(b)

FRACTIONATION OF CLOSED CIRCULAR SV40 DNA AND NICKED
CIR CULAR SV40 DNA

DNA samples were centrifuged in CsCl of density 1. 55g/ml,
containing 100ug/ml ethidium bromide for 40h at 20°C in an angle
40 rotor at 39,000 rpm in a Spinco Model L ultracentrifuge.
5-drop fractions were collected by direct tube puncture.
Ethidium bromide was removed by extraction with isoamyl alcohol.
CsCl was removed by dialysis against SSC and absorbance of the
fractions measured at 259nm in a UNICAM SP500 spectrophotometer.
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FIG. 26(a)

BAND SEDIMENTA TION OF CLOSED CIRCULAR SV40 DNA.

Closed circular SV40 DNA was obtained from SV40-infected
BSC-1 cells as described in Methods Section 2.4 and freed from
contamination by nicked circular SV40 DNA by CsCl-ethidium bromide
density gradient centrifugation. 15pl aliquots of the purified closed
circular SV40 DNA in SSC were introduced into the sample well of a
double sector band forming centrepiece with 0. 35ml CsCl (density
1.320g/ml) as bulk solvent. Centrifugation was carried out at

40, 000 rpm at 20°¢C. Scanning wavelength was 265nm.

FIG. 26(b)

ANALYTICAL BAND SEDIMENTATION OF NICKED CIRCULAR SV40
DNA.

SV40 DNA was prepared from SV40-infected BSC-1 cells and
nicked circular SV40 DNA was freed from contamination by closed
circular SV40 DNA by CsCl-ethidium bromide density gradient
centrifugation. 15pl aliquots of the purified nicked circular SV40
DNA. in SSC were introduced in the sample well of a double sector band
forming centrepiece with 0. 35ml1 CsCl (density 1.320g/ml) as bulk
solvent. Centrifugation was carried out at 40, 000 rpm at ZOOC.

Scanning wavelength was 265nm.
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10. Analysis of GAR histone-SV40 DNA complexes

Studies of the formation of GAR histone-C. T. DNA complexes
revealed that the complex formed was very heterogeneous with respect
to sedimentation coefficient, thus making detailed investigation of the
binding process difficult. Since both forms of SV40 DNA have been shown
to be almost completely homogeneous, studies of the binding of GAR
histone to SV40 DNA were carried out to allow detailed analysis of the
binding process. Complexes were formed by the direct addition of the
two components in two solvent conditions, 0.15M NaCl, pH 5.0 and 0. 075M
NaCl, pH 5.0. Small varying amounts of GAR histone were added to known
exce%s amounts of both forms of SV40 DNA and the complexes formed were
analyzed by boundary sedimentation, using absorption optics. To permit
the analysis of high concentration of DNA, the ultracentrifuge was operated
at several wavelengths. Representative traces are shown in Figs. 27(a)
and 27(b). Fig. 27(a) illustrates the trace obtained in 0. 15M salt by the
addition of 10ul of a stock solution of GAR (0. 38mg/ml) to excess
supercoiled SV40 DNA, to a final volume of lml. Fig. 27(b) illustrates
the trace obtained in 0. 15M salt by the addition of 10ul of a stock solution
of GAR (0. 4 mg/nﬂ) to excess relaxed circular SV40 DNA to a final
volume of 1. 0ml. In both cases the major sedimenting boundary represents
unbound excess DNA and the shoulder represents DNA -histone complexes.
Estimates of the concentrations of unbound DNA can thus be obtained from
the absorbance cof the free DNA. Using this value of the amount of
unbound DNA, together with the amount of GAR and DNA originally added,
the amount of histones bound to the DNA can be estimated. Fig. 28,
shows the ratio of GAR bound to supercoiled SV40 DNA bound as a function
of the amount of histone added in both 0. 075M NaCl, pH 5.0 and 0. 15M
NaCl, pH 5.0 and FFig. 29 shows the corresponding data for relaxed
circular SV40 DNA. It can be seen that at higher concentration of added
GAR, the ratio of histone bound to DNA bound becomes approximately
constant and is independent of the amount of GAR added. These experiments

were always carried out in conditions of excess DNA, and so such an effect
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SEDIMENTA.TION OF GAR HISTONE SV40 DNA COMPLEXES

Preparations of GAR histone and both supercoiled and
relaxed circular SV40 DNA were dialyzed against 0. 075M NaCl,
pH 5.0 and 0. 15M NaCl, pH 5.0. Small vaf’)'ring amounts of GAR
histone were added to known excess amounts of SV40 DNA in a total
volume of 1. 0ml. Mixtures were centrifuged in an AN -G rotor at
20°C in a Beckman Model E analytical ultracentrifuge equipped with
UV optics and a photo-electric scanning device. Wavelength of
the light used was generally 265nm. but for higher concentrations of
DNA, higher wavelengths of i were used. Fig. 27(a) shows a
typical trace obtained on centrifuging a mixture of supercoiled SV40
DNA in 0. 15M NaCl, pH 5. 0 to which 10ul of a stock solution of GAR
histone, concentration 0. 38mg/ml had been added to a final volume
of 1. 0ml. TFig. 27(b) shows a typical trace obtained on centrifuging
a mixture of relaxed circular SV40 DNA in 0.15M NaCl, pH 5.0 to
which 10pl of a stock solution of GAR concentration 0. 41lmg/ml had

been added to a final volume of 1, Ornl.
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BINDING OF GAR HISTONE TO SUPERCOILED SV40 DNA

Preparations of GAR histone and closed circular SV40 DNA
were dialyzed against 0. 0756M NaCl, pH 5.0 and 0. 15M NaCl, pH 5.0,
Small varying amounts of a solution of GAR histohe of concentration
0. 38mg/ml were added to known excess amounts of closed circular SV40
DNA in a total volume of 1. 0ml, with vigorous agitation as described in
Methods Section 2. 5. Aliquots were sedimented in an AN-G rotor at
20°C in a Beckman Model E analytical ultracentrifuge equipped with
absorption optics and a photo-electric scanning device. ~The wavelength
of the light used was generally 265nm but for higher concentrations of
DNA, higher wavelengths were used. Runs were carried out at 20000 rpm.
Blanks were run with no histone added. The amounts of DNA to which
the known amounts of GAR histone were bound were estimated from the
absorbance of the boundary corresponding to the remaining, free unbound
DNA. The data are expressed as the ratio of moles of GAR bound to
DNA bound as a function of the amount of added histone. The molecular
weight of GAR histone was taken as 10600. in both salt conditions and the

6
molecular weight of the DNA was taken as 3.0 X 10 ,

% 0.075M NaCl, pH 5.0

b—nhA 0, 15M NaCl, pH 5.0
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BINDING OF GAR HISTONE TO RELAXED CIRCULAR SV40 DNA

Preparations of GAR histone and relaxed circular SV40 DNA
were dialyzed against 0. 075M NaCl, pH 5.0 and 0. 15M NaCl, pH 5. 0.
Small varying amounts of a solution of GAR histone of concentration
0. 4lﬁg/ml were added to known excess amounts of relaxed circular
SV40 DNA in a total volume of 1. 0ml with vigorous agitation as described
in Methods Section 2. 5. Aliquots were sedimented in an AN-G rotor at
20°C in a Beckman Model E analytical ultracentrifuge equipped with
absorption optics and a photo-electric scanning device. The wavelength
of the light used was generally 265nm but for higher concentrations of
DNA., higher wavelengths were used. Runs were carried out at 20, 000 rpm.
Blanks were run with no histone added. The amount of DNA to which the
known amounts of GAR histone were bound was estimated from the
absorbance of the boundary corresponding to the remaining free, unbound
DNA. The data are expressed as the ratio of moles of GAR bound to DNA
bound as a function of the amount of added histone. The molecular weight
of GAR histone was taken as 10600 in both salt conditions and the

molecules weight of the DNA was taken as 3.0 X 106.

L 0.15M NaCl, pH 5.0
Iy, 0.075M NaCl, pH 5.0
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may be attributed to co-operative binding of GAR molecules to the DNA,
that is, the binding of one GAR molecule to a DNA molecule facilitates
the subsequent binding of more GAR molecules to the same DNA molecule,
in preference to other DNA molecules. If the binding of GAR to SV40
DNA was non-co-operative, that is, was a random process, then it rrﬁ’ght
be expected that in conditions of excess DNA, as the amount of added
histone is increased then the average number of histone molecules bound
to each DNA molecule would correspondingly increase. The data of
Figs. 28 and 29 at the higher concentrations of added GAR, clearly indicate
the co-~operativity of the binding process. Nevertheless, at very low
concentrations of added GAR it can be seen that the number of molecules
of bound GAR increases with the amount of GAR added., At low
concentrations of added GAR, it is possible that the binding of histones to
DNA is still co-operative but that saturation of each DNA molecule is
impossible because of the limiting amounts of GAR present. The
sedimenting boundary corresponding to the complex formed at very low
concentrations of added GAR is too small to permit application of a g(s)
analysis of distribution of sedimentation coefficient. Thus possible
heterogeneity in the boundary corresponding to the complex formed in these
conditions cannot be detected. At low concentrations of added GAR, the
amount of complexed DNA is correspondingly small, thus making accurate
determination of the councentration of the remaining 'supernatant' of
unbound DNA difficult, since the boundary between free DNA and complex
is very small. The presenceof the effect for both forms of SV40 DNA

each in both salt conditions seems to suggest, however, that the effect

is real and not due to experimental exrror.

The estimated number of GAR molecules bound to each form
of SV40 DNA in both salt conditions is shown in Table 16. Table 16
demonstrates that the number of GAR molecules bound to supercoiled
SV40 DNA is slightly more than half the number bound to relaxed circular

SV40 DNA, Table 16 also demonstrates that the number of histone



TABLE 16

ESTIMATIONS OF AMOUNT OF GAR HISTONE BOUND TO SV40 DNA

Preparations of GAR histone and of relaxed circular SV40
DNA and supercoiled SV40 DNA were dialyzed against buffers of 0. 075
M NaCl, pH 5.0 or 0.15M NaCl, pH 5.0. Varying amounts of GAR
histone of known concentration were added to known excess amounts
of DNA and the mixtures sedimented in an AN-G rotor in a Beck.ma,n
Model E ultracentrifuge equipped with UV optics. The amount of
DNA bound to known amounts of GAR histone was calculated from the
concentration of DNA remaining unbound. The molecular weight
contributién of the histones to the complex was calculated from the
number of histone molecules bound, using a value of 10600 for the
molecular weight of each histone molecule. The molecular weight of
the complex was obtained by adding the molecular weight of the DNA
molecule (3.0 X 106 daltons) to the total molecular weight of the histones

bound per DNA molecule,



TABLE 16

No. GAR| mol. wt. Total
Salt molecules|contribu- )
DNA Conc. | bound tion by GAR 201' wt.
(X w"z) (X 10'6) Complex
Xio-e
Super | 4 475 2.22 | 2,35 ‘ 5. 35j
coiled
SV40
DNA
(1) 0.15 2.320 2. 46 5,46
Relaxed| 0.075 4,05 4, 29 7.29
circular
SV40
(11) 0.15 4,19 4, 44 7. 44




molecules bound per DNA molecule is effectively independent of the salt
concentration. [t therefore appears that tﬁe state of aggregation of GAR
may not affect significantly the binding to the DNA, In Table 16 are also
shown the contributionsof the protein moiety to the overall molecular
weight of the nucleoprotein complex, calculated from the number of

histone molecules bound, using a value of 10600 for the molecular weight

of GAR.

Approximate sedimentation coefficients were calculated for -
the SV40 DNA ~-GAR histone complexes by measuring the rate of migration
of the half-height point of the boundary corresponding to the complex.
Results are shown in Table 17. It may be seen that in each case, the
sedimentation coefficient for the complex formed by the addition of
high concentrations of GAR histone to excess SV40 DNA is independent of
the amount of GAR added. For both forms of DNA and in both salt
conditions, the sedimentation coefficient of the complex decreases, however
at low concentrations of added GAR histone. In this respect, the
sedimentation data are broadly consistent with the data on the number of
GAR molecules bound (Figs. 28 and 29). The experimental accuracy of
the sedimentation coefficients of the complexes is however likely to be
limited, since the method of using the rate of migration of the half-height
point of the boundary is sensitive to errors of measurement, particularly
when the sedimenting species is heterogeneous and the boundary height
is small. In spite of the possible inaccuracies in the measurement of
the sedimentation coefficients of the SV40-DNA-GAR histone complexes,
SZO, w values were calculated and are shown in Fig. 30 as a function of
molecular weight of the complex. The molecular weight of the complex
was calculated by summing the molecular weights of the DNA and histone
bound (Table 16). Included in Fig. 30 are data points corresponding
to relaxed circular and supercoiled SV40 DNA which have a common
molecular weight of 3.0 X 106 but have S, _ values of 16.0 and 21.0

b

Svedberg units respectively. It can be seen from Fig. 30 that in general,



TABLE 17

SEDIMENTATION COEFFICIENTS OF GAR HISTONE-SV40 DNA
COMPLEXES

Small varying amounts of GAR histone (of concentration
0. 41mg/ml for binding to relaxed circular DNA and 0. 38mg/ml for
binding to supercoiled DNA) were added with vigorous agitation to
known excess arhounts of SV40 DNA. in 0. 075M NaCl, pH 5.0 or
0.15M NaCl, pH 5.0 and the mixtures were centrifuged in a Beckman
Model E analytical ultracentrifuge equipped with UV optics. The
wavelength of the light used was generally 265nm but for higher
concentrations of DNA, higher wavelengths were used. The
sedimentation coefficients of the nucleoprotein complexes were
estimated from the rates of migration of the points corresponding to
the half-height of the boundary of the sedimenting nucleoprotein
complex. Sedimentation coefficient were converted to 820’ w values

using values of the density and viscosity of the solvent. Density and

viscosity values were obtained from International Critical Tables.



