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CHAPTER I

INTRODUCTION

One approach to the elucidation of gene regulation
in eukaryotie cells is through the study of the chromatin
in thege cells. In this dissertation physical biochemical
methods were chosen to study chromatin. The interactions
between the different components of chromatin, and the
interactions of various polypeptides with DNA, used as
models for chromatin, were studied. General introductions
to various topics covered in the experimental section

are given here.

I. Chromatin

Chromatin, the interphase chromosome of eukaryotic
nuclei, is composed of DNA, histones, nonhistone proteins
and RNA (1, 2). The role of these components and their
interactions with each other in chromatin is examined

in detail below.

a. Histones
Histones, the basic proteins in chromatin, have
been the most extensively studied., Despite the vast

amount of work done on the histones their exact role
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in chromatin is still not fully understood. There are
five main histones all having 25% to 30% of basic amino
acidg. The lysine rich histones are H1 and H5, the slightly
lysine rich histones are H2A and H2B, and the arginine
rich histones are H3 and H4. The molecular weights
of all histones with the exception of H1 and H5 are
approximately 10,000 daltons (3). Histones H1 and HS5 have
an average molecular weight of 20,000 daltons (4,5).

All typical histones lack tryptophane and, with
the exception of the arginine rich H3, cysteine. The
basic amino acids are distributed unevenly in the histone
molecules; they are mainly concentrated at the amino
half of the molecules, except histone H1, which has the
more basic amino acids at the carboxyl half of the
molecule., Histone H4, the smallest of the histones, is
the most conserved during evolution. Calf thymus histone
H4 differs from pea seedling histone only in two amino
acids (6). Histone H4 is also rich in glycine and has
its amino terminal residue acetylated (7). Histone H3
is the only histone having cysteine (8, 9). There is
a relatively high concentration of alanine residues in
histone H3 sequence (10), Histone H3 as well as histones
H2A and H2B are also highly conserved. The lysine rich
histone H1 (and H5 in erythrocytes of birds) is hetero-
geneous and the number of its subfractions varies between

individual tissues in the same animal as well as between




various species (11, 12). As mentioned above, the charge
distribution in this histone is opposite to that of the
other histones with the basic residues clustered at the
carboxyl terminus. The amino terminal residue of this
histone is also acetylated (13).

Studies of template activity suggest that histones
are repressors of DNA genes (14, 15). However the simple
structure of histones, their lack of tissue specificity
(16, 17), their nonspecific interaction with DNA (18)
indicate the need of additional factors in controlling
the repressive action of histones., The structural differ-
ences between each histone and modification of their
amino acids (e.g. acetylation, phosphorylation, methylation)
make each histone differ in their effects on DNA conforma-
tion (19, 20) and the thermodynamic stability of the
histone-DNA complexes. MHonod et al. (21) suggested that
inducer-repressor molecules in bacteria are most likely
allosteric. An allosteric repressor has two binding sites,
one binds the operator and the other binds the inducer.
Because their interactions with DNA are non-specific
histones cannot function as regulatory repressors for
specific gene in eukaryotic cells. It is more likely that
the histones associate with large segments of DNA, perhaps
determined by cytodifferentiation, to remain transcriptionally

inactive.




b. Nonhistone proteins

In contrast to histones, the nonhistone proteins
are extremely heterogeneous. Using urea or SDS gel
electrophoresis several investigators reported as many
as thirty bands in nonhistone proteins preparation from
various tissues (22-25). The molecular weights of the
nonhistone proteins range from 10,000 to 300,000 daltons
(22), The amino acid composition of nonhistone proteins
showed an excess of acidic amino acids, 80 They are
sometimes known as nuclear acidic proteins. Nonhistone
proteins also exhibit extensive tissue and species
specificity (26, 27).

From DNA-RNA hybridization studies, the tissue
specificity of RNA synthesized in vitro using native and
reconstituted chromatin templates depends on the origin
of the nonhistone proteins (28, 29)., Although conditions
used in the experiments did not allow the hybridization
of non-repetitive RNA species (30) it is quite likely
that tissue gpecific transcription of unique RENA is also
regulated by the nonhistone proteins. Another piece of
evidence that supports this role of nonhistone proteins
in chromatin comes from studies of the binding of
hormone~receptor complexes to chromatin of target tissue
(31, 32, 33). Chromatin from target tissue (chick oviduct
for example) of a specific hormone such as estradiol,

will bind to the complex of the hormone with its cyto-



plasmic protein. Chromatin from nontarget tissues cannot
bind the hormone-receptor complex efficiently. The binding
specificity appears to be Jdetermined by a fraction of the
nonhistone proteins, since it can be transferred to the
chromatin of nontarget tissues by reconstituting this

nonhistone protein fraction to this chromatin.

¢. Chromosomal RNA

Another macromolecule which may be related to tissue
specific transcription is chromosomal RNA. Huang and
Bonner (34) first reported the presence in chromatin of
a new RNA species called chromosomal RNA (cRNA)., The cRNA-
nonhistone protein complex associate with histones,
probably by hydrogen bonding, since they can be dissociated
by guanidine hydrochloride (35)., In chromatin the cRNA
is resistant to RNAase digesgstion, probably because it
exists in a hybrid with complementary DNA. The cRNA is
small, about 40 to 60 nucleotides long, and contains 5-10%
of dihydroxypyrimidine in addition to the common bases (36).
It hybridizes to native DNA sequences and is species (37)
and tissue (38) specific. Recent studies showed that cRNA
could be derived from a high molecular weight nuclear
heterogeneous RNA (39).

Although it is still not clear how tissue specific
restriction of DNA genes works, it is certain that the
interactions of the three components of chromatin, histones,
nonhistone proteins and cRNA with each other and with DNA

are essential. Therefore, it is important to understand




the interaction of DNA with these proteins.

d. DNA

It is known from circular dichroism (40) and X-ray
diffraction (41) that DNA in aqueous solution exists
primarily in the B-conformation, which is one of the
several double-helical states of DNA defined by fiber
X~-ray diffraction. Table 1 gives the different parameters
for B-form, A-form and C-form DNA. Briefly, the B-form
is characterized by an overall diameter of about 204
with stacked base pairs in which the bases lie perpendcular
to the helix axis and are slightly twisted relative to
one another. The interbase hydrogen-bonding pattern is
that first defined by Watson and Crick (42), The helix
axis passes approximately through the N-H...N imino hydrogen
bond, and the helix is right handed with 10 base pairs
per turn and a rise per residue of 3,44, The distance
between Cl' carbon atoms in the deoxyribose rings of the
opposite (antiparallel) chain is about 11A. The grooves
in the double helix structure are depressions between
the negatively charged hydrophilic sugar-phosphate
backbones, In the B—form the grooves are unequal in size,
the large (major) groove being about 223 aocross, measured
between phosphates in the direction of the helix axix,
while the small (minor) groove is about 12R across. The
grooves are both approximately 78 in depth measured

from the surface of the enveloping cylinder (43).




Table 1

Dimensions of DNA in different forms¥

Residues  Pijch  Translation Angle between Dihedral
DA, salt per turn A per turn perpendicular angle
to helix axis Dbetween
and base (°) base plane

(°)

A form, Na 11 28.15 2.55 20 16
757 r.he

5 form, Wa 10 34.6 3.46 - -
92% r.h.

3 form, Li 10 33.7 3.37 2 >

C form, Li a.3 3L 3.32 6 10

* Davis, D.R., (1967) Ann. Rev. Biochem. 26, 321



In the fiber (or gel) state the B-form of DNA is
easily converted to the A~form or the C—form. The A-form
is seen at decreased relative humidity with counterions
other than lithium. The C-form is observed for Li-DNA
salts at relative humidities of 66% or legs. In the A-form
the base pairs are tilted about 20° from the perpendi-
cular to the helix axis and are displaced outward from
the axis. There are 11 base pairs per turn with a rise per
residue of 2.82A. This form is very similar to the structure
of double stranded RNA at 100% relative humidity. The C-
form resembles B-form but has only 9.3 base pairs per
turn and a rise per regidue of 3.323.

The interconversion of B~form to A- and C- (and
perhaps others) structures by varying humidity or counterion
types in fibers suggests that the B-form can also be
eagily deformed to other structures by perturbants in
solution. The structural changes that occur when proteins
such as histones, other chromosomal proteins and synthetic
polypeptides bind to DNA can be one way of studying the

interaction of these proteins to DNA.