TABLE 17

Types of DNA in

Complex and SZO, w of Amount of
salt concentr - complex GAR added
ation (X1013) (pl)
SV40 I DNA 21.0 0
0.075M NacCl, 24.1 10
pH 5.0 26. 6 15
26. 6 20
27.0 25
SV40 I DNA 21.0 0
0.15M NacCl 26.5 10
pH 5.0 29. 4 15
29.2 20
28. 6 25
SV40 II DNA 16.0 0
0. 075M NacCl, 26.6 10
pH 5,0 30.8 15
31.0 20
31.0 25
SV40 II DNA 16.0 0
0.15M NaCl 27.2 10
pH 5.0 33.6 15,
33.2 20
33.0 25

S N A
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RELATIONSHIP OF THE SEDIMENTATION COEERFI CiENTS OF GAR
HISTONE - SV40 DNA COMPLEXES WITH MOLECULAR WEIGHT OF
THE COMPLEX

The sedimentation coefficients of complexes of GAR histone
with relaxed circular SV40 DNA and with closed circular SV40 DNA
were estimated from the rate of migration of the half-height point
of the sedimenting boundary corresponding to the nucleoprotein complex,
formed by the addition of small amounts to excess amounts of DNA in

0.075M NaCl, pH5.0 and 0. 15M NaCl, pH 5. 0. SZO,W values were
calculated using values of the viscosi_ty and density of the solvent

obtained from International Critical Tables. The molecular weight
of the complex was computed from the total molecular weight of the

histones bound to each molecule of DNA. The molecular weight of

GAR histone in all conditions was taken as 10, 600 daltons.

O=w—p Complex formed between relaxed circular SV40 DNA and GAR
in 0, 076M NaCl, pH 5.0

N Complex formed between relaxed circular SV40 DNA and GAR
in 0. 15M NaCl, pH 5. 0.

ft——=7 Complex formed between closed circular SV40 DNA and GAR
in 0. 075M NaCl, pH 5.0.

A o Complex formed between closed circular SV40 DNA and GAR
in 0. 15M NaCl, pH 5. 0.
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for both forms of §V40 DNA and in both 0. 15M NacCl, and in 0. 075M
NacCl, there is an approximately linear relationship between the SZO, w
values and molecular weights of GAR histone -DNA complexes. These
results must, however, be considered within the previously-stated

limitations of the possible inaccuracies of measurement of the

sedimentation coefficients.

Because of the difficulties in calculating accurate sedimentation
coefficients for SV40 DNA -histone complexes, a g(s) analysis of the
distribution of sedimentation coefficient was carried out for complexesof
GAR with both forms of SV40 DNA each in both 0. 075M NaCl, pH 5.0 and
0.15M NaCl, pH 5.0. The analysis of the distribution of sedimentation
coefficients was carried out on complexes formed by the addition of
relatively high concentrations of GAR histone to excess amounts of DNA.
Earlier studies (Figs. 28 and 29) had indicated that the number of
molecules of GAR histone bound in such complexes is independent of
the amount of histones added presumably since all binding sites are
occupied. Fig. 31(a) shows the distribution of sedimentation coefficients
of the complex formed between GAR histone and supercoiled SV40 DNA
and relaxed circular SV40 DNA in 0.075M NaCl, pH 5.0. It can be seen
that two maxima occur., The faster components for supercoiled SV40 |
DNA -GAR complexes and relaxed circular SV40 DNA -GAR complexes
have sedimentation coefficients of 26 s and 31 s respectively. The slower
component may represent complexes of lower S value or alternatively
may represent an artefact whose presence can be attributed to the
overlapping distribution of free DNA and DNA histone complexes in the
original boundary sedimentation traces. Fig. 31(b) shows the g(s)
distribution obtained for complexes formed in 0. 15M NaCl, pH 5. 0.
Patterns similar to those in 0. 075M NaCl, pH 5. 0 were obtained,‘ the
faster component for supercoiled SV40 DNA-GAR complexes and relaxed
circular SV40 DNA-GAR complexes having sedimentation coefficients

of 28 s and 34 s respectively.



FIG. 31

DISTRIBUTION OF SEDIMENTATION COEFFICIENTS OF COMPLEXES
OF GAR HISTONE WITH RELAXED. CIRCULAR AND CLOSED CIRCULAR
SV40 DNA '

Preparations of GAR histone and both forms of SV40 DNA were
dialyzed against 0. 075M NaCl, pH 5.0 and 0. 15M NaCl, pH 5. 0. 25ul of
a stock solution of GAR histone (concentration 0. 4lmg/ml) were added to
excess relaxed circular SV40 DNA in a total volume of 1. 0ml and 25ul of
a stock solution of GAR histone (concentration 0. 38mg/m]l) were added to
excess supercoiled SV40 DNA in a total volume of 1. 0ml. The rnixtﬁres
were centrifuged at 20000 rpm at 20°C in a Beckman Model E analytical
ultracentrifuge equipped with absorption optics. g(s) distributions were
calculated by the method of Schumaker and Schachman (1957). SZO, w
values were calculated using the density and viscosity of the solvent as

obtained from International Critical Tables.

Fig. 31(a

C—9Y  Complex of GAR with supercoiled SV40 DNA in 0. 075M NacCl,
pH 5.0

— Complex of GAR with relaxed circular SV40 DNA in 0. 15M
NaCl, pH 5. 0. '

O——0 Complex of GAR with supercoiled SV40 DNA in 0. 15M NaCl,
pH 5.0 ) o

s——%  Complex of GAR with relaxed circular SV40 DNA in 0.15M
NaCl, pH 5.0. - S
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From the number of GAR histone molecules bound to both

forms of SV40 DNA (Table 16) and the relative molecular weights of

both the protein and DNA moieties of the complexes, the partial specific
volumes of the complexes were calculated, assuming that the partial
specific volumes of each component were additive in the proportions in
which the components of the complex combined. This assumption is
generally made in the calculation of partial specific volumes of complexes,
although there is little experimental evidence to justify it. Indeed,
Bancroft and Freifelder (1970) have shown in the case of T5 bacteriophage,
that the calculated value of v differs from that obtained experimentally
from density measurements. However, in most cases, experimental
values of v agree with those calculated assuming proportional additivity

of the relative partial specific volumes of the components of a complex,
and in the lack of any suitable alternative method, this method was used

to calculate partial specific volumes of SV40 DNA -GAR histone complexes
on the basis of their measured molecular composition. Calculated

values are shown in Table 18.

No empirical equation, analogous to that of Crothers and Zimm
(1965) relating the sedimentation coefficient of linear duplex DNA with
its molecular weight, is available for the corresponding relation between
molecular weight and sedimentation coefficient of DNA ~histone complexes.
Thus, information on the conformation of DNA -histone .complexes cannot
be attained simply by comparison of measured sedimentation coefficients
with those calculated, by an empirical equation, from molecular weights.
However, D, the diffusion coefficient and f, the frictional coefficient
can be calculated for the nucleoprotein complexes from the experimental
values of SZO, w and M and from these parameters preliminary information
may be deduced concerning the shape of the nucleoprotein complexes. The

sedimentation coefficients used in these calculations were not those at zero

concentration. The exrors introduced by failing to consider the
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TABLE 18

HYDRODYNAMIC PROPERTIES O GAR -5V40 DNA COMPLEXES

From the estimated molecular composition of SV40 DNA -GAR
complexes (Table 16), values of v for the complexes were calculated
using values of 0. 556 and 0. 729 for the partial specific volume of

DNA and GAR histone respectively. Values of f, the frictional

]
coefficient were calculated by the equation:
f M (IN'SV p) using the sedimentation
coefficients of Table 17. was taken as the density of the solvent

and obtained from International Critical Tables. The diffusion

coefficient D was calculated using D = KT
f
Values of R , the radius of the equivalent hydrodynamic sphere of
e

the complexes were evaluated using

f=6m 1 R
was taken as the viscosity of the solvent and was obtained from
International Critical Tables. For SV40 virus, the molecular weigh’c.
was calculated from the molecular composition published by Estes,
Huang and Pagano, (1971). The sedimentation coefficient of SV40

used,
virus bed was that reported by Black, Crawford and Crawford (1964).



TABLE 18

Calcd. Calcd, Calcd. R
Salt Complex v | D f 2
Cone. ml/mg| x10% | x10° oA
0.075 | SV401 0. 633 3. 36 1.205 644
DNA -
GAR
0.150 | SV401I 0. 638 3.48 1.160° 616
DNA -
GAR
0.075 . | SV40 11 0. 661 3.075 1.316 696
DNA. -
GAR
0.150 | SV40 1II 0. 662 3,26 1. 248 654
DNA -
GAR
- SV40 1 0. 556 5. 35 0.75 -
DNA
. SV40 11 0. 556 2.92 1.38 -
DNA
- SV40 0.681 |16.9 23.90 -

Virus
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concentration dependence of the sedimentation coefficient of the complex

are, however, likely to be small since the experimental sedimentation
coefficients were evaluated at low concentrations. £, the frictional

coefficient was calculated using the equation:- .

f = .I\QL —\'rﬂ)
NS

where M is the molecular weight of the complex
v is the partial specific volume
p is the density .
N is Avogadro's number

and S is the sedimentation coefficient of the complex
D, the diffusion coefficient of the complex, was calculated using the

equation;~

p = KT
f
where K is Boltzmann's constant
T is absolute temperature

For the calculation of D and f, the value of v used was calculated from the
molecular composition of the complex and the value of p was taken as the
density of the solvent, which was obtained from International Critical
Tables. The values of D and f calculated for GAR histone complexes
with both forms of SV40 DNA in 0. 075M NaCl/pH 5. 0 and 0. 15M NaCl,
pH 5.0 are listed in Table 18. The values of D and f for the SV40 DNA -
GAR complexes are of the same order of magunitude as-those reported by
Moller (1964) for spherical ribonucleoprotein particles. As point»ed‘ out
by Tanford (1961), the frictional coefficient obtained from sedimentation
measurements is that of the equivalent hydrodynamic sphere of the
sedimenting species. Use of Stokes' law, f = 61 R, where 1 is the
solvent viscosity, permits the evaluation of Re’ the radius of the -
equivalent hydrodynamic sphere. Values of Re’ calculated from £, are

shown in Table 18. For this calculation, 1 was obtained from
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International Critical Tables. The diffusion coefficients of both forms
of SV40 DNA are also shown in Table 18. These were calculated by

the Svedberg equation using values of 3.0 X 106 for molecular weight,

0. 556 for partial specific volume, 2930K for temperature and values of
16 s and 21 s for the sedimentation coefficients of relaxed circular and
supercoiled SV40 DNA, respectively. For molecules of the same
molecular weight, the diffusion coefficients are different, illustrating the
effect of conformation and confirming that supercoiled SV40 DNA is much

more compact than the relaxed circular SV40 DNA.

Also shown in Table 18 are hydr-odynamic parameters for a
nucleoprotein complex involving SV40 DNA, namely SV40 virus itself.
The sedimentation coefficient of the intact virus was taken from the
studies of Black, Crawford and Crawford (1964) and Crawford and
Black (1964). The molecular weight was calculated from the molecular
weights of the components of SV40 as estimated by Estes, Huang and
Pagano (1971).

*

With the elucidation of the molecular composition and of the
experimental hydrodynamic parameters characterizing the complexes,

information can be obtained on the shape of the complexes formed by the

. evaluation of corresponding hydrodynamic parameters for model

structures of the complexes of varying geometrical shapes. Comparison
of the experimental parameters with those of a particular model structure

may indicate the most likely possibility of the shape of the complex.

Model structures of SV40 DNA -GAR histone complexes

For construction of model complexes, it is desirable to know
how many histone molecules are bound on average to a given length of
DNA. Since the molecular dimensions of SV40 DNA are known accurately,
and the number of histone molecules bound is also known, such a _

procedure seems possible in the case of SV40 DNA-GAR complexes.
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The contour length of relaxed circular SV40 DNA is 1.7 micron;
(Rush, Eason and Vinograd, 1971). Assuming the diameter of the double
helix structure to be 2715?, it can be shown by geometrical considerations,
that the maximum number of histone moiecules, taken as spheres of
radius 20. 53A0, (from the Sephadex studies in Section 2) which can be
located around the double helix in any cross sectional area at any one
point is 5. Again taking a histone molecule as a sphere of radius 20. 5313?,
the maximum nulgw.ber of histones which can be accommodated as a single
row along a 1700k\o stretch of DNA is 415. 'I‘lle total possible number of
histone molecules, assuming a histone to be a sphere of 20. 5311§) radius,
which can be bound along and around a relaxed circular molecule of
SV40 DNA in the form of a hollow cylinder of histone molecules is
therefore 5 X 415 = 2075. The experimental results reported in this
work indicated that the actual number of histones bound per relaxed
circular model of SV40 DNA was about 400. A likely model of relaxed
circular SV40 DNA-GAR histone complexes is therefore as a length of
DNA with spherical histone molecules attached linearly along the DNA.
From the experimental number of histone molecules bound, it seems
unlikely that the DNA is at the centre of a 'cylinder' of histone molecules.
Olins (1969) has suggested that histones bind to the large groove of DNA.
Accordingly, the total length of the large groove in a molecule of relaxed
circular DNA was calculated from geometrical considerations and found
to be approximately 300004 . Assuming histone molecules to be
sﬁheres of radius 20. 53A?, é. maximum number of 730 histone molecules
could be bound in the large groove. The discrepancy between this
number and the number of histone molecules found experimenta.lly to be
bound to relaxed circular SV40 DNA, could be resolved by assuming that
on association with the DNA, the histone molecule lost its spherical
shape and adopted a more asymmetric shape. Nevertheless, for
simplicity, it was assumed that a likely model for the relaxed circular
SV40 DNA -GAR histone complex was a stretch of DNA with a linear array

of spherical histone molecules attached.
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The total length of a molecule of supercoiled SV40 DNA may be
estimated from electron micrographs and is found to be approximately
0.81 microns (Rush, Eason and Vinograd, 1971). The thickness of the
molecule may be assumed to be twice that of the double helix, namely
approximately 541-‘8. On geometrical considerations, a maximum
number of 7 GAR molecules, each assumed to be a sphere of radius
20. _53A?, could be bound round the DNA at any one point. Along a total
length of DNA of approximately SOOOA?, the maximum possible number
of histones bound is approximately 1400 which is much higher than the
number found experimentally to be bound. Again, this discrepancy could
be resolved by as sﬁming that the histone molecules lose their spherical
shape on association with DNA and become more asymmetric. For
simplicity, however, it was assumed that at any one point on the DNA,
only one histone molecule was attached. In this model, the number of
histone molecules bound can be calculated by dividing the overall
length of the DNA by the diameter of the spherical histone molecule.
On this basis, the number of histone molecules bound is approximately
200, which is in good agreement with the number bound found
experimentally. This agreement is subject to the same reservations as
those put forward in the case of models of GAR histone complexes with
relaxed circular SV40 DNA. Nevertheless, despite these reservations,
the proposed models of complexes, provide a reasonable basis for
comparison of the hydrodynamic properties of various conformations of

the model complexes with the experimentally observed properties.