ITI., OChromatin Structure

Another approach to the study of the interactions
between various components of chromatin is through eluci-
dation of the structure of chromatin. Tuan and Bonner (44)
observed that in high ionic strength media the conformations
of histones approximate those found in histone-DNA complexes

as measured by ORD., If this is so, DNA obviously can




superimpose considerable conformation on histone structure,
including formation of K-helix in the very basic regions.
Estimates of the helix content (ordered structure) of
histones in nucleohistone vary from 18% to 41% for histone-
DNA complexes, as high as 59% for histone H2A and H2B and
as low as 13% for histone H1 (45). The structure of DNA is
also markedly affected by histones in nucleohistones., This
was studied by Fasman et al. (46, 47), Leffak et al. (48),
Hwan et al. (49), Permogorov et al. (50) and Simpson and
Sober (51) among amany others. CD, ORD, X-ray diffraction
and flow dichroism technigues were used. The complexes
used for the experiments were partially dehistonized
chromatin or reconstituted nucleohistones. Although these
studies agree that histonesg affect DNA structure, these is
considerable disagreement as to which histone is responsible
for the observed effects. Most studies agree that histone
H1 does not affect chromatin structure, although it may

be involved in crosslinking of chromatin molecules (52).
Currently, two structures of chromatin have been proposed.
One is the supercoil structure of chromatin proposed by
Richards et al. (53), and Richards and Pardon (54) form
X-ray diffraction work. The other is the beaded structure
of chromatinr proposed by Olins and Olins (55) based on
electronmicroscopy. Recent data from histone-histone
interaction (56), nuclease and trypsin digestion (57)

and neutron diffraction (58) favor the second model.

In this dissertation the problem of chromatin structure
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igs approached by studying the interactions of model poly-
peptides such as polylysine and protamine with DNA and

with chromatin.

III. Polypeptide-DNA interactions

Basicity is the most obvious common feature of
histone and protamines the two proteins which form the
most prominent complexes with DNA. The charge-charge
interaction between histone and DNA is one the main driving
forces for histone-~DNA interaction. This conclusion has
led to a number of model studies of interactions of DNA
with cationic homopolypeptidesg, poly L-lysine and poly L-
arginine (59, 60, 61), as well as different co-polymers
(62, 63) with the idea that such studies should provide
some interpretable information than coul” be derived from
DNA~histone complexes themselves.

Farly studies of binding between oligo- and poly-
lylysine and nucleic acids were performed by Latt and
Sober (64). They demonstrated a 1:1 lysine to phosphate
stoichiometry for a number of synthetic and natural poly-
ribonucleotides structures. Leng and Felsenfeld (65), and
Shapiro et al. (66) were able to demonstrate that poly-
lysine, under high salt conditions to minimize nonspecific
interactions, preferentially and stoichiometrically
precipitates (A+T)-rich DNA., This preferenfial binding
could be reversed by the addition of tetramethylammonium

ion (67). Polyarginine under the same conditons
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preferentially binds to (G+C)-rich DNA. Olins et al. (68)
used gpectral and melting profile measurements to examine
the structure and stability of several DNA-polypeptide
complexes at low ionic strength, using complexes prepared
by salt-annealing technique. These workers showed (A+T)
preference by polylysine to DNA by demonstrating that the
average Tm of the dA.T base pairs in the complexes were
elevated more than that of dG.C pairs. These studies and
selective precipitation measurements showed these inter-
actions to be cooperative i.e. in the presence of excess
DNA, the available polypeptides reacted with DNA in such a
way that some of the DNA's are totally bound while the

rest are free. The cooperativity can be caused by (a)
conformational changes induced on DNA by the binding of the
polypeptide, (b) a favorable direct interaction between
adjacent bound peptide (an unlikely event). Support for
the first alternative comes from hydrogen exchange experiments
of DNA in the presence and absence of polylysine. These
studies showed that the interaction with polylysine induces
a conformational change in the DNA and results in moving
about 4+ of the interbased hydrogen-bonded hydrogens into

a rapidly exchanging class (69). Base tilting of DNA
caused by polylysine binding is possible interpretation.
This could explain the observed cooperativity since the
partially tilted DNA segments adjacent to the complexed
regions should provide more easily deformable sites for

additional polylysine binding. One problem encountered
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by researchers in all the above work with polylysine was
the solubility of the polylysine~DNA complexes. The high
light scattering present in the complexes caused ambiguity
in the interpretation of the results of experiments using
optical methods such as CD, ORD and absorption spectrum.

The above problem can be overcome by using a simple
method of making polylysine-DNA complexes With slow and
direct mixing (70). The binding of polylysine to DNA of
these complexes is random. The resultant complexes have
negligible light scattering with A320nm/A26Onm less than
0.05. Optical properties of these complexes can be inter-
preted more easily. This dissertation includes research
on polylysine-DNA and —-chromatin complexes using the

method of cirecular dichroism and thermal denaturation.
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CHAPTER II

MATERIALS AND METHODS

Preparation of chromatin

Chromatin wag prepared by the method of Shih and
Bonner (71). Frozen calf thymus was minced and soaked in
grinding medium (0.25M sucrose-0,01M Tris, pH 8.0). A
1 gram of tissue in 10 ml of solution was blended in a
Waring blender at 30 volts for 3 minutes and 60 volis for
1 minute., The gpeed was adjusted by a variac. The
solution was then filtered through 4 layers of cheese
cloth and 2 layers of miracloth. After removal of tissue
membranes by filtration the solutions was centrifuged at
6,000 rpm (Sorvall SS-34 rotor) for 10 minutes at 4°C.
The pellets were collected, homogenized by a Dounce homo-
genizer with a teflon head in 0.01M Tris pH 8.0 and
centrifuged again at 10,000 rpm for 10 minutes. This step
was repeated until the supernatant became clear. The
final nuclear pellets were homogenized (Dounce-teflon)
layered on top of 1.7M sucrose in 0.01M Tris pH 8.0.

This was centrifuged at 21,000 rpm for 2 hours using a
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Beckman ultracentrifuge Model L2-65B (SW25.1 rotor). The
sticky pellets obtained were homogenized and dialyzed in
15 volumes of 0.01M Tris pH 8.0 to remove the sucrose.
The resulting preparation was pure chromatin,

Chromatin was also prepared by the method of Panyim
(72). In this method pure nuclei were isolated first,
then chromatin extracted by bursting the nuclei, Calf
thymus were minced and soaked in grinding medium (0.25M
sucrose-0.01M MgCl, pH 8.0), blended in a Waring blender
at 30 volts for 3 minutes and 60 volis for 1 minute.
The homogenate was filtered through 4 layers of cheese-
cloth and 2 layers of miracloth. After filtration it
was centrifuged at 3,000 rpm (Sorvall SS-34 rotor) for
5 minutes. The crude nuclei pellets were homogenized by
a Dounce homogenizer with a teflon pestle in wash medium
(0.025M sucrose-0.01M MgCl,-(0.2%-0.5%)Triton X~100 pH 8.0).
The homogenate was then centrifuged at 3,000 rpm for 10
minutes. This step was repeated until the supernatant
remained clear. Usually 2-3 washings were sufficient.
The crude pellets were homogenized in 2.2M sucrose-0.01HM
MgCl,~(0.2%-0.5%)Triton X-100) and layered on top of 2.4M
sucrose containing the same ionic components. This was
centrifuged for 2% hours at 23,000 rpm in a Beckman
ultracentrifuge Model L2-65B (SW 27 rotor). The puri-
fied nuclei pellets obtained were washed twice in

0.25mM EDTA-0.01M Tris-0.05M sodium bisulfite and
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centrifuged at 6,000 rpm for 10 minutes (Sorvall SS5-34
rotor). Nuclei were then lysed in cold distilled water.
In this method each step can be checked by means of a
light microscope,

Soluble nucleohistones were obitained by shearing
the chromatin in a Virtis "45" homogenizer at 60 volts
for 1 minute. The resulting homogenate was centrifuged
at 10,000 rpm for 10 minutes (Sorvall S8-34 rotor). The super-
natant obtained was called sheared chromatin. Salt-
treated nucleohistones were obtained by adding dropwise
4M NaCl to a constantly stirring solution of sheared
chromatin. The solutions were allowed to stir in the cold
(4°C) for % hour, then layered over 1.7M sucrose-0,01M
Tris. The nucleohistone and salt-treated nucleohistone
pellets were obtained by centrifugation for 24 hours at
36,000 rpm in a Beckman ultracentrifuge L2-65B (SW 41
rotor). The salt-treated nucleohistones were 0,35M NaCl-,
0.6M NaCl-, 1.0M NaCl-, 1.6M NaCl- and 2,5M NaCl-treated
nucleohistones. The increase in NaCl concentration
progressively remove more nuclear proteins., After care-
fully removing the dissociated proteins the nucleohistone
pellets were dialyzed first into 0,01M Tris pH 8.0, then
into 0.25mM EDTA, pH 8.0.

Thermal denaturation

The thermal denaturation of different nucleohistones
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were made on a Gilford Spectrophotometer Model 2400-S
at 260 nm. The heating rate was about 2/3°C/min. The
derivatives of the melting profiles were calculated

according to the equation of Li and Bonmer (73):

dh260(T) h260(T+1) - h260(T~1) (1)
ar 2

where h26O(T) is the hyperchromicity at 260 nm at tempera-

ture T.

Circular dichroism

The circular dichroism specitira of the samples were
performed on a Durrum-Jasco Spectropolarimeter Model J-20
at room temperature. Circular Dichroism results were

reported as At :

where EI‘and &R are molar extinction coefficient for

the left- and right-~handed circularly polarized light.