One approach to the problem of icientifying tentatively the
shape of the nucleoprotein complex is to calculate the radius of the
equivalent hydrodynamic sphere for different shapes of models of the
nucleoprotein complexes and compare these radii with the experimentally
observed radius of equivalent hydrodynamic sphere. One extreme model
" of the shape of nucleoprotein complexes is a rod-shaped particle. Forxr

valid comparison of the dimensions of the experimentally measured



complexes with those of the model structures, the dimension of the model
structures must be expressed in terms of the radius of the equivalent
hydrodynamic sphere. A rod-shaped model is, however, best
approximated by an oblate ellipsoid. Comparison of the radius of gyration

of the rod with the radius of the equivalent hydrodynamic sphere obtained

experimentally is likely to be more useful. The radius of gyration of a
2 2
rod is given by the equation Re oL where L is the length of the
I

rod ( Tanford, 1961). Assuming the complexes of GAR ~histone with
both forms of SV40 DNA to be rod-shaped, the radii of gyration were
calculated to be approximately 23004 for complexes with
relaxed circular DNA and supercoiled DNA . Allo‘wing for
the fact that the radius of gyration of a rod is likely to be larger than the
radius of the equivalent hydrodynamic sphere, comparison of these
values with the values of the radii of the equivalent hydrodynamic spheres
obtained experimentally ( Table 18), shows little agreement between
observed and predicted values. It therefore appears unlikely that the
GAR -histone SV40 DNA complexes exist in rod-shaped structures.
Assuming the basic model of the nucleoprotein complex to be a DNA
molecule with a single row of histone molecules attachéd, the total
hydrodynamic volume of the complex can be calculated from the length
of the DNA molecule and the combined width of the DNA double helix and
the histone molecule. Assuming the complex to have a spherical form,
the radius of the sphere having the same hydrodynamic volume as the
complex may then be calculated. For complexes of GAR histone with
both forms of SV40 DNA, radius of such a sphere was calculated to be
approximately 130A°. It can be seen from Table 18, that this value is
considerably less than the radius of the equivalent hydrodynamic sphere
found experimentally indicating that it appears unlikely that the nucleo-
protein complexes ave of a spherical, compact shape., Such a
g—énclusion is supported by the fact that the experimentally obsexrved

diffusion coefficients of the complexes (Table 18) are very small,
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possibly indicating molecular asymmetry. Small diffusion coefficients
are, however, a property of molecules of large molecular weight and
the relative contributions of asymmetry and molecular size to the
smallness of the diffusion coefficient cannot adequately be distinguished.
The diffusion coefficient of relaxed circular SV40 DNA at ZOOC is

2.92 X 107"

-8 2
X 10 cm /sec, indicating that these molecules although of the same

2
cm /eac. and that of closed circular SV40 DNA is 5. 35

molecular weight have different conformations, with the supercoiled SV40
DNA having the more compact shape. It can be seen that on complexing
of GAR histone to supercoiled SV40 DNA the diffusion coefficient becomes
slightly smaller while on the formation of complexes of GAR histones to
relaxed circular SV40 DNA, the diffusion coefficient increases 'slightly.
In general, for molecules of the same shape an increase in molecular
weight tends to cause a concomitant decrease in diffusion coefficient.
Nevertheless, despite the increase in molecular weight by the addition of
histones to relaxed circular SV40 DNA, the diffusion coefficient of the
complex is greater than that of the DNA. This could be interpreted as
arising from conformational changes induced by the binding of the histones,
with a relatively more compact structure being formed. For supercoiled
SV40 DNA, the diffusion coefficient decreases on the binding of GAR
histone. Thus the effect of increasing molecular weight cannot be
distinguished from any effects of conformational changes. It should be
noted that diffusion coefficients are not absolute measures of molecular
asymmetry, since, by definition, they express the ratio of sedimentation
coefficient to molecular weight. Thus, the large diffusion coefficient of
intact SV40 virus does not imply that the virus is smaller than SV40 DNA
but simply that the ratio of the sedimentation coefficient to the molecular
weight is larger than that for SV40 DNA. This is supported by the fact
that the intact virus is relatively compact structure, namely a sphere of

diameter approximately 5004,
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DISCUSSION

The aim of the present studies has been to study separately
the physical properties of two of the components of chromatin, namely
GAR histone and DNA, and to utilize this information to investigate the
nature of GAR -DNA complexes. Such complexes of GAR histone and
DNA represent simplified models of mammalian chromatin which is an
extremely complex aggregate of DNA, several histone and non-histone

protein species and chromosomal RNA.

The importance of the role played by histones in chromatin
is illustrated by their ability to repress the DNA to which they are bound
in vivo (Barr and Butler, 1963; Huang and Bonner, 1962). Consequently
much effort has been directed towards the elucidation of the precise
molecular structure and the chemical and physical properties of this class
of proteins. Unfortunately the value of much of the early work was
vitiated by the fact that the histone preparations used were heterogeneous.
Recently, however, preparative methods have been developed which allow
the isolation in large yield of effectively, pure, homogeneous discrete
histone species (Del.ange et al., 1968; Starbuck et al., 1968; Mauritzen
et al., 1968). The amino acid sequences of several of the histone specie.
prepared by these methods have been elucidated and details of their
secondary and tertiary structure have been obtained using physical
techniques such as ORD, CD, and proton magnetic resonance (Wagner,
1970; Wagner and Spelsberg, 1971; Li, Isenberg and Johnson, 1971;
Boublik, Bradbury and Crane-Robinson, 1970; Boublik, Bradbury,
Crane-~-Robinson and Johuns, 1970). One aspect of the physical properties
of purified histone species which has not been investigated on a detailed
quantitative basis, however, is the ability of cexrtain histone species,

particularly the arginine-vich histones, to aggregate non-covalently.

A ssociation of GAR histone

The recent development of extensive mathematical theories

for the analysis of associating systems (e.g. Adams, 1965 a, b).



1967; Elias and Bareis, 1967; Roark and Yphantis, 1970; Haschemevyer

-and Bowers, 1970) enables the detailed investigation of the stoichiometry
of the seli-association process in histone molecules, using ultracentrifugal
techniques. Of the currently available mathematical techniques for the
analysis of associating protein systems, the most commonly used are
those which involve the evaluation of molecular weight moments from
Mwapp vs. ¢ data. Adams' theory (Appendix 1), which was used in the
present studies on GAR histone is one such molecular weight moments
method. The precixsion of this method depends on the reliability of the
original Mwapp data and on the accuracy of the mathematical manipulations
required to generate the molecular weight moments. The use of the
photoelectric scanning system, in conjunction with the absorptién optical
system of the ultracentrifuge enables the simple and accurate evaluation

of Mwapp over a large _concentration range. Unfortunately, in the
particular case of GAR histone, the low extinction coefficient of the protein
prevented accurate measurements of molecular weights at low concentration
(Figs 3 and 4 Results Section), thus reducing the accuracy of the value of
Ml obtained by extrapolation to zero concentration. The minimum.
molecular weights of several histone fractions have, however, been
estimated by several groups of workers, Hnilica (1967) obtained a value

of 13, 000 for the minimum molecular weight of the FZA group of histones
using sedimentation equilibrium in 5. 2M guanidine hydrochloride, while
Edwards and Shooter (1969b), also using 5. 2M guanidine hydrochloride
found that Ml of the same group of histones was 8, 300. The se

discrepancies are hard to rationalize but is is possible that the accuracy

of the values of M, reported by Hnilica (1967) and Edwards and Shooter

1
(1969) may be affected by the fact that in their studies no correction was
made for the binding of guanidine to the protein. High concentrations of
guanidine hydrochloride cause denaturation of most proteins and alter

significantly their partial specific volumes, thus affecting the molecular



weights obtained by sedimentation equilibrium. In addition, since

heterogeneous preparations of histones were used in both the studies of
Hnilica (1967) and Edwards and Shooter (1969b), differences in preparative
techniques may have caused a difference in the relative amounts of each

protein component in the histone fraction.

Using N-~terminal analysis, Phillips (1963) estimated the
molecular weight of histone fraction FZ(a) to be in the range 9, 000 - 12, 500.
It is interesting to note that this range encompasses the monomer molecular
weight of GAR histone determined by amino acid analysis (Starbuck et al.
1968). Large variations in the estimation of the minimum molecular
weights of other histone fractions have been reported. - Using
sedimentation equilibrium in 5. 2M guanidine hydrochloride, Hnilica (1967)
estimated the molecular weight of the sz histone fraction to be 12, 000
while Phillips (1963) obtained a value in the range 10,000 - 11, 000 and
Edwards and Shooter (1969b) reported a range of molecular weights in
guanidine hydrochloride from 8, 000 to 12, 600 for‘the same histone fraction,
Published values of Fl histone range from 8, 400 to 21, 000 (Ui, 1957;
Trautmanand Crampton, 1959; Satake, Rasmussen and Luck, 1966; Teller,
Kinkade and Cole, 1965). Sedimentation equilibrium studies on Fl histone
by Haydon and Peacocke (1968) indicated significant non-ideality which was
postulated as explaining the inconsistencies of the previous molecular weight
estimations of this class of histone. The significance of the findings of
Haydon and Peacocke (1968) must, however, be considered in the light of

the heterogeneity of F'. histones (Kinkade and Cole, 1966). The lack of any

1
published values of the minimum molecular weights of pure discrete
histone species justifies to some extent the use of the molecular weight
based on the amino acid analysis as Ml in studies of the association of the
histones. Minimum molecular weights (Ml) calculated from amino acid .
analyses havebeen used in several studies of associating protein s{rstems

(Deonier and Williams, 1971; Albright and Williams, 1968; Kelly and
Reithel, 1971).



One basic requirement of methods for the analysis of

associating protein systems is the determination of the mode of association
prior to the evaluation of the equilibrium constants specifying the
association. In this respect, the method using molecular weight moments
suffers from the disadvantage that false solutions may be obtained where
the predicted curves for different modes of association intersect (Adams
and Filmer, 1966). The agreement at several different concentrations,
between the experimental and the predicted data for monomer-dimer
association in 0. 075M NaCl and for monomer-dimer -tetramer in 0. 15M
NaCl in the present studies on GAR histone rules out the possibility that
the mode of association has been falsely assigned. " In addition,. the
agreement of the experimental Ml/Mwapp curve with those generated
according to the type of association and the equilibrium constants and
virial coefficient involved verifies the reliability of these parameters and
permits meaningful interpretation of the monomer.-dimer and monomer -
dimer -tetramexr association of GAR histone in terms of the biological

significance of the associations.

One feature of the associations of GAR histone in 0. 075M NaCl/
0.01M HCI and 0. 15M NaCl/0. 0IM HCL! is the relatively low value of the
second virial coefficient, BM, (0. 006ml/mg and 0. 004ml/mg respectively).
Non-ideal effects in solutions, which are quantitated by BMI’ generally
arise from one or both of two effects. The first effect and probably the
less significant in studies which encompass a wide range of concentrations,
is due to the steric interactions of the excluded volumes of solute macro-
molecules. The ideal physical behaviour, more particularly the mobil:ii';y
of a solute maéromolecule may also be affected by ionic interactions with
neighbouring macromolecules or with buffer ions. The most important
of these ionic interactions with respect to the non-ideality of the solution
is that due td the Donnan effect in which small buffer jions are not |
distributed randomly in protein solutions but associate with the protein

molecules. It has been shown by Tanford (1961) that the value of BM,



calculated for spherically shaped molecules on the basis of excluded

volume contributions to non-ideality alone, may be given by BM, = 4 v

1

1 on the basis

of excluded volume effects would equal 0. 002956ml/mg which is slightly

where v is partial specific volume. For GAR histone, BM

lower than the values of BMl found experimentally for the associations of
GAR. 1In solutions of 0.075M NaCl/0.01M HCl and 0, 15M NaCl/0.01M
HCl, however, GAR histone will undoubtedly be positively charged, From
the amino acid composition it appears likely that the protein will have a

net positive charge of 21 at the pH of 0. 01M HCl. Tanford (1961) has
described a relation between BMl and the contribution to solution non-idealit
imposed by the Donnan effect which predicts a value of BMl approximately
equal to 0. 01lml/mg for a protein with a net charge of 21+ An overall
value of approximately 0. 012ml/mg might therefore be expected foxr BMI
of GAR histone on the basis of both excluded volume effects and Donnan
effects which contrasts with the experimentally determined values of

0. 006ml/mg and 0. 004ml/mg for the monomer-dimer association and
monomer ~dimer -tetramer associations of GAR respectively. The most
likely explanation of the discrepancy between the experimentally obtained
value - of BM1 and the calculated value due to excluded volume and Donnan
effects is that at low values of BM, the precision of the experimental

1

value of BM, is poor. In Fig. 6(b) of Results Section, M, /M values,
1 1" " wapp

predicted using a range of B]I\/I]L values of monomer-dimer association
with Kz = 2.203ml/mg and, for a monomez -dimer -tetramer association

with KZ = 0. 169ml/mg and K4 = 1. 237ml/mg are compared with

experimentally obtained values of M, /M .
1/ " wapp

values + 0. 0lml/mg to ..0. 0lml/mg, there is

It can be seen that over
the range of BMI
approximate agreement between experimental and predicted values of BMl.
Since excluded volume and Donnan effects both tend to make BMl positive,
models of association requiring negative values of BM1 must be

considered suspect. Nevertheless, the approximate agreement of

experimental and theoretical data over the range of 0 <_B1\/I1 < 0, 01lml/mg.



illustrates the relatively low precision of the experimentally obtained BMl'
It is possible that the- low experimental values of BMI for the self-
association of GAR compared to the calculated value may be due to the fact
that the theoretical equations relating BMl to the Donnan effects are virtuall
ideal expressions ignoring all electrostatic interactions other than the
Donnan effect. In GAR histone, the contribution to solution non-~ideality
due to the Donnan effect may be small compared to that due to other types
of electrostatic interaction between the protein and the buffer ions.

Deonier and Williams (1971) have reported a similar discrepancy between
calculated and experimental values of BM}. for the dimerization of .
lysozyme and have pointed out that because of the limited knowledge about

BM, in associating systems, detailed interpretation of the disciepancies

1
must be accepted with reservation,

The success of the ideal graphical procedure of Chun and Kim
(1970) in correctly identifying the modes of association of GAR histone in
0.075M NaCl/0. 01M HCI and 0. 15M NaC1/0. 01M HCIl can be attributed
to the low solution non-ideality; the minor discrepancies between the
predicted and experimental curves almost certainly resulting from errors
introduced in the mathematical processing of the data. Chun and Kim
(1970) have applied their ideal graphical procedure to the re-analysis of -
published data on the association of glutamate dehydrogenase
(Eisenberg and Tomkins, 1968), lysozyme (Adams and Filmer, 1966),
chymotrypsin (Rao and Kegeles, 1958) and confirmed the modes of
association previously assigned to these associating systems, despite the
fact that the early studies had indicated some non-ideality. This raises:
the general que sticﬁ of the necessity of evaluating BMl in the analysis of
associating proiein systems, which is of significance since several
rigorous ideal analyses (for example, the thermodynamically ideal method
of Haschemeyer and Bowers (1970)describing the molecular weight
distribution of an associating protein system in terms of an exponential

equation) have been neglected in favour of treatments which incorporate



quantitation of non-ideal effects. Solution non-ideality due to electro-
static interaction can be minimized by carrying out the analysis at the
isoelectric pH of the protein and at high salt concentrations, thus allowing
in some cases, accurate application of ideal treatments. However, it

is frequently of biological significance to investigate the association of
proteins in other conditions. In addition, large asymmetric molecules
exhibit very large non-ideal effects because of excluded volume effects.

In the cases of the dimerization of myosin at high ionic strength these
effects are so large as to make the detection of the association difficult
(Godfrey and Harrington, 1970 a,b). Such cases necessitate the
application of non-ideal treatments thus illustrating the limitations of ideal
analyses. A particularly effective application of ideal analyses is the
determination of the mode of association, prior to the use of more detailed

non-ideal analyses (Chun and Kim, 1970).

The values of the equilibriﬁm constants for the monomer -
dimer association of GAR histone in 0.075M NaC1/0. 01 M HCI1 (KZ = 2,203
ml/mg) and for the monomer ~-dimer -tetramer association of GAR in 0. 15M

NaCl/0. 01M HCL (K, = 0. 1691n1/mg, K, = 1.237ml/mg) indicate that the

2 4
equilibrium positions of the reversibly associating systems favour the
formation of higher aggregates. Ultracentrifuge studies of FZAl class
of histones (Edwards and Shooter, 1969 a) have also indicated progressive
aggregation as the salt concentration is raised above 0. 05M.

Qualitative assessment of the association of histones in salt conditions
was obtained by Edwards and Shooter (1969 a) by measurements of the
increase in sedimentation coefficients with increasing salt concentration.
This approach is satisfactory for obtaining qualitative information on the
effect of salt in the association of this class of histones but suffers from
the drawback that in certain cases the number of discrete sedimenting

peaks does not correspond to the number of aggregates formed (Gilbert

1959; Gilbert and Jenkins, 1959). Edwards and Shooter (1969 a)



evaluated molecular weights from the sedimentation coefficients of the

' FZA group of histones in increasing salt conditions using the diffusion

coefficient and the Svedberg equation (Svedberg and Pedersen, 1940),
Molecular weights calculated in this manner are smaller than the weight
average molecular weight and corresponds to the mean molecular weight
of the major component present (Pain, 1965), The heterogeneity of the
FzAl group of histones, which is strikingly illustrated by chromatography
on Sephadex G100 (Fig. 1(a)) of Results Section, is likely to detract from
the value of this approach. Nevertheless, the results of Edwards and
Shooter (1969 a) confirm the general effect of salt on the association of
GAR histone detected in the present studies. Edwards and Shooter (1969D)
have carried out similar analyses on the slightly lysine rich group of
histones sz, using the Svedberg equation and the Archibald (1947) method
for the determination of molecular weights. From their molecular
weight data on histone fraction F,b, Edwards and Shooter (1969b) postulated
that the extent of aggregation of this histone fraction was greater than that
of the FzA histone fraction at similar salt concentrations. On the basis
of their molecular weight measurements, Edwards and Shooter (1969b)
suggested that histone fraction sz existed in an unaggregated state at

0. 01M NaCl, as aggregates of, on average, 3 molecules in 0, 10M NaCl
and of about ten molecules in 1. 0M NaCl. These estimates were obtained
by considering the weight average molecular weight as a multiple of the
monomer molecular weight and therefore suggest that the equilibxium
position of the association lies far to the right. Itis possible, however,
that the ﬁeasured Mwapp values correspond to intermolecular aggregates

formed by inter-association of discrete protein species in the hetero-

geneous histone fraction.

Detailed analyses of associating protein systems not only
permit identification of the mode of the association but also allow’
evaluation of thermodynamic parameters charac:terié.ing the association.
Of these parameters probably the most useful is the free energy change

of the reaction, AG, which is a direct measure of the affinity of the



v eactants (Moore, 1962), The negative values for AG of -5. 861K cals/
mole for the dimerization of GAR in 0.075M NaCl/0. 01M HC1 and of
-5.47K cals/mole and -5. 52K cals/mole for the monomer-dimer and
dimer ~-tetramer equilibria respectively of GAR in 0. 15M NaCl/0.01M
HC1, reflect the extent to which these equilibria lie in favour of the
formation of complexes. The overall free energy change of any
reaction can be considered as the sum of contributions from different
physical and chemical features of the reaction. Tanford (1964) has
pointed out that in the case of p:;otei:n~ association, these contributions
include the intrinsic free energy of dissociation (which is what AG
would be if there were no non-covalent interactions between the protein
molecules or between the protein molecules and the solvent), and also
the effect of non-covalent interactions such as hydrogen-bonding and -
hydrophobic bonding. Finally there is the electrostatic free energy
term, which reflects interaction beﬁween charges. The electrostatic
free energy term may be calculated on a theoretical basis using the Debye-
Huckel theory (Tanford, 1961) or by using the theoi‘y of Verwey and
Overbeek (1948) to calculate the surface potential of a charged sphere.
Kelly and Reithel (1971) have used both approaches in their study of
the dimerization of lactoglobulin and obtained similar results from both
methods. In the present studies lack of knowledge of the dielectric
constants of the particular solvents used prevented detailed calculations
by any of the above theories of the electrostatic free energy of GAR and
aggregates of GAR. However, the fact that under the experimental
conditions used GAR histone alinost certainly carries a large positive
charge suggests that there will be a large electrostatic repulsion
between GAR molecules, that is, the electrostatic free energy will be
large and positive. To yield experimental values of AG of approximately
-6K cals/mole, it is apparent that theve must exist some powerful
compensatory attractive force (A G of attraction large and negative).
The amino acid sequence of GAR histone reveals that the hydrophobic

residues in the protein occur in clusters, suggesting that the formation
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of strong hydrophobic bonds from the 'salting out' of these clusters provides
the significant attractive forces necessary to overcome electrostatic
repulsion (Ogawa et al. 1968; Delange et al. 1968). Since aggregation
increases with salt concentration it appears unlikely that hydrogen
bonding could carry out this function. The implication of hydrophobic
bonding in the aggregation of GAR histone has been confirmed by the
proton magnetic resonance studies of Boublik, Bradbury, and Crane-Robinson
(1970). Using the amino acid sequence of GAR, Boublik et al. (1970)
were able to identify parts of the proton magnetic resonance spectrum
with the hydrophobic segments of the polypeptide chain and were thus
able to detect the formation of hydrophobic bonds under conditions in which
Fdwards and Shooter (1969b) had demonstrated qualitatively the

aggregation of the FZAl group of histones.

Gel-filtration analysis of the association of GAR in 0. 15M NacCl/
0. 01M HCL by the method of Chun et al. (1969) indicated that the
tetramer formed in such circumstances had a compact shape, similar
to a tetrahedron. A possible source of error in the Chun et al. (1969)
theory is the fact that it considers only ideal solutions. The small extent
of non-~-ideality of these associations as indicated by the ultracentrifugal
studies makes it 1LJ.nl:'Lkely’, however, that this factor will affect seriously
the validity of the analysis. It should be noted that in the present
studies only two models of molecular shape were used in the gel-filtration
analysis, namely cornpact and linear aggregation. The experimental
data were found to fit best the theoretical data predicted for compact
aggregation but it is possible that other models may provide closer fits
with the experimental data. Alternative models of molecular shape
intermediate between linear aggregation and compact aggregation, for
example a linear trio of monomer units with a fourth monomer unit
attached laterally to the other three, could be tested by the theory of
Chun et al. (1969) if geometrical expressions were available to enable

calculation of the molecular sieve coefficient (G“,.L) of aggregates. At



present, such expressions are available only for linear and compact
aggregation. Calculation of the shape of a complex -from the dimensions
and juxta position of its constituent monomer species is a relatively
simple problem of three-~dimensional geometry but in practice it is
unlikely that a protein complex will be accurately described by models

of the complex which assume that the monomer units associate as discrete
entities like a cluster of billiard balls, The formation of hydrophobic
bonds between molecules of GAR histone, which are probably the most
important forces maintaining the structure of the complex, would involve
the aggregation of the hydrophobic segments of the molecules in a

central compact core from which the rest of each molecule , that is the
polar parts, would radiate outwards. The proton magnetic resonance
studies of Boublik et al. (1970) implicate such a model in the association of
GAR. Edwards a;nd Shooter (1970) have used gel-filtration to study the
shape of complexes of the sz class of histones and found that the Stokes
radius only increased slightly with increasing salt concentration,
indicating that aggregation occurs with the formation of a compact complex.
In their studies, they used small sample volumes which do not give wrise
to concentration-independent plateau regions in the elution profile. Such
experiments are directly analogous to sedimentation velocity experiments
and suffer from the drawback that each molecular aggregate will only be
characterized by a unique peak if the association is irreversible, that is

if the complex can exist independently. The heterogeneity of the histone
fractions studied by Edwards and Shooter (1970) and Boublik et al. (1970)
may also be potential sources of error in their studies. Nevertheless

it appears reasonable to conclude the these two histone fractions aggregate
by the formation of a compact hydrophobic core with polar residues
radiating outwards. This finding raises the possibility that such
behaviour is commoen to all histone fractions, since all the histones whose

amino~acid sequences have so far been studied possess irregularly-spaced

clusters of hydrophobic residues. (Bustin et al. 1969; Iwai et al., 1970;
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DeLange et al. 1968; Wilson et al., 1970). Indeed, it is possible that
the strict evolutionary conservation of amino acid sequence in histones
from different source materials is a consequence of the important
biological significance of the irregularly-~spaced clusters of hydrophobic
residues, for example their role in the formation of aggregates. The
studies of Haydon and Peacocke (1968) on the very lysine rich fraction
of histone (Fl) lessen this possibility, They showed that even at high
salt concentrations this heterogeneous class of histones did not aggregate.
Studies of the amino acid sequence of this class of histone have indicated
the presence of clusters of hydrophobic and basic residues (Bustin et al.
1969). Apparently, hydrophobic bonding between these clusters to

form aggregates of the histone does not occur in this histone fraction.

An increase in pH might be expected to affect the aggregation .
of GAR histone by decreasing the net charge on the molecule, thereby
diminishing electrostatic repﬁlsicn between the molecules and so
increasing the extent of aggregation. The present studies indicate that
under the same salt conditions GAR histone undergoes the same mode of
association at pH 5.0 and 7.0 as it does in 0. 0I1M HCL. The equilibrium
constants of the association at pH 5,0 and 7. 0 were not measured but it
is possible that they are significantly altered. A possible explanation
for the lack of a pH effect on the association of GAR histone is that the
repulsive ionic charge effects involved in the association process are of
less significance than the attractive non~covalent forces. In view of
the large magnitude of the positive charges on GAR histone at pH < 7.0
this explanation seems unlikely. The lack of a pH effect has been
confirmed by the sedimentation velocity studies of Edwards and Shooter
(1969a) but Boublik et al. (1970) have interpreted their X-ray data on
FZA histones at pH 7. 0 as indicating the existence of higher aggregates
than at lower pH's. Both these studies are subject to the limitations

imposed by the fact that heterogeneous fractions have been used.



The ORD studies confirm the previously reported low
helicity of histones (Wagner, 1970). The association of GAR histone
might be expected to be accompanied by changes in the secondary
structure of the protein. Within the experimental accuracy, however,
no significant change is obsexved in the helix content of GAR in 0. 01M
HCIl as the salt concentration is increased from zero to 0. 15M NaCl.
In the light of the probable involvement of hydrophobic forces in the

self-association of GAR histone it is significant that the A and Az

193
coefficients of the Schechter-Blout analysis are markedly different,
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suggesting the presence of structures other than a-helix and random coil.