-1

The units of AEm are M'lcm in nucleotides.

A€, = O (millidegree)
33,05 x C x 1 (cm)
Where: © = ellipticity in millidegree

concentration (moles/liter)
pathlength of light in cm.

C
1

nun

Nucleotide concentration was determined on a Beckman
spectrophotometer Model 25 using extinction coefficient

65000~Lem™) for DNA at 260 nm.
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CHAPTER III

CHROMATIN AND SALT-TREATED CHROMATIN

One approach to studying gene regulation of
chromatin is through studying its structure and physical
interactions of the wvarious components of chromatin.
Thermal denaturation had been used to study helix-coil
transition in DNA (74, 75), and interactions between
basic peptides and DNA (76), and histones and DNA (77).
Since DNA is one of the major component in chromatin,
thermal denaturation can also be used to study chromatin.
The binding of basic proteins, such as polylysine, poly-
arginine, protamine and histones to DNA cause biphasic
or multiphasic melting. The mechanism of melting of these
complexes with DNA was clarified by Li (78) when a model
of helix-coil transition of nucleoproteins was introduced.
According to this model DNA base pairs in a complex
stabilized and bound irreversibily by a protein melt
independently from the neighboring free DNA base pairs
if the stabilization energy is greater than the stacking

energy. This model ig used here to explain the results




~1l8-

obtained from thermal denaturation of chromatin and salt-
treated chromatin.

Circular dichroism had been used by many workers to
study conformation of DNA in different solvents (79, 80),
the conformation of DNA-basic polypeptide complexes (81),
of chromatin itself. Here, circular dichroism has also
been used to study the conformation of chromatin. Using
an equation derived in Chang et al. (82) the CD of histone-
bound regions and -free regions in chromatin can be

determined.

Experimental

Nucleohistone and different salt-treated nucleohistones
were prepared as previously described. The histone contents
of the salt-treated nucleohistones are shown in Table 2.

The samples for thermal denaturation and circular dichroism
studies had absorbances of about 0.65 at 260nm, or about
lx10'4M. The buffer used in all experiments was O.25mll
EDTA, pH 8.0.

The Tés of the different samples were obtained by
thermal denaturation on a Gilford spectrophotometer Model
2400-3. Derivatives of melting curves were obtained as
previously described. The conformational changes of the
nucleohistones were examined based upon circular dichroism
spectra obtained on a Jasco spectropolarimeter. A of the
samples were obtained as previously described.

Calf thymus DNA was purchased from Sigma Chemical Co.
and purified by phenol extraction as well as the method of




Table 2

HaCl BExtraction of Nucleohistone*

NaCl concentration Histones extracted
0.35H 30% Hl
0,6l 100% H1
1.0 100% Hl, 70% H2p and H2B
1.6M 100% H1, 100% H2A and H2B,

70% H11ll ahd H1V
2.5 100% H1, 100% H2A and H2B,

95% H11ll and H1V,.

*¥Qhlenbush, H.H., Olivera, B.M., Tuan, D., and Davidson, N.,

(1967) J. Mol, Biol. 25, 229
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Marmur (83).
Acid extraction of histones from nucleohistones

and salt~treated nucleohistones were done according to

the procedure described in Li (78). For any given amount

of nucleohistone (A26Onm= 10~20) in 0.01M Tris pH 8.0,

H2304 was added to make a final concentration of 0.5N.

The solutions were stirred at 4°C for 1 hour. Dissociated

histones were separated from DNA and nonhistone proteins

by centrifugation at 10,000 rpm for 10 minutes. 0.5N

HZSO4 dissociated histones were determined spectropho-

tometrieally by taking A23Onm=4‘25 for lmg/ml of histone

solution. An average residue weight of approximately

110 was used for all histones without consideration of

the slight variations. Histone contents of the nucleo-

histones were reported as amino acid residues per nucleo-

tide., 0.5N H2304 dissociated all the histones and less

than 5% of 230nm absorbing material could be extracted

50

by 1.0N H after it has been treated by 0.5N H2804.

2774

Results

A. Thermal denaturation

a. Thermal denaturation of chromatin, sheared chromatin

and nucleohistone

Pure chromatin as prepared by the method of Shih
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and Bonner 1is extremely viscous and gives a high light
scattering (A320nm/A26Onm:>1O%)' In our experiments
chromatin was first sheared and centrifuged as described
earlier., The supernatant obtained was called sheared
chromatin (A320nm/A26Onm=5'6%)' Sheared chromatin was
further purified by high speed centrifugation through
1.7M sucrose. The pellet obtained after redissolving in
0,25mM EDTA, pH 8.0, was called nucleohistone, The light
scattering for nucleohistone is small (A320nm/A260nm=1'4%)‘
To test whetler the size of chromatin affect its
melting properties, thermal denaturation of pure chromatin,
sheared chromatin and nucleohistone wasg measure. Fig la
shows the derivative melting profiles of the three samples.
The derivative curves as well as the maximum hyperchromi-
cities of the three nucleohistones are different. Chromatin
has hmax=25.2, sheared chromatin has hmax=29'1 and
nucleohistone has hmax=33'3' The difference in the
maximum hyperchromicities of the three samples is due
to the difference in the Light scattering. Pure
chromatin has the highest light scattering and nucleo-
histone the lowest. Therefore, correcting for the
difference in light scattering by normalizing the hmax
of all the three samples to 33.3, normalized melting
curvesg are determined and shown in Fig 1b. All three

chromatins show similar melting profiles. Therefore,
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Fig la. Derivative melting profiles of purified
chromatin (----), sheared chromatin (....) and
nucleohigtone ( ). b is 25.2, 29.1 and 33.3

respectively. Buffer used was 0.25mi EDTA, pH 8.0
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Fig 1b. MNormalized derivative melting profiles of
purified chromatin (- - =), sheared chromatin
- e 1 o) O 1 202
(...) and nucleohistone ( ). b is 33.2 for all
three curves.

The buffer used is 0.25mi EDTA, pH 8.0
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the size of the chromatin has no effect on its meliting
property. It is the ionic interaction between the
phosphates of the DNA and the amino groups of the histones

which mainly determines the melting properties of chromatin.

b. Thermal denaturation of nucleohistone and salt-

treated nucleohistones

The salt-treated nucleohistones used here included
0.35M NaCl-, 0.6M NaCl-, 1.0M NaCl-, 1.6M NaCl-, and 2.5M
NaCl-treated nucleohistones. All samples were in 0.25ml
EDTA, pH 8.0. Derivative melting curves of nucleohistone
and different salt-treated nucleohistones are shown in
Fig 2. Calf thymus nucleohistone shows two melting bands
at high temperature. One at 72°C and the other at 82°C.
There is also a shoulder at 63°C designated as melting
bands I+II. The melting at 72°C is designated meliing
band IITI and the melting at 82°C is melting band IV.
Higher concentrations of NaCl removes increasing amounts
of histones from nucleohistones. The melting curves of
salt-treated nucleohistones show a decrease in area at
melting bands IITI and IV and an increase in melting band
I at 48°C. These results are interpreted to mean that
melting bands IITI and IV represent the melting of DNA
base pairs bound by histones and melting band I due to
the melting of free DNA in nucleohistones. Melting
band IT may be due to the melting of DNA base pairs

bound by nonhistone proteins or very short free DNA gaps
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Fig 2. Derivative melting profiles of NaCl-treated

lucleohistones. NaCl concentration is O M (—),
0,68 (= - =), 1.61 (-.-), 2.5% (~A=~) and D¥A (...).

Buffer used was 0.25mi EDTA, pH 8.0
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between adjacent histone-bound regions. PFig, 2 also shows

the melting of pure calf thymus DNA at 48°C which corresponds
to melting band I of nucleohistones. The histone-bound DNA
base pairs having two T 's at 72° and 82°C is explained by
the fact that all five higtones have uneven distribution

in basic amino acid residues. Histones can be said to

have two halves, the more basic half and the less hasgic half.
The melting at 72°C ig explained as due to the bhinding

of DNA base pairs by the less basic half of histones and

the melting at 82°C ag due to melting of DNA base pairs

bound the more basic half of histones (73).

¢c. The number of amino acid residues of histones per

nucleotide of DNA

Since melting bands at 72° and 82° C correspond to
melting of DNA base pairs bound by histones, the area of
these two melting bands can be used to measure the fraction
of DNA base pairs bound by histones. Using the equation

derived in Li (78):

B, = Pk (3)
g
where B, = the total amino acids of protein k/

nucleotide

the area under melting band k

x?p

e
1}

hmax or total area of melting bands
By = average number of amino acids/

nucleotide of DNA bound by the protein k
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In nucleohistones if BH is the total amino acids of

histones per nucleotide, then the above equation becomes:

Apprrr * Appy (1)

B

the histone content of the nucleohistone and salt-

By =0y

By
treated nucleohistones was determined by acid extraction
as described above. The fraciion of DNA base pairs bound
by histones was determined to be 794 for nucleohistone,

62% for 0.35M NaCl-treated nucleohistone, 57% for 0.6M
NaCl-treated nucleohistone, 40% for 1.0M NaCl-treated
nucleohistone and 20% for 1.6M NaCl-treated nucleohistone.
By plotting the total histone content BH against the
fraction of area bound by histones the average number of
amino acids of histone per nucleotide of DNA (@H) can be
determined from the slope of the plot as is shown in Fig, 3.