Analysis of C. T. DNA-GAR histone complexes

The thermal denaturation studies (Fig. 18, Results Section)
of complexes formed between. C. T. DNA and GAR in the monomer state
and GAR in a monomer-dimer equilibrium reveal that the melting
temperature corresponding to the complexes appears to be unaffected by
the state of aggregation of the histone molecule, suggesting that the
interaction of GAR histone with DNA may be independent of its
aggregation state, The experimental data, however, are of limited
precision, because of the high melting temperature of the nucleoprotein
complex. Detailed study of the thermal denaturation of nucleoprotein
complexes by Ansevin and Brown (1971) indicated that analysis of the
first derivative curve can allow detection of small melting transitions
which are difficult to identify in the abscrbance melting profile. The
experimental data of the present studies are not of high enough accuracy
to warrant such a procedure., Smart and Benner (1971) have pointed ‘
out that it may not be possible to relate in a simple manner the extent
of stabilization by histones of the DNA double helix, as indicated by
thermal denaturation studies, to the extent of transcription of DNA in
the complex by RNA polymerase. If is possible that the histonés
prevent separation of the two polynucleotide chains of the DNA while

the conformation of the nucleoprotein complex may be such that the



transcription of the genome by RNA polymerase is permitted.

Accepting this reservation about the relevance of thermal denaturation
studies to the biological function of nucleoprotein complexes, such
studies can nevertheless provide useful information on the mechanisms
-of the binding of histone to DNA. 1In general, the biphasic nature of the
absorbance melting profiles of nucleoprotein complexes has been taken
as an indication that the binding of histones to DNA is co-operative,

that is, the binding of one histone to a segment of the DNA facilitates
the binding of a second histone at a site adjé.cent to the first histone
molecule, in preference to another site on a different DNA molecule
(Olins, 1969; Smart and Bonner, 1971). If the histone molecules were
to bind to the DNA by a completely random process then it might be
expected that the thermal denaturation profile of the nucleoprotein
complex would be represented by a continuously rising monophasic
curve. While the detailed analyses of Ansevin and Brown (1971) suggest
that the biphasic melting profiles of nucleoprotein complexes may in
fact be composed of several small transitions, most thermal
denaturation studies have shown the melting profile of nucleoprotein
complexes to be biphasic, the two transitions being taken to represent
the meliing of free DNA and of DNA completely complexed with histones,
respectively. Accepting the biphasic nature of the melting curves of
nucleoprotein complexes as indicating co-operativity of binding, the
question is raised as to what chemical forces enable histones to bind

to DNA at sites adjacent to other histone molecules in preference to
other vegions of free DNA., One explanation is that the initial binding
of one histone molecule to a DNA strand alters the conformation of the
DNA such that the chemical forces causing other histone molecules to
bind are magnified. Circumstantial evidence for such a mechanism

is provided by ORD and CD studies of nucleoprotein complexes which
indicate that the normal B structure of DNA in solution is alteréd to the
C structure when proteins are bound(Fasman et al., 1970; Simpson

and Sober, 1970; Wagner, 1970; Shih and Fasman, 1970} However,



it is difficult to distinguish between the two possibilities that such

conformational changes in the DNA cause the binding of histones ov,

as is more likely, such conformational changes result from the binding
of histones. Analysis of the mechanism of the binding of histones to
DNA is further complicated by the fact that currently much of the .
experimental data on nucleoprotein complexes is derived from studies
in which heterogeneous DNA's of high molecular weight are used. The
heterogeneity with respect to sedimentationl coefficient and molecular
weight of the C. T. DNA used in the present studies is demonstrated by
the asymmetric g(s) distributions of Fig. 19(a) and (b) (Results Section).
This heterogeneity in the C. T. DNA preparation can account for the
biphasic melting profiles of C. T. DNA-histone complexes in that certain
species of the heterogeneous DNA population may be completely bound
with histone, while others are completely free. This concept of
molecules of DNA being either completely free of histone or completely
bound with histone seems reasonable since it is unlikely, but certainly
not impossible, that an individual DNA molecule contains regions which
are completely bound with histone with other regions of the same
molecule devoid of histones. However, in the present studies it was
observed that in the melting profile of nucleoprotein complexes, the
first-step transition, attributed to the melting of unbound DNA, is in
fact more diffuse and occurs at a hiéher temperature than the transition
due to the melting of preparations of DNA alone. This observation,
also reported by Ansevin and Brown (1971), Shih and Bonner (1970) and
Olins (1969), could be a result of the slightly greater energy required
to melt regions of unbound DNA which are adjacent to regions on the

same molecule which are completely bound with histones.

Clark and Felsenfeld (1971) have recently reported studies in
which chromatin was titrated with deoxyribonuclease, the rationale
behind the experiments being that only regions of DNA uncomplexed with

chromosomal proteins will be affected by the nuclease, while regions

of DNA covered by proteins will be unaffected. From their studies,



it was deduced that as much as one half of the total DNA in their

preparations of chromatin was not complexed with proteins, Studies of
the binding of histone to DNA must therefore be considered in the light
of the possibility that only parts of the DNA molecule are complexed

with protein.

The problem of analyzing heterogeneous populations of
DNA preparations also makes interpretation of the sedimentation studies
of C. T. DNA-GAR histone complexes difficult (Figs. 22 and 23). The
heterogeneity with respect to sedimentation coefficient of GAR histone-
C.T. DNA complexes, encompassing the range of sedimentation
coefficients of the DNA alone, makes it difficult to determine whether
any species of DNA is completely devoid of histones. The observation
that the g(s) distribution of sedimentation coefficients for the nucleo-
protein complexes, encompassges the range of the g(s) distribution for
DNA. alone, allows the possibility of certain DNA species being
completely devoid of histone. Coml‘)arison of the g(s) distribution of
sedimentation coefficients of complexes prepared at different pH and also
by both the salt gradient dialysis method and the method of direct
addition suggests that no significant changes in the sedimentation
properties of complexes results from such variations in the methods and
conditions of preparation of the nucleoprotein complexes. This
conclusion contrasts with the findings of Olins and Olins (1971) who
showed that the structure, as visualized in the electron microscope, of

complexes of the FZA class of histones with T7 DNA prepared by the

1
salt gradient dialysis method in the presence of urea differed from that
of complexes prepared by the same method in the presence of guanidine
hydrochloride. Complexes prepared by salt dialysis in the presence of
urea sedimented as a single heterogeneous component and resembled
rosctte-~-like structure in the electron microscope; cormplexes from
guanidine ~-salt cliaiysis revealed the presence of toroidal 'dough-nut'
structures. On the basis of these electron microscope studies, it

appears from the work of Olins and Olins (1971) that the conditions



of formation of the complexes affect the shape of the complexes forme'é..
They concluded that the shape of nucleoprotein complexes was dependent
on the extent to which the conformation of the protein was rendered more
'open' by the denaturing agent used in the preparation of the analyses,
that is, to the extent of the dematuration of the tertiary structure of the
protein.,

One aim of the present studies has been to determined Whéther
the state of aggregation of GAR histone from calf thymus affects its
binding to calf thymus DNA. In 0.075M NaCl and 0. 15M NaCl, pH 5.0,
that is in conditions in which GAR histone probably exists in monomer-
dimer and monomer -dimer~tetramer equilibria reapectively, complexes
of GAR histone with C, T. DNA exhibited the same distribution of
sedimentation coefficients. DBecause of the heterogeneity of the complexes
the conclusion cannot be drawn from these findings that the na.tufe of the
complex is unaffected by the state of aggregation of the histone, since
similar overall sedimentation distribution patterns may be obtaivned for
two populations of sedimenting macromolecules of different structure.
For example, a particle sedimenting with a given sedimentation
coefficient could consist of a relatively large molecule of DNA with only
a small number of histones bound or could consist of a relatively small
length of DNA with a large number of histone molecules bound. However,
in 0, 4M NaCl, pH 5.0, a g(s) distribution of sedimentation coefficients
was obtained which showed a greater proportion of sedimenting species
with higher sedimentation coefficients than in 0. 15M NaCl or 0. 075M
NaCl. It is possible that this is due to the aggregation of GAR in 0. 4M
NaCl affecting the binding of the histone to the DNA in such a way as to®
produce complexes of relatively high sedimentation coefficients.
Edwards and Shooter (1969a) have shown that in 0. 4M NaCl the FzAl
group of histones exists in a more aggregated state than at lower salt
concentrations. Histones bind to DNA because of direct electrostatic
interaction between the basic groups of the histone molecule and the
negatively -charged phosphate backbone of DNA. The strength of this

binding is indicated by the high salt concentrations nesded to dissociate
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histones from DNA (Murray et al. 1970). Because of the high strength
of the DNA -histone ionic interactions, it might be expected that these
attractive forces would 'overwhelm' the forces which cause histones to
aggregate, so that histones are bound to DNA. in a manner irrespective
of their association state. The present studies have shown that
tetramers of GAR histone probably exist in a compact form, and it has
been postulated that such aggregation arises because of interactions
between regions of hydrophobic residues in the histone forming an
aggregate with a compact hydrophobic core from which polar residues

of the histone molecules extend outwards. Although the experinqenfal
observations leading to this conclusion about the nature of the aggregation
of GAR histone were not extended in the present studies to the highex
salt concentration of 0, 4M NaCl, it is likely that the same basic
mechanism of aggregation applies at this salt concentration. With this
form of aggregation of histones, it is likely that the external basically
charged regions of the compact aggregate will bind to the phosphate
residues of the DNA, so that the histone aggregate as a whole will attach
itself to the DNA. With the form of histone aggregation described above,
it appears less likely that the strong electrostatic forces binding the
histone to the DNA will tend to dissociate an individual histone molecule
from a compact aggregate and bind histones as single molecules. Itis
interesting to note that in an electron microscope study of the association
of DNA polymerase with DNA, Griffith, Huberman and Kornbeg (1971)
observed that the enzyme was bound to the DNA in the dimer state rather
than as individual monomer units, despite the fact that the honds between
the two monomer units of the enzyme were so flexible as to permit
several configurations of the enzyme being bound to DNA. The experi-
mental observation that complexes of GAR histone and C, T. DNA
exhibited a different distribution of sedimentation coelficients in 0.4M
NaCl than those in-0. 15M NaCl and 0. 075M NaCl, in which the GAR
histone is in a less aggregated form, may be interpreted as confirmation
of the above speculation regarding the binding of aggregates of histones

to DNA. However, it is equally possible that the observed g(s)
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distribution for GAR histone-DNA complexes in 0. 4M NaCl could result
from the aggregation of the nucleoprotein complexes themselves. Little
is known about the nature of nucleoprotein complexes which could justify
valid predictions concerning their aggregation properties. Indeed it is
possible that the experimentally observed heterogeneity of GAR histone-
C.T. DNA complexes in 0. 075M NacCl, 0.15M NaCl and 0. 4M NaCl |
could result from random aggregation of nucleoprotein complexes which
contain a constant number of histone molecules bound per unit length of
DNA.

Since in the present studies, the heterogeneity of the complex
formed by addition of small amounts of GAR histone to excess amounts
of C. T. DNA prevented the measurement of the concentration of unbound
DNA, evaluation of the stoichiometry of the complex could not be carried
out. Instead, the less satisfactory system of small amounts of C. T. DNA
added to excess amounts of histone was used for this purpose. The
sedimentation experiments described in the Results Section using
complexes of C. T. DNA with GAR histone and complexes of GAR with
SV40 DNA are analogous to equilibrium dialysis methods foxr the
evaluation of the stoichiometry of complexes of small molecules with
macromolecules. One basic assumption in the theory of equilibrium
dialysis methods is that the small molecule is univalent, that is,
combines with only one molecule of the larger species, while the larger
molecule can bind many of the smaller molecules. In conditions of
excess histone, where precipitation of DNA occurs, it is possible that
each histone molecule is in contact with and bound to several different
DNA. molecules. In addition, the physical formation of a precipitate
may entrap otherwise unbound histone molecules leading on sedimentation,
to erroneously high amounts of histones apparently bound to DNA in
these conditions. The number of histone molecules bound to DNA must
therefore be considered in the light of these possible sources of errors.
A movre serious obstacle to the meaningful interpretation of these
results is, however, the heterogeneity of the complex. The
stoichiometry of the formation of the complex in these studies was

evaluated simply by measuring the amount of histone removed bv



combination with a known amount of DNA. To express these amounts on
a mole for mole basis the molecular weight of the DNA was taken as the
weight average molecular weight of the heterogeneous population of DNA
species, namely, 8.2 X 106 daltons. The number of histone molecules
bound must therefore be considered as relative to a molecule of DNA of
this molecular weight. The heterogeneous nature of C. T. DNA makes it
difficult to determine whether only certain sequences of C. T. DNA
molecules are able to bind GAR histone, or whether some DNA molecules
are capable of being entirely bound with histone molecules while other
DNA molecules bind no histone at all. The weight average molecular
weight of C. T. DNA was taken as representative of the population of DNA
species of different lengths, and the concentration of DNA bound to the
histone was expressed on a moles basis using this value of the molecular
weight of the DNA. However, no one value of molecular weight adequately
describes the heterogeneous population of DNA species. For this reason,
it is possible that DNA molecules of molecular weight 8.2 X 106 daltons
do not bind any histone molecules, although the experimentally obtained
numbers of histone molecules bound are expressed per DNA molecule

of this molecular weight. Because of these problems of heterogeneity
of the C. T. DNA, interpretation of the results of binding studies are
limited to comparison of the relative number of GAR histone molecules
bound in different conditions. Of these results, it is significant that in

0. 4M NaCl the number of GAR histone molecules bound per DNA
molecule of molecular weight 8.2 X 106 is consideraﬁ?ly less than those
bound in 0. 075M NaCl and 0. 15M NacCl, although the g(s) distribution

of sedimentation coefficients of complexes formed in 0. 4M NaCl shows‘
a greater preponderance of species of larger sedimentation coefficients.
As salt concentration is increased, several effects influence the
properties of nucleohistone complexes and their component molecular
species. Arginine-rich histones aggregate in high salt conditions

while proteins in general tend to be dissociated from nucleoprotein

complexes as the salt concentration is increased. For GAR histone,



salt concentrations greater than 0. 4M are required for dissociation

from DNA complexes (Murray et al., 1970; Georgiev, Ananieva,

Kozlov, (1966)). The relatively small number of histone molecules bound
in 0. 4M NaCl cannot therefore be totally attributed to dissociation from
the nucleoprotein complex. The state of aggregation of GAR histone is
unknown in 0. 4M NaCl, but is likely to be considerable. This raises the
question of whether it is valid to calculate the number of moles of histone
molecules bound using a value of 10, 600, the monomer molecular weight
of GAR, when in 0. 4M NaCl GAR histone probably exists in a more
aggregated state. Since the use of a higher molecular weight would
result in an apparently lower number of histone molecules bound, the
relatively low number of histone molecules bound in 0. 4M NaCl cannot
be completely accounted for by the use of a molecular weight which

wasg not representative of GAR histone. One possible explanation is

" that although GAR histone is not entirely dissociated from chromatin at

0.4M NaCl, nevertheless it is possible that some molecules may be.

The difficulties of interpretation of these results are the
primary justification for using the biologically heterologous system of
SV40 DNA and GAR histone from calf thymus. Prior to a discussion on
the significance of the data obtained on the binding of GAR histone to
the homogeneous forms of SV40 DNA, it may be considered relevant to
discuss briefly the biological implications of the present studies of the
aggregation of GAR histone and of its binding to C. T. DNA. The
small number of discrete histone species isolated from mammalian
chromatin makes it unlikely that individual histones specifically repress
certain genes and it has been suggested that the multiplicity and ‘
specificity required of specific genetic repressors might be conferred on.
histones by self-aggregation (Stellwagen and Cole, 1969). At physico-
chemical salt concentrations, the extent of association of GAR histone -
is limited to tetramer formation and it appears in the case of this
histone at least that the multiplicity conferred on histones as a result

of aggregation processes is so limited as to make it unlikely that the



histone acts as a specific repressor of genes, Proposed models of
gene function suggest that the portion of the mammalian genome which
is never transcribed in vivo is covered by a number of histone molecules
which do not readily dissociate from the DNA of the genome, while the
smaller portion of the genome which is selectively transcribed in vivo
is bound with non-histone proteins which can bind to or dissociate from
the DNA according to whether the specific genes which are masked by
the non-histone molecules require to be expressed or repressed.
Circumstantial evidence in support of this model is provided by the
strength of the ionic interactions between histones and DNA. Histones
require salt at highc'ar than physiological concentration to dissociate
them from the DNA (Murray et al., 1970; Georgiev, Ananieva, Kozlov,
(1966)). In the light of this, it seems unlikely that histones bind
reversibly to regions of the DNA, but rather that histones are passive,
unselective repressors which are rarely if at all removed from the DNA.
Lewin (1970) has, however, suggested that although histone molecules
seem uhlikely to attach to or dissociate from segments of DNA according
to whether the DNA should be repressed or not, nevertheless
repression or expression of the DNA could be achieved by modification
of the structure of the attached histone molecules to prevent or allow the
attachment of RNA polymerase molecules to the genome. In particular,
Lewin (1970) implicated hydrogen bonds as the means whereby the
conformation of histones may be altered to allow transcription of the
genome, suggesting that the histone molecules while always attached to
the DNA, could swivel outwards allowing the attachment of RNA
polymerase to the DNA. No direct experimental evidence has been
reported in suppoxrt of such an hypothesis. In the light of the
possibility that histones are relatively unspecific repressors,
permanently attached to DNA it seems strange that histones isolated
from widely varying sources have very similar sequences, suggesting
that even minor modification of histone structure interferes with the
normal biclogical function of the molecules. Also, in the light of the

rather limited degree of self association of GAR histone, which makes



it iraprobable that the multiplicity and selectivity required of genetic
repressors is conferred on histones by aggregation processeé, the
biological significance, if any, of the aggregation process remains unclear,
Possible explanations of the exceptional evolutionary conservation of the
sequence of histones and of the aggregation of certain histone }species may
be that these properties of histones are required for the maintenance c->f
chromosomal structure or the formation in vivo of compact chromosomes

from relatively diffuse interphase chromatin,

The work reported in these studies concerns only one species of
histone. In vivo, however, mammalian DNA's are found complexes with
several discrete species of histone. The respective roles of each discrete
histone species in maintaining chromosomal structure or possibly in
specifically repressing portions of the mammalian genome are therefore of
interest biologically, 1In this respect, Wagner and Spelsberg (1971) have
recently shown that when GAR histone is removed from chromatin, the
conformation of DNA, as indicated by the C,D. spectrum, is significantly
altered, They have correlated this change in conformation of DNA with the
template activity of the chromatin and therefore deduce that the binding of
GA.R histone to DNA induces specific conformational changes in the DNA.
which result in specific template properties. In contrast, however, Li,
Isenberg and Johnson {(1971) have found that when GAR is complexed to DNA
by salt-gradient dialysis the C.D. spectrum of the DNA remains almost
identical to that of free DNA, suggesting that GAR histone does not play a
major role in inducing specific conformations of the DNA. In another recent
study of the complexing of GAR to C, T. DNA using C.D., Shih and Fasman
(1971) reported that both the structures of DNA and GAR appeared to be
altered on complex formation, with the structure of the histone in the
complex dependent on its binding to DNA, and independent of the ionic
strength in which the complex is formed,

Analysis of SV40 DNA-GAR complexes

The heterogeneity of C, T. DNA prevented detailed interpretation of
the experimental data concerning GAR histone-C, T. DNA complexes. DBoth

the nicked circular and supercoiled forms of SV40 DNA. were therefore
\LSQ—&\ GBS g oo ~J€ hoamsqounearn . D&



It was considered that the homogeneity of the SV40 DNA which
permitted more detailed analysis of GAR -DNA complexes than in the
case of the GAR histone -C. T. DNA system, justified the use of this
biologically heterologous system, The interaction of histones with
DNA is_generally considered as one of low specificity and on this
basis it scems unlikely that the properties of GAR histone-5V40 DNA
complexes will be so unique as to prevent conclusions being drawn
regarding the general nature of the binding of GAR histone to DNA
molecules. However, SV40 DNA molecules are cilrcular and this
may impose special restrictions on the binding of histones to SV40

DNA.

As well as being a convenient system for the detailed
analysis of histone~-DNA interaction, the interaction of GAR histone
with SV40 DNA may also serve as a model system for the study of
the interaction of SV40 DNA with basic viral proteins. In this
respect it is of interest to compare studies of the binding of SV40
virus core proteins to SV40 DNA with the present studies of the
binding of histones to SV40 DNA.. (Anderer, Koch and Schlumberger,
1968). 1In a recent study-,. Estes, Huang and Pagano, (1971) have
estimated that a total number of 194 protein molecules of molecular
weight equivalent to those of histone molecules are bound to super-
coiled closed circular SV40 DNA. They also suggest, however, that
an additional 80 protein molecules of molecular weight of approximately
23,000 daltons, may be bound to the DNA. The advantage of using
both forms of SV40 DNA in the study of the binding of GAR histone is
illustrated by the fact that on addition of GAR histone to excess DNA,
the sedimenting boundary due to the excess unbound DNA could be
distinguished from that due to the nuclechistone complex. Thus
studies of GAR histone-5V40 DNA interaction were possible in |
conditions of low histone to DINA ratios, that is in conditions where
precipitation of DNA by the histonec molecules is unlikely., In addition

very low concentrations of added GAR histone were possible since the



extremely high extinction coefficient of the DNA compared to the
histone enabled quantitation of the amount of DNA bound to low
concentrations of GAR histone. The fact that separate boundaries
could be detected for complex and for unbound DNA suggested that

the binding process was not a random one which might be expected

to form a heterogeneous distribution of DNA molecules with varying
amounts of histone molecules bound, ranging from effectively no
histone molecules bound to a situation of complete saturation. This
conclusion is confirmed by examination of the relative number of
histone molecules bound per DNA molecule as a function of added
histone concentration. In conditions of excess DNA, the constant
number of histone molecules bound at higher concentrations of added
GAR clearly suggests co-operativity, since a random process of
binding would be expected to give rise to a heterogeneous population of
nucleohistone molecules. It is interesting to note that both forms of
SV40 DNA exhibited co-operativity in the binding of GAR histone,
despite the fact that supercoiled closed circular SV40 DNA. has a much
more compact tightly wound structure. This raises the question of
the nature of the chemical interactions which result in co-operativity,
that is the que s’.cion of what properties are endowed on a nucleoprotein
complex by the attachment of the first GAR histone molecule which
result in other histone molecules being subsequently bound to the
same DNA molecule rather than to another completely unbound DNA
molecule. One possible explanation to account for this co-operative
effect is that the binding of the first molecule of GAR histone to DNA
induces a conformational change in either or both of the histone ox ‘
DNA molecule causing the exposure of powerful attractive forces
which will preferentially bind subsequent GAR molecules. Such
conformational changes in the DNA molecules must be possible in
both supercoiled circular DNA and in relaxed circular DNA, since
both molecules exhibit the co-operative binding effect. On the face

of it, the limitations imposed by the tightly wound structure of closed



circular DNA seem to suggest that conformational changes of the type
described above in this DNA molecule are unlikely. Changes in the
conformation of the histone moiety of the nucleoprotein complex

seem therefore more likely to produce the ferces which cause
co~operativily of binding. Evidence for conformational changes in
histone molecules on binding to DNA has been reported by Wagner
(1970) and Simpson and Sober (1970) using C.D. techniques. The
changes of conformation of histone molecules on binding to DNA have
generally been interpreted as being an increase in the helix content

of the histone molecule., It is difficult to visualize exactly how an
increase in helicity of histones bound to a DNA molecule could

induce the preferential binding of subseguent histone molecules to

the same DNA molecule but it is possible that hydrophobic forces

of the same type as those implicated in the present studies in the
aggregation of histones are involved. .The above discussion of the
changes in conformation of histone molecules causing co-operative
binding of histones to DNA is purely speculative and it is possible

that changes in the conformation of DNA, which are sterically
possible in both supercoiled and relaxed circular SV40 DNA molecules,
cause the co-operative effect. In view of the large differences in
conformation of relaxed circular DNA and nicked circular DNA it is
of interest that the former appears to bind approximately twice as
many histone molecules as the latter type of DNA, These findings
could result from a decrease in the negatively charged surface avea
in supercoiled SV40 DNA or from conformational restrictions imposed
on the binding by the shape of the supercoiled SV40 DNA. Also of ‘
interest in the experimental data on the binding of GAR histone to
SV40 DNA. is the observation that at very low concentrations of added
histone, the number of histones bound per DNA molecule is lower
than the number bound at higher concentrations of added histone and
that the sedimentation coefficient of nucleohistone complexes formed
at low added histone concentiations is smaller than those of complexes

formed at bigher added GAR concentrations. In conditions of low



concentrations of added GAR, it therefore appears that each DNA
molecule is not saturated with histone molecule. This can be
rationalized with the earlier observation that the binding of histones
was a co~operative effect by postulating that the addition of GAR
histone to the DNA at low concentrations of added GAR still caused
conformational changes which normally would result in more GAR
histone molecules being bound to the same DNA molecule. In these
conditions of low added histone concentrations, it is possible that no
histone molecules were present in the local environment of the
nucleoprotein complexes thus subsequent histone molecules could not
be bound to the original DNA ~histone complex so that DNA molecule
remains less than completely saturated with histone molecules. In
such conditions it would be interesting to study the distribution of
sedimentation coefficients of the nucleoprotein complexes since it
might be expecteci that the number of histone molecules bound per
DNA molecule would vary randomly since the number bound would
only be dependent on the number of histone molecules that happened
to be in the local vicinity of the DNA molecule. The small size of
the sedimenting boundary corresponding to the complex precluded the
accurate application of a g(s) analysis. The above explanation of
the binding of GAR histone to both forms of SV40 DNA at low
concentrations of added GAR must, however, be considered with the
fact that even at higher concentrations of added GAR, DNA is in
excess and thus in the local environment of some DNA molecules
there is effectively zero concentration of unbound GAR histone. It
might then be expected that such DNA molecules, having already
co-~operatively bound some GAR histone molecules, would be unable
to bind more. A heterogeneous population of nucleohistone
complexes of varying histone content would therefore be formed.
Thus the number of histone molecules quoted as bound per DNA
molecule might only be an average value representing the mean

number of histones bound per DNA molecule in a population which
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comprises nucleochistone complexes with histone contents varying

from effectively zero to a number greaterthan the mean value of
histones bound., The approximate constancy of sedimentation
coefficients of the ﬁucleoprotein complex precludes this possibility

and verifies that the number of histones bound per DNA molecule
probably represents the number of histones required to saturate

each form of DNA molecule. On the basis of the above discussion

it seems difficult to rationalize the apparently inconsistent maéde of
binding of GAR histone to SV40 DNA at both low and high concentrations
of added histone. In fact, the answer to the apparent paradox may be
supplied by considering the concentration of added histone as an
absolute amount and note as an amount relative to the amount of DNA,
since in these experiments DNA is always in excess. Thus a DNA
molecule with a histone molecule already bound will only be able to
bind a second histone molecule if the concentration of histones in the
solution is high enough to allow the forces causing co-operative |
binding to interact with a second molecule, irrespective of the
presence or absence of other DNA molecules with or without histone
molecules already bound. In such a process, the nucleation step,

that is the binding of the first molecule of GAR to the DNA is obviously
important. The mechanisms whereby a particular DNA molecule,
among a population of many identical DNA molecules, can bind a histone
molecule, thus subsequently binding several more histone molecules
in a co-operative manner, remains unclear. One possibility is that
the original binding of the first histone molecule is a relatively slow
process while the subsequent binding of other histone molecules to

a DNA molecule with the first histone already attached is relatively
much faster, In this way histone molecules can completely bind to

one DNA molecule with one histone already attached, before a second

DNA molecule has bound its first histone molecule.