The slope gives ©H=3.710.4 amino acids of histone per

nucleotide of DNA for calf thymus nucleohistones.

B. Circular dichroism

Pig. 4 shows the circular dichroism spectra of calf
thymus DNA, nucleohistone and different salt-treated
nucleohistones. The CD spectrum of nucleohistone is
similar to that of earlier reports. As compared to the

spectrum of pure DNA nucleohistone shows a decrease in
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Fig 4. CD spectra of NaCl-treated nucleohistones.
NaCl ig 0.0M (——), 0.6 (- - =), and 1.6W (-.-).
DNA (...)
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the amplitude of the positive peak at 278nm from 2.5 for
pure DNA to 1.0 for nucleohistone. The crossover point
shows a red shift at 260.5nm as compared to 255nm for pure
DNA. The large negative CD of nucleohistone at 220nm is
contributed by the proteins., Table 3 gives the CD para-
meters of nucleohistones and different salt-treated
nucleohistones. The removal of histones from nucleohistone
by NaCl restores the CD spectrum to that of pure DNA by

an increase in the amplitude of the positive peak at 278nm,
a decreagse of the negative peak at 220nm and a blue shift
of the crossover at 255nm . From thermal denaturation

the fraction of DNA base pairs bound by histones (F) can
be computed as described earlier. To correlate the
fraction of bound DNA base pairs and the circular dich-
roism changes as histones are removed from nucleohistone,
a plot of P against A&278nm and A&220nm was made, Fig 5
shows that uncovering upto 50% of DNA ~in nucleohistone
resulted in very little change in the amplitude of the
positive peak at 278nm. In 0.6M NaCl-treated nucleohis-
tone 50% of DNA is still bound by histones. Since 0.6M
NaCl removes only histone Hl, the above result implies
that this histone has little effect on nucleohistone
conformation. As other higstones are removed by increas-—
ing the salt concentration the change in the amplitude

of positive peak becomes more pronounced. The amplitude

increases until it approaches that of pure DNA. The
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Table 3
Circular Dichroism & Thermal Denaturation Parameters of
Nucleohistones
A +4
A
Nucleohistones TmIiI TmIV (%) “€278 A€ 200 c
(NH) T
0,351 NaCl-NH 62 1.05 - 9,8 260.5
0.6} NaCl-NH 52 1.18 - 9.5 259.5
1.0 NaCl-NH 44 1.40 - 8.3 257.5
1.6 NaCl-NH 27 1.95 - 5.8 257.0
2.5M NaCl-NH 13 1.95 - 2.0 25%6.5
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linear relationship between histone content and the fraction
of DNA bound is shown by a proportional decrease of the
negative CD at 220nm which is reduced as more DNA base pairs
becomes free of histones. Removal of histone Hl1l has the
least effect on the negative CD at 220nm of nucleohistone.
The circular dichroism spectra of nucleohistone and
partially dehistonized nucleohistones can be resolved
into the CD of free DNA base pairs and the CD of bound

base pairs by the following equation:

AE, = (I-£)E  +  £OE (5)
where Aem.z measured CD
At = the CD of histone-free DNA base pairs
Aﬁb = the CD of histone-bound base pairs
f = the fraction of base pairs bound by

histones
Since f can be determined from thermal denaturatian,AE()
from the CD of pure DNA , AEb, the CD of histone-bound
base pairs can then be calculated. Fig.6 shows the
calculated CD of the bound DNA base pairs. A&b is close
to zero from 260nm to 300nm. The;Mi% for bound histones
is calculated from the following equation derived in

Pinkston and Li (62):

H
A&m = AEO + BH Aab (6)
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As is geen in PFig 6 theCD of the free DNA base pairs in
nucleohistone and salt-treated nucleohistones is similar
40 that of DNA in the C—conformation (84). The CD of
bound histones in all the nucleohistones appears similar

within experimental error,

C. BEffect of ionic strength on nucleohistone and salt-

treated nucleohistones

a, Titration curve

Figure 7 shows the precipitation curves of nucleohis-
tone and salt-treated nucleohistones by NaCl. Both
nucleohistone and 0.35M NaCl-treated nucleohistone preci-
pitate at 0.2M NaCl concentration. Only little precipita-
tion occurs for 0.6M NaCl-treated nucleohistone and
1.6M NaCl treated nucleohistone is soluble in salt at
all concentration. The results could be explained as
a result of charge neutralization of the phosphates in
DNA by histones, the more the neutralization the higher

the tendency for precipitation in NaCl.

b, Thermal denaturation

Pigs. 8 and 9 show the effect of ionic strength on
the melting of nucleohistone and 2.5M NaCl-treated
nucleohistone. The effect of increasing ionic strength
on the T of pure DNA is a well known phenomenon (85). Tne

free DNA regions in nucleohistones have a greater shift
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Fig 7. Titration curves of nucleohistones by NaCl.
Nucleohistone ( ), 0.35H HaCl-trested WH (——-),
0.6il NaCl-treated NH (-¢~) and 1.6H NaCl-treated

NH (-A-).

Buffer used for all samples was 0.25mi EDTA, pH 3.0
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Fig 9. lJielting curves of 2.5l NaCl-treated nucleohistone
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(__.__) and 0.0l HaC1l (._.). puffer used was 0.25nmk! EDEA,
nil 8.0
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in Tm at increasing ionic strength. Thisis espeeially
true of 2.5M NaCl-treated nucleohistone, the shift is
greatest on TmI of free DNA regions and the on TmIII and

Tnav of histone-bound DNA base pairs.

¢, Circular dichroism

Figs. 10, 11 snd 12 show the effect of ionic strength
on the circular dichroism of nucleohistone and two salt-
treated nucleohistones. In all the three cases increase
in NaCl concentration causes a slight decrease of the
amplitude of the positive peak at 278nm and also a
reduction of the negative trough at 220nm. The decrease
in the amplitude of the positive peak can be explained
as a result of dehydration in DNA by NaCl. Previously,

a large negative CD (Y -CD) of DNA near 270 mm has been
reported for reconstituted histone H1~-DNA complexes at
0.15M NaCl and was interpreted as a real conformational
effect of DNA in chromatin at physiological ionic strength
(47). The CD results shown in Figs 10-12 dispute this
interpretation, Y .cD does not occur in nucleohistone

or NaCl-treated nucleohistones in physiological ionic
strength. .?'—CD must be a result of some type of
structure of DNA complex very different from that of

DNA in chromatin.
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Fig 11. CD spectra of 0.60 NaCl-treated NH in NaCl.
Control (——), 0.05i (~—=), 0.15L (-~.-~) and 0.25K (...)
(Buffer: 0.25mi EDTA, »H 8.0)
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Discussion

Primary interactions between proteins and DNA are
ionie interaction, hydrogen bonding and hydrophobic
interaction. These interactions cause a change in the
conformation of both proteins and DNA. Removal of histones
restores the W of nucleohistone to that of DNA, The
linear relationship ~ 8hown in Fig.5 suggests that confor-
mational effect on DNA bound by histones is a localized
event rather than a result of the formation of higher
order structure such as supercoil (51). Thermal
denaturation also measures thermal stability of histone-
bound base pairs and is independent of the supercoil
because partial removal of of histones reduces only the
amplitude but not the characteristic melting bands of
histone-bound regions (Fig 2). In addition, melting
properties are also independent of the size of chromatin
before or after shearing.

The earlier igterpretation of melting bands III
and IV as caused by the binding of the lesgs basic and
the more basic halves of histones (73) has been supported
by the works of Leffak et al. (48), Hwan et al. (49),
and Yu et al. (86) in our laboratory. Melting bands
gimilar to melting bands III and IV in nucleohistone
could be regenerated in DNA complexed with histone H2B

(48), H5 (49) or H3+H4 (86). It is also supported by
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the work of Ansevin et al. (87) and Li et al. (88) on
trypsin digestion of chromatin. Trypsin digested chromatin
shows preferential reduction of melting band IV which was
explained by Li et al, (88) as a preferential digestion
of the more basic regions of histones by trypsin. This
interpretation was recently confirmed by Weintraub and
Van Lente using peptide mapping and electrophoresis (57).
Thermal denaturation also show that 80% of chromatin
is bound by nucleoproteins. This result is in agreement
with values obtained from template activity and DNA-RNA
hybridization results (89, 90). The size of free DNA
regions in chromatin is unknown. However, due to the
absence of T . in echromatin the presence of long stretches
of uncovered DNA regions is unlikely. The result that
in chromatin there are 3.5 amino acid residues per
nucleotide of DNA in the bound regions agrees with that
obtained from pea-bud chromatin (73). This means that
one histone H2B with 125 amino acid residues will bind
15 base pairs and one histone Hl with 216 amino acid
residues will bind 31 bage pairs. Furthermore, there
is less shielding of histone-bound regions in chromatin
as‘compared to that in polylysine-DNA complexes, as the
Té of polylysine-DNA is 100°C which is much higher than
in nucleohistones.

T and T

mIII mIV

Higtone Hl has the least effect on the conformation
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of DNA in chromatin as shown in Fig 5. After histone Hl1
has been removed by 0.6M NaCl the extrapolation to 100%
binding of other histones shows an average CD of zero

in the histone-bound hase pairs in chromatin which is
close to the C-conformation. In other words, the average
conformation of DNA complexed by whole histones minus

Hl is close to the C-type. But the above results is
only an average CD of the histone-~bound regions in
chromatin., The next chapter on polylysine-nucleohistone
complexes will show that the DNA base pairs in melting

band IIT and melting band IV have different CD spectra.
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CHAPTER IV

POLYLYSINE-DNA, ~CHROMATIN, AND ~SALT
TREATED NUCLEOHISTONE COMPLEXES

Polylysine, a basic polypeptide, had been used as
a probe for chromatin structure (82), and as a model
gsystem for bagic proteins when they interact with DNA
(64, 65, 68). Thermal denaturation and circular
dichroism were used in this study of the interaction
in polylysine-~DNA and polylysine-nucleohistones
complexes. Polylysine binding to nucleohistone was
also used as a probe to study the distribution of

electrostatic charges along the chromatin molecule.

Experimental

Poly L- lysine hydrochloride, molecular weights
170,000 and 15,500 daltons was purchased from Schwarz/
Mann. It was dialyzed against 0.25mM EDTA, pH 8.0 and
the concentration obtained afterwards was determined by
the ninhydrin method using lysine hydrochloride as the

standard. Polylysine-DNA and polylysine nucleohistone
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complexes were made by direct and dropwige mixing of
polylysine at 5 x 10'4M to a DNA or nucleohistone solution
of 1 x 10"4M concentration. The resulting solutions

were centrifuged for 10 minutes at 10,000 rpm(Sorvall
88-34 rotor) at 4°C and the supernatant collected for
measurement. The input ratio of poly L-lysine to DNA

and nucleohistones was computed as the number of lysine

per nucleotide of DNA.

Results

a. Titration curves

A slow addition of polylysine directly to DNA
results in irreversible complexes with polylysine
scattered along the DNA molecules. These complexes are
goluble until a certain input ratio of lysine/nucleotide
is reached. Fig. 13 showse the titration curves of
polylysine-DNA, -nucleohistohe,-O.6M NaCl=-treated nucleo-
higtone, and -~1.6M NaCl-treated nucleohistone complexes,
Precipitation occurs sharply within a small range of
lysine/nucleotide ratio. The mid-point of titration or
precipitation is 0.52, 0.66, 0.81 and 1.02 for calf
thymus nucleohistone, 0.6M NaCl-treated nucleohistone,
1.6M NaCl-treated nucleohistone and pure DNA. The
precipitation point of lysine/nucleotide of 1.0 is
expecfed for polylysine-DNA complexes where one lysine

neutralized one phogsphate of DNA. 50% of the DNA of
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nucleohistone is accesgsible for polylysine binding. As
more DNA are exposed by removing histones more DNA bage
pairs are accessible to polylysine binding, this is
shown by the increase in the precipitation point with the

salt-treated nucleohistones,

b. Thermal denaturation of polylysine-DNA, -nucleohistone

and salt-treated nuecleohistone complexes

Derivative melting profiles of polylysine-DNA
complexes (polylysine MW=170,000 daltons) is shown in
Fig. 14. Pure DNA in 0.25mM EDTA, pH 8.0 has a melting
band at 48°C. DNA base pairs bound by polylysine have
a melting at 100°C. Increase in the lysine/nucleotide
input ratio cause a decrease in the area of melting of
free DNA region and an increase in the area of melting
of bound DNA base pairs.

Thermal denaturation results of polylysine-nucleo-
histone and polylysine-1.6M NaCl-treated nucleohistone
are shown in Fig. 15 and Fig. 16 respectively. In addition
to the four melting bands (I, II, III and IV) in
nucleohistone there is a fifth melting band at 95°- 99°C.
This corresponds to the melting of DNA base pairs in
nucleohistone covered by polylysine. Qualitatively,
when more polylysine binds to nucleohistone or salt-
treated nucleohistone the areas of melting bands I, II,

and III decrease. The area of melting band IV does
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not change until a high input of lysine/nucleotide is
reached., There is a gradual shift of TmIV to higher
temperature when the lysine/nucleotide input ratio is
increased. From the previous chapter melting band I
corresponds to the melting of free DNA regions, melting
band ITI to DNA regions bound by nonhigtone proteins or
very short gaps of free DNA, and bands III and IV to DNA
base pairs bound by the less basic and the more basic
halves of histones. The melting profiles show qualita-
tively that the order of preference site of polylysine
binding is : free DNA> nonhistone proteins bound DNA>
less basic half of histone bound DNA > mpre basic half
of histone bound DNA. This is consistant with one's
expectation because accessibility of phosphates for
polylysine binding also follow the same order. Fig. 17
and Fig. 18 show the quantitative comparison of this result.
Table 4 shows that the maximum hyperchromicity of
polylysine~DNA complexes Jecrease with.increasing bind-
ing of polylysine. The light scattering of these
complexes made by direct and slow mixing is less than
5%. This is a major improvement because previous workers
showed that high light scattering of polylysine-DNA
complexes caused ambiguity in the interpretation of their

results.
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Table 4

Hyperchromicities of Polylysine-DNA Complexes

Lysine/ Apeo in Ah 20/A260
Nucleotide  Supernatant hmax(%) 33’ “110°
0 0.648 35.9 0.022  0.016
0.09 0.645 35.8 0.019 0.022
0.18 0.647 34.9 0.009 0.007
0.36 0.653 32.5 0.031 0.023
0.63 0.640 32.0 0.037 0.039
0.90 0.669 30.0 0.035 0.034
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c. Quantitative analysis of polylysine binding to

nucleohistone, salt-treated nucleohistones and DNA

Since the hyperchromicity of polylysine-~bound
regions are lower than that of free DNA regions, the
equations

Bk'—'@k-f}f—
Ap

used in the previous chapter for nucleohistone and salt-
treated nucleohistones can not be used to compute the
average lysine residues/nucleotide in polylysine-bound
regions in these nucleohistones. The above equation
can be used in those cases where the hyperchromicity of
the free DNA region is the same as that of protein-bound
regions. Li et al. (91) derived an equation for the

analysis of the complexes.

it

Let hb hyperchromicity of base pairs bound by
polylysine

he = hyperchromicity of free DNA base pairs

Ab = area of melting bands of polylysine-~bound
base pairs
Ay = area of melting band of polylysine~free

base pairs

In polylysine-nucleohistone complexes Ab=AV the area of
melting band V. In polylysine-DNA complexes AbzAT,. If
m

AT ig the total melting area then:
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AT = Ab + Af (7)

th where F=fraction of base pairs

il

tightly bound by poly-

lysine with Tm corresponding

to that of A
¢ = De(1-F) (8)

where 1-F is the fraction of bage paixs

b
then A

free of polylysine
If B is the input ratio of lysine/nucleotide before the
number of binding sites are saturated there is a linear

relationship between B and F:
B=pF

g = average number of lysine/nucleotide

in the polylysine bound regions

therefore, B =g Ay (9)
h.
b
combining eq., 8 and 9 one gets:
B= g (1~ Aey (10)
hy

Experimentally, hf was taken as the hyperchromicities

of nucleohistone and salt-treated nucleohistones and DNA
before polylysine binding. Ab and Af was obtained from
the derivative melting curves. Fig. 19 shows the plot of
eq. 10 for nucleohistone, 0.6M NaCl-treated nucleohistone,
1.6M NaCl-treated nucleohistone and DNA. § is 0.85 for
polylysine-nucleohistone and -0,.6M NaCl-treated nucleohis-

tone complexes, 0.95 for polylysine-1l,6M NaCl-treated
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Fig 19, Linear plot of eq. 10, . Nucleohistone (e——-s),
0.6l HaCl-treated NH (& -—a), 1,6l NaCl-treated NI
A——x) and DNA (#——n)
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nucleohistone complexes and 1.05 for polylysine-DNA
complexes. Fig. 20 shows the plot of eq. 9, @/hb is
determined from the slope. Since @ is obtained from

eq, 10, then hb of polylysine-nucleohistone, -dehistonized
nucleohistoneg and -DNA complexeg can be determined and

they are 20, 23.2, 26, and 28.7 respectively.

d. Circular dichroism spectra of the polylysine-

nucleohistone, =-salt-treated nucleohistone, and

-DNA complexes

The CD spectra of polylysine-DNA complexes are
shown in Fig. 21. The molecular weight of the poly L~
lysine used was 170,000, Pure calf thymus DNA in 0.25mM
EDTA, pH 8.0 showed a typical conservative spectrum of
the B-form DNA. The AE  at 276 nm is 2.5 W tem™ . The
crossover occurs at 255 nm., There is a negative trough
at 245 nm with an amplitude of -3.0M Tem™F. Finally,
there is another positive peak at 220 nm with an ampli-
tude of 1.0M tem™l. As more DNA base pairs are bound
by polylysine the positive peak is red shifted from
276 nm to 280 nm. Red shift is also observed for the cross—
over point. However, the CD spectra below 240 nm are
independent of polylysine content in the complexes.