All of the above discussion concerning the binding of GAR

histone must be considered in the light of the possibility that only part



=
of the DNA is complexed with protein as indicated in the studies on
mammalian chromatin of Clark and Felsenfeld (1971). The conclusions
regarding co-operativity of binding of histones to DNA remain valid,
however, even if the DNA is only covered in part by histones. The
present results do not allow estimation of the extent of the coverage

of the DNA by histone.

Comparison of the g(s) distributions of the nucleoprotein
complexes reveal that for complexes with both forms of SV40 DNA, the
g(s) maxima occur at slightly greater sedimentation coefficients in
0.15M NaCl than in 0, 075M NaCl. As in the case of C.T. DNA, this
raises the question of whether the increase in sedimentation coefficient
in higher salt concentrations is due to aggregation of the nucleoprotein
complexes themselves or to the binding of histones in different
aggregation states. Allied to this problem is the question of whether
the number of histones bound should be calculated in both salt conditions
using a histone molecular weight of 10, 600, since the experimental
studies on the association of GAR indicated that in 0. 075M NaCl the
protein was in a monomer -dimezr equilibrium and in a monomer -dimer-
tetramer equilibrium in 0. 15M NaCl. Although these equilibria were
found to lie to the right, it should be noted that the histone molecule
does not exist sclely as a dimer or tetramer respectively in these
conditions. They are in an equilibrium state. If the histones existed
as dimer or tetramer species which could be physically isolated, then
Mwapp vs. ¢ curves would be horizontal lines at around 20, 000 daltons
and 40, 000 daltons, with perhaps some dissociation at lower
concentrations. To some extent this justifies the use of 10, 600 as the
molecular weight of GAR histone in the calculation of histone bound. It
should be noted that the observations on co-operative binding are not
affected by the molecular weight of histone used to calculate the number
of histones bound. The relative number of histones bound to supercoiled
and velaxed circular SV40 DNA is also independent of the molecular

weight of histone used. Indeed, even the models of nucleoprotein
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complexes described in Results Section 11 are not seriously affected

by the use of 10, 000 for the molecular weight of GAR. If a higher
molecular weight was used, the numbers of molecules bound to DNA
would be correspondingly reduced, but each molecule bound would
itself be of proportionally greater molecular weight. This last
observation confirms the validity of using 10, 600 as the molecular
weight of GAR if the number of histones bound is expressed as

corresponding to a molecular weight of 10, 600.

The shape of the nucleoprotein complexes formed is also of
importance. In this respect, it is possible that information can be
obtained by considering several models of GAR -~histone-SV40 DNA
complexes (Results Section 11). Again, the validity of the models
constructed is subject to the possible limitation that only portions of
the DNA are covered by protein as indicated by the work of Clark and
Felsenfeld (1971) on mammalian chromatin. No estimate is possible
of the amount of DNA covered by protein in the present work, and for
simplification it was considered that all the DNA was capable of
binding histones. It should be pointed out that because of the
simplifying assumption made to construct model structures of DNA -
histone complexes, the agreement between the experimental number of
histones bound and the number predicted for binding to DNA as a linear
row of spheres attached to the DNA molecules may be fortuitous. Not
the least of these assumptions is considering the histone molecule as
a sphere. It has been postulated by Sung and Dixon (1971) that only
the small regions of high positive charge of the histone molecule
combine with the DNA. Although the Seﬂphadex studies of GAR histone
and its aggregates reported in this work indicated that the shape of the
histone molecule was likely to be spherical, there is no evidence to
indicate that the spherical shape is retained on association with DNA.
Also, it is found that when the total length of the major groove of each
SV40 DNA molecule is calculated, no agreement is observed between

the experimental number of histones bound and the number of GAR



molecules calculated to be bound to the length of the major groove,

assuming each histone molecule to be a sphere of radius 20. 53A.

Evidence supporting the binding of ', histones to the large groove of

DNA has been cited by Olins (1969). l'I‘he observation in the present
studies that spermidine phosphate at low concentrations does not
apparently affect the number of GAR molecules bound to C. T. DNA,
also suggests that in this system GAR molecules may be bound to the
large groove since Liquori et al. (1967) have demonstrated the binding
of polyamines to the minoxr groove of DNA. These observations tend

to invalidate models of nucleohistone which involve spherical GAR
molecules. Nevertheless in the lack of any alternative information
regarding shape the assumptions of spherical shape of GAR residues in
nucleoprotein complexes are probably justified. It was found, (Results
Section 11) that a spherical model of nucleohistone calculated by summing
the hydrodynamic volumes of both the histone component and the SV40
DNA component of the complexes had a calculated radius much lower
than that of the equivalent hydrodynamic sphere calculated experimentally
from the sedimentation properties of the nucleohistone complexes.

This implies that the nuclechistone complex is a more diffuse structure
than a densely compact sphere. At the other extreme, rod-like

models appeared to have greater equivalent radii than those calculated
experimentally for the nucleohistone complexes. More rigorous
identification of the shape of these complexes may be possible by the
application of the theory of Kirkwood (1954) for the calculation of

the hydrodynamic parameters of a molecule which could be represented
as an association, in many different conformations, of bead-like
spheres. Unique rnathematical equations are necessary to describe the
hydrodynamic behaviour of fixed conformations of the molecule. For
this reason, only general shapes like rods, ellipses, tori, etc. can
easily be considered by the Kirkwood theory and this approach was not
pursued in the present studies. Nevertheless it is significant to note

that Bloomfield, Van Holde and Dalton (1967), Gray (1967), Bloomfield



and Zimm (1966), Gray, Bloomfield and Hearst (1967) successfully
applied the basic Kirkwood theory to theoretical calculations of the
hydrodynamic behaviour of complicated structures like supercoiled
closed circular DNA and replicating systerns of circular DNA
molecules. Amnother technique useful in determining the structure

of the GAR histone~-SV40 DNA complexes is likely to be light-~
scattering since the radius of gyration of the scattering molecules is
obtainable experimentally and can thus be compared with the radii

of gyration of differently shaped model compounds. By ultracentrifuge
studies alone, only the radius of an equivalent hydrodynamic sphere
or ellipse is obtainable, thus limiting the range of models than can be
tested against this experimental parameter. It is interesting to note
that the diffusion coefficient of complexes of GAR histone with the
relaxed circular form of SV40 DNA is larger than that of relaxed
circular DNA alone. Increases in molecular weight generally tend

to decrease the diffusion coefficient and therefore it may be inferred
that the structure of GAR complexes with this form of DNA is more
compact than the free DNA. This may be a result of the formation

of a coiled-coil or 'supercoil' structure of the type suggested by the
X-ray diffracticon studies of Pardon, Wilkins and Richards (1967) on
maminalian chromatin. It is also of interest to note that the diffusion
coefficient for the intact SV40 virus is considerably larger than those
calculated for complexes of GAR with both forms of SV40 DNA. While
the estimate of the molecular weight of the intact virus based on its
composition as described by Estes, Huang and Paganc (1971), may not
be completely rigorous, nevertheless it may be assumed that thellarge
diffusion coefficient of the virus indicates a considerably more
compact structure than the complexes of SV40 DNA with GAR histone.
Electron microscope studies have indicated that the virus exists as a
sphere of diameter 450 - 5504, It may be that several core proteins

are required to form a nucleoprotein complex of so compact a shape



while complexes of SV40 DNA with GAR histone alone adopt a more

asymmetric conformation, with a correspondingly lower diffusion

coefficient,

Conclusions

The experimental observations reported in this work have
allowed the quantitation of the self-association of GAR histone in salt
conditions. Data on the interaction.of GAR histone with DNA has
allowed an evaluation of the problems involved in studies of the
formation of nucleoprotein complexes, The model system of GAR
histone bound to SV40 DNA may be useful in ?‘33. _V_}_f:_l:_g studies of virus
assembly. In this work, some progress has been made in

quantitation of the interaction of GAR histone with DNA species.



SUMMARY




SUMMARY

Several studies of chromatin have indicated that chromosomal
proteins bound to the DNA of chromatin inhibit the extent of
transcription of the DNA. by RNA polymerase. Such an effect could
possibly give rise to the phenomenon of cellular differentiation in
eukeryotic organisms. The mechanisms whereby chromosomal proteins
bind to DNA are therefore of biological importance. The approach
adopted in the present studies has been to isolate two components of
chromatin, namely GAR histone and DNA and charactevize physico-
chemical properties of each type of macromolecule thus providing a

basis for the study of their interaction.

The Glycine ~Arginine -Rich histone (GAR) has been isolated
in a pure form from calf thymus tissue and gel filtration studies have
indicated that the molecule may be described as a sphere of radius

20. 534 in 0. 01M HCL.

Studies of the self~-association of GAR histone by ultracentri-
fuation have indicated that the histone probably exists in a monomer-
dimer equilibrium in 0. 075M NaC1/0. 01M HCI and in a monomer~dimer~
tetramer equilibrium in 0. 15M NaCl/0.01M HCL. The possible
biological significance of the aggregation of the histone molecule has

been discussed.

The modes of association indicated by the ultracentrifuge
studies of GAR histone in the above salt conditions were confirmed by
studies using a combination of data from gel-filtrationand ultracentri-
fugal techniques. These studies indicated that the tetramer formed

is of a compact shape, similar to a tetvahedxon.

Preliminary ultracentrifugal studies have indicated that the
mode of association of GAR histone is independent of pH in the range

2.5 -17.0.



for “b-
ORD studies of GAR histone in 0. 01M HC1, 0.075M NaCl,
0.01M HCi; 0.15M NaCl, 0.01M HCL, suggested that the amount of
a helix present in the protein was low and approximately constant in

all conditions.

Ultracentrifugal analysis of nucleoprotein complexes of GAR
histone and C. T. DNA formed by salt gradient dialysis and by direct
addition of GAR to C. T. DNA has indicated considerable heterogeneity
with respect to sedimentation coefficient. Estimates were made of
the number of histone molecules bound to the DNA in conditions of —

excess histone,

Thermal denaturation studies did not detect any significant
differences in the absorbance melting profile of complexes formed by
the direct addition of GAR to C. T. DNA in salt-free conditions at

pH 5.0 and in 0. 075M NaCGl, pH 5.0 + 2.5 X 10 M EDTA.

The use of homogeneous preparations of relaxed circular
SV40 DNA and supercoiled SV40 DNA permitted evaluation of the
number of histone molecules bound per molecule of each form of DNA
as a function of the concentration of histone added to the DNA
preparations. The results were interpreted as indicating co-operative
binding of histones fto these forms of DNA. It was found that each
molecule of supercoiled clesed circular SV40 DNA bound a number of
GAR molecules approximately half that bound by relaxed circular SV40
DNA. Sedimentation coefficient and sedimentation coefficient
distributions are presented for complexes of GAR with each form of
SV40 DNA in 0. 075M NaCl, pH 5.0 and 0.. 15M NaCl, pH 5.0,
Frictional ratios and diffusion coefficients were also evaluated and
compared with those of free SV40 DNA and intact SV40 virus, The
studies of the binding of GAR histone to SV40 DNA may be useful as a

model system for studies of the binding of virus proteins to viral DNA.,
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Models of the complexes of SV40 DNA with GAR histone were
constructed and comparison of some hydrodynamic properties of these
complexes with those obtained experimentally suggested that the

complexes were compact structures, slightly more asymmetric than a

solid sphere.



APPENDIX I

ADAMS' THEORY FOR ANALYSIS OF ASSOCATING PROTEIN SYSTEMS

(Adams and Fujita, 1963; Adams, 1964; Adams and Williams, 1964;
Adams, 1965 a,b; Adams and Filmer, 1966; Adams, 1967 a,b, c; Adams
and Lewis, 1968).

All symbols and nomenclature used in the following discussion are as

defined by Adams (1967 c).

Adams and Fujita (1963) showed that methods used for obtaining M, as a
function of concentration in homogeneous systems also applied to the case
of associating protein systems and that it was unnecessary to apply the
sedimentation equilibrium equations separately to each solute species in

an associating system.

For associations of the type:

— P L
nPl q 2+nn]i3'3+

=
or nP, ;.:-—-...}.\ Pn, n52,3 =n--

the total concentration for ideal or non-ideal systems can be expressed as
3
c=c, + k’z c + K c1 , where the equilibrium constants, Kn, are

1 1 3
defined by:

Kn = aIl . = fil;l_‘“ n = 2,3 ~=w-
Fa) )
M1 °1
By definition: _
Mo(e) = XM = ¢
Zni Z(ci/Mi)

Rearrangement gives:

c/ I\/In( c) =3 Ci/Mi)



For a general monomer-n-mer equilibrium:

cM K ¢ 1
1 - ¢ N n 1 _ [ de
Mn(c) 1 n y
o
cM ¢ 14 Kne Pt ¢ M
Thus ! = ! de = 1 dc
Mn( c) 1 4mKnc n-1 Mw(c) 1
1 o}

For non-ideal systems Mw( c) is not measurable experimentally.