The CD spectra of polylysine-~DNA complexes are
not effected by the difference in chain length of the

poly L-lysine. Fig. 22 shows the CD spectra of poly-
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lysine-DNA complexes with poly L-lysine of molecular
weight of 15,500. The spectra are identical to that of
complexes made with polylysine of the higher molecular
weight. The changes in the CD spectra is proportional
to the input ratio of lysine/nucleotide. This is seen in
the difference CD spectra of the complexes in Pig. 23.
The difference CD spectrum of the complex is Ainr'Aﬁa’
where ag , is the measured CD and AEO is the CD of pure
DNA. The circular dichroism of polylysine-bound DNA
base pairs can be calculated from eq. 5 used for the
nucleohistone in the previous chapter,

The calculated CD of the polylysine-bound DNA base
pairs are shown in Fig. 24. Regardless of the input ratio
of lysine/nucleotide the Aﬁb of all the polylysine-DNA
complexes are the same., Fig. 24 also shows the CD
spectrum of DNA in 6M NaCl., This spectrum is similar
to the spectrum of polylysine-covered DNA regions. The
effect of polylysine on DNA conformation is similar to
that of NaCl effect. This is clearly shown in Pig. 25,
where the ratio of positive peak to the negative trough
of the CD spectrum (A8278/-A8246) is plotted against
lysine/nucleotide ratio and NaCl concentration. The
effect of NaCl and lysine/nucleotide input ratio is
identical.

Fig. 26 shows the CD spectra of polylysine-nucleo-

histone complexes. The effects are similar to that of
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DNA-polylysine complexes but on & reduced scale. There
is a decrease in the amplitude of the positive peak at
278 nm, a red shift of the crossover point at 260 nm, and
a reductionin the negative CD at 220nm. Table 5 gives
some of the relevant CD parameters of the polylysine-
nucleohistone and -salt treated nucleohistone complexes.
The quentitative difference between polylysine-DNA
complexes and polylysine-nucleohistone complexes are
shown in Fig. 27. This figure gives the dependence of CD
changes at 278 nm on the input ratio of lysine/nucleotide.
From the thermal denaturation results the input ratio is
approximately equal to the fraction of base pairs bound.
The CD change is greatest for DNA complexes and smallest
for complexes with nucleohistone and 0.6l NaCl-treated
nucleohistone. These facts are against the hypothesis

of Hanlon et al. (92, 93) that the melting band IV
correspond to bound base pairs in the C-form DNA and
melting band III correspond to bound base pairs in the
B-form. According to this hypithesis polylysine bind-
ing will have the same gquantitative CD effect on DNA and
on nucleohistones since polylysine binding mainly reduces

melting band III but not IV,

e. Renaturation of nucleohistone and salt-treated

nucleohistones

Renaturation is used here as a tool for the quali-
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Table &

Circular Dichroism Parameters of Polylysine~-Nucleohistone

Complexes
. , lysine
Nucleohistones E(E%ETEEtide) A€278 Ae 5o A
(NH)
0 1.00 -11.50 260.5
0.24 0.84 -10.40 261.5
0.42 0.74 - 8.70 262.0
O 1.17 - 9-51 25905
0.18 1.00 - 8.99 260.5
0.6 NaCl
-NH 0.42 0.98 - T.77 261.5
0.54 0.868 - 6.55 263.0
0.18 1.71 - 4.52 258.0
1.6l NaCl
-IH 0.42 1.3 - 3.86 260.5

Oo60 1003 b 3042 26300
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tative determination of the size of free DNA regions in
nucleohistone, TFig. 28 shows the denaturation and renat-
uration curves of 1.6M NaCl-treated nucleohistone. The
samples are first denatured upto 65°C at which temperature
both free DNA regions and very short DNA gaps or DNA

bage pairs bound by nonhistone proteins are melted.
Renaturation then took place at the same rate as denat-
uration (2/3° per minute). Once the samples are cooled
to room temperature at 28°C, they are denatured again upito
92°C., Denaturation of the free base pairs was recorded
a8 Ahggo  qg = h(65°)~h(35°), and redenaturation was
recorded as & h'ggo_350= h'(65°)-h*'(35°). The percent

of renaturation is computed as th'650_350/zkh650_ 35%100.
Table 6 gives the quantitative results of renaturation.
For native nucleohistone there is a 28% renaturation

for the melting between 35°-65°C., Since Ah65_35 for
native nucleohistone is only 8% and is mainly contributed
from melting band II at 57°C, the low renaturation

value perhaps indicate that most of the melting band Il
does not come from short, free DNA gaps between histone
bound regions, but is from the melting of base pairs
bound by nonhistone proteins. The amount of renaturation
of free DNA regions for 0.6M NaCl-treated and 1.6M NaCl-

treated nucleohistones is 75% and 66% respectively.
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Table 6

Renaturation of Nucleohistones

No Predenaturation Predenagtured to 66°C
Percent Renaturation

N ist ] o o ) o
ucleohistones ﬂ65—35 (65°— 35°C)
DNA 36.2 14
NH (native) 8.0 28
0.6M NaCl-treated 16.8 5

1.6l NaCl-treated 26.0 60




f. Renaturation of polylysine-nucleohistone complexes

FProm the thermal denaturation results of polylysine-
nucleohisgtone complexes we know that polylysine bind all
but those DNA base pairs bound by the more basic halves
of histone in nucleohistone. From the view point of
helix-coil transition two questions can be asked:

(a) Will polylysine binding, which keeps the double-
helix of the bound base pairs intact, allow the renatura-
tion of histone-bound base pairs to occur more readily?
(b) Will the interruption of polylysine binding by the
more basic halves of histones change the renaturation

of polylysine-bound DNA hase pairs?

To answer the first question, polylysine-nucleohis-
tone complexes were denatured to 92°C, renatured, and
redenatured to 10%5°C. Since histone~bound base pairs
show melting at 72° and 82°, the difference hyperchromi-
city £5h85165°is used for comparing the renaturation of
these base pairs. To answer the second question,
polylysine-~nucleohistone complexes were denatured upto
105°C, renatured and redenatured. A hT>85o was used to
measure renaturation of polylysine-bound base pairs.

Fig. 29 gives the denaturation and renaturation
curves of polylysine-nucleohistone complex with an
input ratio Of 0.45. The quantitative results are
tabulated in Table 7. Increasing the input ratio of

lysine/nucleotide causes an increase in the amount of
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TABLE VI{
Renaturation of Directly Mixed Polylysine-Nucleohistone Complexes®

Predenatured to 92°C

Predenatured to 105°C

Lysine/ No Predenaturation Percent Renaturation Percent Renaturation

Nucleotide Afigs 65 Ahpsss Tov (85 — 65°C) T > 83°C Ty (85 — 65°C) T > 85° Tav
0 22.6 1.8 — 8 - — — 8 — —
0.18 19.0 8.5 96.0 14 71 96.0 11 63 94.5
.27 17.4 11.3 96.5 20 66 94.0 15 62 93.0
0.45 12.0 17.3 97.0 34 70 95.0 23 67 94.0
0.54 6.7 19.1 98.0 55 69 95.0 45 63 93.5

*+ Mol wt of polylysine = 170,000.

- Ll -~
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renaturation of histone-bound base pairs at 85°-65°C

from 8% to 55% when the complex is predenatured to 92°C.
The same effect is observed for histone-bound regions
when the complex is predenatured upto 105°C. However,
quantitatively the change is smaller from 8% to 45%
renaturation. At 105°C there is complete denaturation of
polylysine-bound DNA base pairs.

For polylysine-bound DNA base pairs the amount of
renaturation remains constant at 70% regardless of the
input ratio of lysine/nucleotide when the complexes are
predenatured upto 9%c, If the complexes are predenat-
ured up to 105°C the amount of renaturation is 64%, this
value is also independent of the input ratio. It is
gimilar to that obtained from polylysine-DNA renaturation
(94). Therefore, the interruption of polylysine binding
t0 DNA by histones does not have significant effect on

its renaturation.

Discussion

Biphagic melting of polylysine-~DNA complexes is
a well known phenomenon (60, 68). Biphasic melting is
due to the difference in stability between free DNA
base pairs and base pairs bound by polylysine. The CD
of DNA complexes which depends on the secondary structure
can also be classified into two groups: free and

bound DNA base pairs. The CD of the bound DNA regions
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is similar to that of DNA structure in high salt concen-
trations. Since NaCl is known to cause dehydration of
DNA in the B-form, then polylysine effect on DNA can
also be a dehydration effect. This conclusion is further
supported by the work done on the effects of ionic
strength on the melting of polylysine~DNA complexes (94).
The Tm' of polylysine-DNA complexes made by direct mix-
ing is not affected by increase in ionic strength while
the Tm' of polylysine-DNA complexes made by reconstitu—
tion in a salt gradient dialysis is decreased in the
presence of high ionic strength. The authors suggested
that such a change is due to the structural change on
the polylysine~bound regions caused by the change in
ionic strength. The Nat ions replace water molecules
and bind polylysine-bound regions. Such dehydration
could possgibily destablize the polylysine-bound regions
and lower the Tm'.

In the melting of polylysine-nucleohistone complexes
it is shown that polylysine preferentially bind free DNA,
and less basic half histone-bound DNA over the more basic
half of histone-bound DNA, This is a reasonable result
since polylysine interaction with DNA and chromatin is
mainly ionic. Based on the thermal denaturation result
of polylysine-nucleohistone complexes a model of the

melting is proposed in Fig. 30. 1In a polylysine-
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nucleohistone complex, polylysine binds to the free DNA
regions and to the base pairs bound by the less basic
halves of histones. Thermal denaturation of this complex
will first melt the free DNA base pairs at 48°C (Tml)‘
The next base pairs to denature are the ones bound by

the less basic halves of histones at 72°C (T The

mIII)’
base pairs bound by the more bhasic halves of histones
will be denatured at 82°C (T gy)e Finally at 99°¢ (T )
the base pairs bound by polylysine molecules are melted.
From the previous chapter we know that 0.6M NaCl-
treated nucleohistone from which histone H1l has been
removed has 53% of DNA base pairs bound by histones.
The percent of renaturation of its free DNA base pairs
is 75% (Table 6) which is similar to renaturation of
free DNA bages in directly mixed polylysine-DNA complex
with an input ratio of 0.77 (94). This means that the
free DNA regions of 0.6M NaCl-treated nucleohistone
are not long. With 1.6M NaCl-treated nucleohistone that
has 25% of DNA base pairs still bound by histones there
is 60% renaturation of the free DNA regions. This
implies that the remaining histones are scattered along
the DNA molecules and the free DNA regions are also not
too long. Therefore, NaCl dissociation of histones
from nucleohistones is not a cooperative effect, the

removal of histones are by molecules rather than in
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large clusters. The renaturation of histone-bound base
pairs in native nucleohistone is 8% as compared to 60%
of polylysine-DNA complexes (94). This may be due to:
(a) Histones are fully dissociated from DNA above 92°C,
therefore, renaturation of the two strands of DNA is
slow; (b) Histones bind only one of the two strands of
DNA after denaturation at 92°C, the two strands are
separated and low renaturation results. Polylysine
binding to nucleohistones enhances the renaturation of
histone bound regions from 8% to 55% when the input
ratio of lysine/nucleotide is increased from O to 0.54.
Therefore, polylysine binding car somehow keep the
histones attached to denatured DNA,

Trypsin digests the more basic halves of histones
removing melting band IV, while polylysine binding %o
nucleohistone removes melting band III. The CD
regsults of these two itreatments show that the CD changes
of the DNA base pairs in the B-form caused by binding
of the less basic halves of histones are greater than
those affected by the more basic halves. In other
words, the binding by the less basic halves has already
altered the DNA structure with the resultant reduction
of the positive CD at 275 nm so that the binding of
polylysine to these regions has much less CD effect on

DNA then when it is bound to free DNA regions.
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Clark and Felsenfeld (95) titrated chromatin with
polylysine followed by nuclease digestion and found that
50% of the DNA in chromatin are accessible to polylysine.
They concluded that 50% of the DNA in chromatin is free
of protein binding. This is contradictory to the result
obtained from the melting of chromatin (chapter III).
Melting of chromatin showed that 80% of the DNA in
chromatin is bound by proteins. Thermal denaturation of
polylysine-nucleohistone complexes showed that polylysine
binding t0 nucleohistone cannot be used as a measure of
free DNA regions in chromatin because polylysine can also
bind to the DNA base pairs already bound by the less basgic
halves of histones. This result is supported by the
works of (a) Mirsky (96) who showed that the amount of
DNA in chromatin succeptible to nuclease depend on both
the enzyme concentration and the time allowed for
digestion, (b) Itzhaki (97) showed the release of proteins

accompanied by nuclease digestion of chromatin.
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CHAPTER V

EFFECT OF UREA ON CHROMATIN STRUCTURE

The native strucutre of proteins is thermodynami-
cally the most stable. If a protein structure is part-
ially disrupted it will go back to its native state if
appropriate conditions for renaturation are provided.
This is also true for DNA. Urea has been widely used
as a denaturing reagent in proteins. Urea is used here
to test: (1) if the native structure of chromatin is
the most stable structure; (2) if the effect of urea on
chromatin structure is reversible; and (3) the method
of reconstitution of chromatin from DNA, histones and
nonhistone proteins by gradient dialysis had been
developed by the laboratories of Bonner (98) and Huang
(99) and had been widely used as a major method for
chromatin reconstitution. Thermal denaturation and CD
is used here to test whether the reconstituted chromatins

using this method are the same as the native chromatin.

Experimental

Nucleohistone and salt-treated nucleohistones

in 0.25mM EDTA, pH 8.0 were prepared by the method
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descrived previously. A stock solution of 8.0M or 10.0M
urea (Ultrapure, Schwartz/Mann) was added directly to the
nuclechistones to give the appropriate concentrations of
urea, The solutions were left at room temperature for
% hour and then measured for thermal denaturation and CD.
Nucleohistones were dissociated in 5M urea-2M NaCI
by dialysis overnight. A continuous gradient of 5M urea-
211 NaCl were set up according to the method of Bonner (938).
The reconstituted complexes were once again tested by
thermal denaturation and CD. An alternative procedure
for reconstitution was the stepwise gradient dialysis
method (99). Dissociated chromatin in S5M urea-2M NaCl
wag dialyzed successively in various NaCl concentrations
witlx 5M urea and the salt concentration changed every
14 hour until the NaCl concentration became 0.1M. Urea
was then removed in one step and the samples dialyzed
overnight in 0.25mM EDTA, pH 8.0, Dialysis took place
at 4°C.

Results

a. Effect of urea on DNA, nucleohistone and salt-treated

nucleohistones

Fig. 31 shows the derivative melting curves of DNA
and nucleohigtone in 0, 3.0 and 5.0M urea. The Tm of

DNA decreases with increasing urea concentration. The
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T, of pure DNA in 0.25mM EDTA is 50°C and is 35°C in the
presence of 5.0M urea. This is expected because urea is
a denaturing agent. For nucleohistone increasing concent-
rations of urea induce a new melting band (V) at 97°C.
The temperatures of both melting bands III and IV are
decreased but the change is greater on melting band III
than IV. Since melting bands III, IV, and V are digtin-
guishable the areas of these meltingbbands can be calculated
at different urea concentrations. Fig. 32 shows that
there is no change in areas of melting bands I + II and
III, but there is a decrease in the area of melting band
IV and an increase in that of band V. Since there is no
change in the area of melting band I + II, 5 M urea does
not cause physical dissociation of histones from DNA.
Similar results were obtained for 0.6M NaCl-treated
nucleohistone.

Fig. 33 shows the derivative melting profiles of
1.6l NaCl-treated nucleohistone in urea. It is similar
to nucleohistone and H1l depleted nucleohistone except
that there no melting band V. Since melting band I of
free DNA base pairs is easily distinguishable in this
partially dehistonized nucleohistone, the effect of
urea on TmI can be followed. The change in TmI is
identical to that of the change in Tm of pure DNA in

urea, Urea does not change the areas of melting bands
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in this nucleohistone (Fig. 34).

Pigs. 35 and 36 show the effect of urea on the
CD of DNA @and nuclechistone. For pure DNA, a decrease
in the amplitude of the positive CD at 275 nm is observed,
There is a slight red shift of the crossover point at 260 nm
and no significant change for the CD below 240 nm. For
nucleohistone urea causes an increase in the amplitude
of the positive peak at 275 nm and reduces the negative
band at 220 nm. The observed CD changes of nucleohistone
in urea can be due to the fact that urea destroys some
A ~helical structure of the bound histones; this reduces
the conformational effect of histone binding to base
pairs giving a greater positive CD band. The destruction
of the supercoiled structure of nucleohistone by urea
(100, 101) is a result of the zboveevents. To test this,
the effect of urea on the CD of NaCl-treated, partially
dehistonized nucleohistones wag also studied.