The experimentally obtained parameter, M , is related to M_(c) by:-
wapp w

M M

1 1
—_— = e— 4 BM
. M (c) 1€
wapp w
Integration gives:
c Ml c Ml C
RS d = d +
Vi c i c % BMlc
wapp R w(c) .
cM BM, ¢4 cM
B s D
M (c) 2 M
n napp

Integration of M. /M as a function of C, thus can give values of
1" wapp

M as a function of c.
napp

The weight fraction of monomer, f1 is defined as:-

In non-~ideal cases, an apparent weight fraction of monomer, fa’ can be

defined by:-~

In f =g IVil ~1 i— de = lnf+BM1c

M
wapp



A quantity g may be defined as! a = cf

a
. BMlc
BM. c
= C.e 1
1°
. . . . ~-BM, c
From this, the concentration of monomer, Cy is given by Cy = ae 1
Ml 1
and is obtained experimentally from integration of -1 <
wapp
as a function of c.
yo, M.
The quantity E}....._.’:._ was found by Adams (1966) to be a useful parameter
2
M}.
in the analysis of interacting systems and is defined as follows:-
M2
2.6 ¥4
From definition M = ——— fo1r ideal systems
z(c) c M
w( )
For non-ideal systems it can be shown that:
: 2
-M, M - L4 .
d ( M]. )ﬂ_ 1 “zapp N Ml Mz(c) (14 BMW(C})
dc c D - 2 - 2
wa c M 14+ BM cM
PP ( wapp) ( w(c) ( (C))
2 i
_M M -
= 1 z(c) = P Kicl
2 : i3
K
(e Mooy (2; % <))
Rearrangement yields:
M, /eM ) .
. 3 o 1 wapp .2 i -
= y = \
( X3 Kicl i) 1 Ii K, <, )
The equation is rendered more useful by substitution for ¥i K, cll,
i
using the equation 1 =
) ——— = i BN
v $i K. c i + Mlc
wapp il
M
that is 1 -BM, = L
c M

wapp 21 Kicii



M
wapp
3
e B
c M M
wapp

Adams' theory makes two basic assumptions; that the partial specific

volume of all associating species is the same, and that the logarithm of
the activity coefficient of each associating species, i, can be represented
by In v = i BMlc, The analysis allows full characterization of any
self-association in terms of association constants and non-ideality
coefficient from data consisting only of apparent weight average moleculax
weights, Mwapp’ and concentration, c. The accuracy of the analysis is
considerably increased by the use of data over a wide range of concentration
For this reason, as many sedimentation equilibrium runs as possible
should be carried out, using varying starting concentrations. Pressure
dependence of equilibrium may be compensated for by carrying out runs

at the same starting concentrations, but at different speeds. The geneval

theory may be demonstrated by the specific case of a non-ideal monomexy -~

dimer ~-trimer (M-D-T) association as described by Adams (1965):-

By definition: Mn(c) = Q
Z(ci/Mi)
¢/Mn(c) =g % = v %2+ %3
Mi Ml 2M1 3M1
= R (c + Kz L + KBCIS )
Ml 1 2 3

Non ideality can be accounted for by the introduction of B, using the

previously derived equation:-

ch ch } BI\/IIC

Mn( c)

M
napp

By substitution:-



- Koe : K,c ; BM c:2
L = cC + 2_1 + 31 n 1
= 1 2 3 5 )
napp
W= -3 K cli = A My /Mwapp)/de
3
M -BM
( 1/(:1\11\%”9p )
| 3
For the specific case of M-D-T, y = ~e, -4K2c12 -9K3c1 (B
Now 1 - T -BM, c
cMw(c) cM
wapp
c, M
But MW( C) = E‘L'_i_ = -]; z Ci Mi
ic c

For the specific case of M-D-T,

M M

1 1 1
—— ~BM. c = =
3
Mwapp 1 ClMl + C22M1 ey M1 ¢ +2K.c 2+3K c 3
1 271 371
2 3 1 .
o) +2K,e 43K e vy SEYER (C)
1 wapp 1
2 3 2
M
(A) cM, . . chl . KSCl X Bl\zilc
M 1 2 3 2
napp
B . 4K, c ® 9K, c, >
(B) RO W 0 B 2
1 _ 2 3
(C) M oM “BM = et 2K e+ 3Ky ¢
wapp 1
. 2 3
(D) C = ¢ * Ky0)% 4 3Ky
E C, = ae BM;c

The only variables in the above equations which cannot be obtained from -

experimental data, are K, K3 and B, but the equations can be combined

2

to eliminate Kz and K, by simple substitution, producing equations in only

3
one unknown, B. Such an equation for the specific case of M~D-T is:-

12c M -BM, ¢ 2
_M____L ~dc = 6ae 1 + 6BM13 + W + M3 -
napp (Ml/C wapp 1



Successive approximation for different values of B may be usadto find
that value of B which satisfies the equation. Since W is a function of B,
W must be calculated anew for each B used in the successive
approximation process. When a value of B is found which satisfies the
equations, values of K3 and Kz may be calculated by a reversal of the
substitution process which led to the establishment of the genevral equation.
Using directly analogous methods to those described above for an M-D-T

association, characteristic equations for any particular systems of the

form:
npP ,‘.ﬁ P n=2, 3 ceee-
1 n
nPl T qbP + mP3

may be constructed. KEquations for various associations of these general

types are listed:-

[

Type of - . Equation
association Equation No.
-BM, c
M-N (nC-(n-1) qe 17) ((Ml/Mwapp) -BI\/Il c)=0 1.1
indefinite (2/( Mlanapp -BM, c/2) -1)(M1 /Mwapp -BMl c)
-1=0 1.2
. - 2
M-D ZCMI/Mnapp"C = 4 exp (~BM1 c) + BMIC 1.3
-D 2cM M - = -
M chf napp c k!J+2/(Ml/cMwapP BMl)
+BM, c” 1.4
M.T SCMﬁlanapp»-c = \11+3/(M1/CMwapp—-BIvI1)
+ % BM c?' 1.5
M~-D-Tr 6cM, /M -5¢ = 2a exp (-BM,c) + 3BM cz
' 1" napp 1 1
- -BM .
1/(1\/11/(:MW 1) 1.6




T f i
YP? O_. Equation Equation
association No.
M-D-T 30cM, /M -1 = -
T c 1/ napp 9c 12a exp ( BMI c)+ W
+15 BMlcz 1.7
M-D-Tet SCMlanapp - 6c = 3qexp (-BMlc) +
" ,
4BMIC --1/(l\fil/cI\/lwapp ~BM1) 1.8
M-D-Tet 24 M “bc = 6 p (-B z
e chl napp c a exp ( 1\/1’-1 c) + 12BMF
-BMI) 1.9

-~ W-9.0/(M,/cM
1 wapp
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APPENDIX II (a)

MOLECULAR SIEVE CHROMATOGRAPHY

Calibration of column

It is assumed that the penetrable volumes which can
accommodate a molecular species of radius, a, within the gel,
are distribution randomly. It is also assumed that the fraction
of the internal volume that is penetrable by a solute molecule of

radius, a, can be represented by a gaussian probability curve.

¢ (a)

t

]

i
i
|

i

|
!
an

Fic. 6. Distribution of “internal volume” fractions, #, penetrable by a solute
molecule of radius a. The shaded arca represents the total fractional volume within
the gel that can be occupicd by a given molecular species of radius a’,

Diagram taken from Ackers and Steere (1967)

The total fractional volume #' of the internal volume
occupied by a species of radius a' will be represented as the
fraction ¢ (a') that is just barely available to the molecule plus
the sum of all similar fractions available to larger molecules.
This volume is represented on the gaussian curve by the area

extending outwards from a' and is given by the expression:

a 2
exf c o A ]
—_ = 1 -~ =
b ,yﬁ'r 0 ~a
/0

a, and bo are characteristics of the gaussian curve and the symbol

erf ¢ represents the error function complement.



For calibration of the column, a and b are required.
o
Using two proteins of known Stokes radius 2y and 2, the

1 and o, may be calculated.

The respective values of (a-ao/bo) may be derived, using tables

corresponding sieve coefficienis ¢

of the error function. (Applied mathematic series No. 41,
National Bureau of Standards, United States Department of
Commerce, 1954), The simultaneous equations may then be

solved for ao and bo.

APPENDIX Ib)

Analysis of associating systems using the method of Chun, Kim,

Stanley and Ackers (1969) and Chun and Kim (1969)

The clution diagram for an associating system is represente:

below: -

£ 000}
~
lei)
&
2 0005
€
3
[y
o
(&)

"V"I

Volume —=—

Fia, 9. Characteristic clution diagram for an associaling system. The leading and
tratling edges continually “feed” off the plafean, Ca, as they spread. The vertical
dashed lines define the centroid positions for leading and trailing edges such that
in each ease the arcas A below the elution curve (solid line) ave equal to arcas B
above the curve. ’

Diagram taken from Ackers and Steere (1967).

Weight average partition coefficients, 0, 2Te defined by

Ackers {1967 a,b) as:

:-_‘ Z . :.E.
Cw 91 %
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molecular sieve coefficient of species i

HH

where O,
i

f,
i

H

weight fraction of species i

For a thermodynamically ideal monomer-n-mexr association

described by:

nPy = Pn , n>1

= O- -~
then o n + fi( o, O'n) | (1)

In the case of a monomer-m-~mer-n~-mer association described by:
qu — rP  + SP ,
m n

an approach analogous to that used in the monomer-n-mer case is

applied, giving rise to the following equations:-

2
f f =
1 + 2(11 1 + Q 0 (2)
2
where a = ;._l (ra-n)( T * %m 011)"26'\7\r(rno.n ~ncm) - 1
: 2
2(m- -
(o4 n) ( o cn) ¢/
1 1 - - -
I iy R i U B U Nt Ui
' m n (m+ 1) (n+ 1) ,
1 i mT + no .
+ 2 % = m\(zc w1 9 %m "%1%
(o -0) m+n /
m n
- - 2 - - - -
Och cmal i cncm) C;In( UW Gn)(cl Gn) on

(cm n
mcn+ncm 1
m+n (01 "Gm)(dl ucn) " Om - crnm X
Tm T ey L a0 , gl
m + 1 1 n’ T n+ 1 1 "9m 2

For the case of indefinite association, the following equation was

derived:- 1-1
erive oy = 7ia, fl (1 - ,\/f—]—) (3)



Values of fl as a function of ¢ are obtained from molecular weight

data by the method of Adams (See Appendix I) and are then
substituted into equations (1) and (3) to produce theoretical plots of
g __ Vs. c. Values of o and o, used in these equations were

W
computed according to two extreme models of molecular aggregation:-

a) Compact Aggregation

In this case all species were assumed to be spherical

1
and a, = a, c® where a, = Stokes radius of the complex of

i species.

Molecular sieve coefficients may be calculated from
L
the basic molecular sieve equation o; = eric ((ali3 -a.o)

/o).

b) Linear Aggregation

In this case all species were assumed to be long rod-
shaped molecules. Tanford (1961) has shown that
molecules of length 1 and diameter d can be approximated
by prolate ellipsoid whose semi-axes a and b are related

to 1 and d by:-

1
a _ (2 L
b ~ \3 D
The fractional coefficients for a prolate ellipsoid have been

shown by Perrin (1936) to be related by the following

equation: - '
p2 L
Pl 2
£ _ (1 - a&)
f B 2 2 2 1
b~ 2 b“ %
° (2)° (a2 +(1->,)%)b/a)
a



A combination of the above two equations was used by Chun et al.
(1969) to predict the molecular sieve coefficients of complexes

by substitution into:-

1

| 2 -ao) /bo)

H-x[l‘h

o. = erfc((
t o

A modification of the procedure outlined by Chun et al. (1969) was
found to be necessary in the case of the monomer-m-mer-n~-mer

equilibrium, to permit ease of computation.

Experimental values of o, asa function of ¢, derived from
molecular sieve data, were substituted into equation (2), using values
of o and o computed according to the two extreme models of
shape. Theoretical curves of £, as a function of ¢ were then

1

obtained and compared with the experimental values of fl obtained

from molecular weight data.

In experimental studies, the value of o, was calculated from
the centroid of the trailing boundary as described by Ackers and
Steere (1967). The quadrature method of Simson's rule was the
integration procedure used to locate that point, the centroid, on the
trailing boundary where the area under the trailing boundary was
equal to the area above the boundary up to an imaginary extension

of the plateau region (Ackers and Steere, 1967).
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SUMMARY

As a first a;pproach to the study of the interactions between the
constituent macromolecules of mammalian chromatin, some phy:zlco-
chemical properties of two components of chromatin, GAR histone azd
DNA, have been characterized. Studies of the self-association of GAX
histone by ultracentrifugal techniques have indicated that the zIstone
probably exists in a monomer-dimer equilibrium in 0. 075M NaCi/G. 0122
HCI and in a monomer ~dimer -tetramer equilibrium in 0. 15M NaCl/
0.01M HCL. Gel filtration studies confirmed these results, zl:co
indicating that the tetramer formed is of compact shape, similar ic a
tetrahedron. Preliminary ultracentrifugal studies indicated that the
rﬁode of association of GAR histone is independent of pH in the range
2.5 -7.0. ORD studies of GAR histone in the above conditions
suggested that the amount of helix present in the protein was low and

was not altered by the self-association of the histone.

The heterogeneity of the C. T. DNA also used in these studies
was quantitated using the g(s) distribution of sedimentation coefficients.
Ultracentrifugal analysis of complexes of GAR histone-C. T. DA
prepared by salt-gradient dialysis and by direct addition of the two
components, revealed considerable heterogeneity of the complex with

respect to sedimentation coefficient.

'I‘hermg,l denaturation studies did not detect any significant
differences in the absorbance melting profile of complexes formed by
the direct addition of GAR histone to DNA in conditions in which GAR
existed as a monomer and in conditions where GAR probably existed

as a monomer-dimer equilibrium.

To lessen the difficulties in interpretation of the properties of
complexes of GAR histone with heterogeneous C. T. DNA, homogeneous

preparations of relaxed circular SV40 DNA and supercoiled SV40 DXA
were used. The number of histone molecules bound per molecui. of
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each form of DNA was calculated as a function of the amount of
histone added to the DNA preparations and the results were
interpreted as indicating co-operative binding. Sedimentation
coefficients and sedimentation coefficient distributions of the
complexes of GAR with each form of SV40 DNA in'various salt
conditions were measured. Comparison of the frictional
coefficient and diffusion coefficients of the complexes with those of
free SV40 DNA and SV40 virus suggested that the complexes were

not as compact as the spherical virus particle.