The urea effect on the CD spectrum of 0,.6M NaCl-
treated nucleohigtone is very similar to that of native
nucleohistone above., There is an increase of the positive
band and a decrease of the negative band. The effect of
urea on the CD spectrum of 1.6M NaCl-treated nucleohistone
(Fig. 37) is quite different from that exhibited by native
and 0,6 NaCl-treated nucleohistone. Although 5.0M urea
reduces the negative CD at 220nm, indicating the

destruction of ®~helix of the remaining histones,

enhancement of the positive CD band shown with native
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nucleohistone is absent. Instead, the positive CD band
at 275 nm of 1.6M NaCll-treated nucleohistone is reduced
by urea.

At 220 nm, the CD of nucleohistone and salit-treated
nucleohistones is mainly contributed by the bound histones.
Fig. 38 gives the change in the CD spectra at 220 nm of
the nucleohistones in different urea concentrations.

For native and partially dehistonized nucleohistones,
A€ 590nm becomes less negative at higher concentration
of urea. The reduction is proportional to the urea
concentration. For pure DNA, the CD at 220 nm is not
changed.

Pig. 39 summerizes the change in CD at 278 nm of
nucleohistones in different concentrations of urea.

For native and 0,6H NaCl-treated nucleohistones, there

is no change in A€278nm at concentrations less than 2.0l
urea; at concentrations greater than 2.0M increases

are observed at this wavelength. Urea effect on A8278nm
is quite different for 1.6M NaCl-treated nucleohistone.
There is a decrease of A£278nm up to 3.0M urea, at higher
concentrations the trend is reversed.

Since a nucleohistone molecule can generally be
classified into two fractions, histone-free and histone-
bound base pairs, urea can possibily have different

conformational effects on these two clagses of base pairs.
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Fig 38. Urea dependence of A€ 5,4 Of nucleohistones and
DHA. WNative nuclcohistone ( ), 0.61 HaCl-treated Kd (M ),
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Using eq. 5 with F = 78% for nucleohistone, 60% for 0.6M
NaCl-treated nucleohistone and 34% for 1.6M NaCl-treated
nucleohistone in this preparation, the CD of bound base
pairs (FAEb) at 278 nm is calculated for the nucleohistones
in different urea concentration. The results are shown

in Pig. 39, a consistent increase of AA&278nm at higher
urea concentrations for histone-bound base pairs is

gseen for all the nucleohistones. Putting together urea
effect on AL 554, (Fig. 38) and on FAE, at 278 nm (Pig. 39),
it is seen that a decrease of AE’ZZOnm of histones gives
an increasge of A€278nm for histone-~-bound base pairs. In
other words, the destruction of secondary structure of
bound histones by urea makes the bound base pairs less

tilted.

b, Reversibility of nucleohistone structure in urea

Urea changes the secondary structure of bound
histones and the conformation of bound DNA base pairs.
In addition, urea changes the thermal stability of histone-
bound and histone-free base pairs. To test whether these
changes caused by urea are reversible, urea was dialyzed
out of the samples. Fig. 40 shows the melting curves
of nucleohistone before and after dialyzing out the
urea, except for a small change in TmIII the melting

curves remain the same. The CD spectrum after dialyzing
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out the urea also returns to the native spectrum (Fig. 41
a, b). This is also true for salt-treated nucleohistones.
This strongly indicates that the structure of native

nucleohistone is the most stable one.

c. Reconstitution of nucleohistone and salt-treated

nucleohistones using NaCl gradient dialysis in urea

Nucleohistone and salt-treated nucleohistones were
dissbciated by 5M urea and 2M NaCl and then reconstituted
by a continuous NaCl gradient dialysis in urea. Fig. 42
shows the melting curves of native nucleohistone, 0.6
NaCl-treated and 2.5M NaCl-treated nucleohistones before
and after reconstitution. Reconstituted nucleohistone
and partially dehistonized nucleohistones do not have
the same melting profiles as the control nucleohistones,
In 2all cases, there is less melting of the histone-
bound regions and more melting of free DNA regions.

This could be due to a long dialysis of 48 hours at 4°C
in which proteases in chromatin could degrade some of
the histones. The CD of the native and reconstituted
nucleohistones are shown in Fig. 43. The positive CD
peak for the reconstituted nucleohistone is increased

1c -1 1

! t0 2.1 M lem L, while the protein CD

from 1.3 M~
at 220 nm is reduced from A ,,, = of 14 to 18.5. The CD
changes of the reconstituted salt-treated nucleohistones

show similar results as in reconstituted nucleohistone,
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Fig 42 Continuous Nell graodient reconstitution.

Control: nucleohistone (—), 0.6 HaCl-freated NH (~—),
and 2,5!1 NaCl-treated KH (-.-)

leconstituted samples: nucleohistone (——), 0.5 NaCl-
treated ¥H (-—-=), 2.5l Nall-trecated Nd (~.-)
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but the change for 2.5M NaCl-treated nucleohistone

is the least. This may not be surprising since this
dehistonized nucleohistone has the smallest amount of
histone and therefore has the least amount of histones

for proteases to act. Also 2.5M NaCl-treated nucleohistone
does not have histone HL which is the histone most
sugceptible to proteases.

Theoretically, reconstitution of a complex in a
continuous NaCl gradient dialysis a linear NaCl gradient
should occur in the complex during the dialysis. In a
stepwise NaCl gradient the complex goes through a set
of NaCl concentrations and the gradient is not linear.

The melting results of the step-wise reconstitution of
nucleohistones are shown in Fig, 44. This method of
reconstitution does not give better melting curves. There
ig still a large decrease of the melting area of histone-
bound regions, and an increase in the melting of free DNA
regiong in both reconstituted nucleohistone and in Hl
depleted nucleohistone. Reconstituted 2,5M NaCl-treated
nucleohistone seemed to give a better melting curve, i.e.
gimilar to the native 2.5M NaCl-treated nucleohistone.
Even in this cage, there is still a decrease in the

area of histone-bound base pairs. The CD results of
step-wise reconstituted nucleohistones are given in Fig. 45.
Here the positive CD at 278 nm is also greatly increased,

while the protein CD at 220nm is reduced. Reconstituted

2.5M NaCl-treated nucleohistone gives a CD spectrum closer
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to its control. The conclusion is that step-wise Nall
gradient reconstitution of nucleohistones does not
improve both the melting and the CD of the reconstituted

nucleohistones.

Discussion

Urea acts as a denaturing agent by competing for
the hydrogen bonding sites of DNA and thus decrease the
probability of formation of intramolecular hydrogen
bonds between the bases in the DNA helix (102). The
decrease in the Tm of DNA in high urea solution is
consistent with the above fact. Shih and Lake (100)
and Bartley and Chalkley (101) showed by electrophoresis
that urea alone does not fully dissociate histones from
DNA in nucleohistone. The constant melting area of
melting band I + II in nucleochistone is consistent
with these findings. However, TmIII and TmIV for
the melting of all nucleohistone and salt-treated nucleo-
histones are decreased in the presence of urea.

Shih and Lake (100) and Bartley and Chalkely (101)
also proposed that a disruption of the supercoiled
structure of nucleohistone as the cause for the observed
CD changes. This is not in agreement with the results
presented here. The theory of helix-—-coil transition of
nucleohistone proposed by Li (78) indicated that the
thermal stability of nucleohistones resulted from the
direct binding of histones to DNA, irrespective of tertiary

structure such as the supercoil. The CD changes
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observed in urea must also be due to a direct effect of
urea on histone~DNA interaction. If there is a change
observed in the supercoil structure, it must be a result
of the change in the interaction between histones and DNA
in the nucleohistone,
The conformation and thermal denaturation properties
of native and partially dehistonized nucleohistones can
be reversed after they have been significantly disturbed
by urea. In view of the fact that both CD and thermal
denaturation measures the conformation of bound histones
and the thermal stability of histone-bound base pairs,
then native nucleohistone is in tis most stable conformation.
Reconstituted chromatin from both continuous gradient
and step-wise gradient dialysis does not show the same
melting profile and conformation as that in the native
chromatin. Efforts were made to minimize protease reactions
by the addition of inhibitors such as bisulfite and
phenylmethanesulfonyl fluoride (PMSF) to the reconstitution
mixture. The results presented here were reconstitution
doen in the presence of these pretease inhibitors.
Reconstitution without the inhibitors showed even more
degradation of ihistones. The problem of proteases action
encountered here is caused by the endogeneous proteases
present in chromatin. Reconstituted complexes using pure
DNA and histones may not have this problem. One has to
be cautious in using reconstituted chromatin as model system

for native chromatin. Neither methods of reconstitution

tested here yielded a complex identical to native chromatin.
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CHAPTER VI

PROTAMINE-DNA, -CHROMATIN, AND ~SALT
TREATED NUCLEOHISTONE COMPLEXES

Protamine is found in the mature spermatozoa of a
great many fish species. It is an interesting molecule
to study because during the maturation of spermatids
there is a complete displacement of histones by protamine
in their chromatin. Protamine is a small protein with
31 amino acid residues among which 67% are arginine.
Protamine is used here to complex with nucleohistone in
a further attempt in the elucidation of histone-DNA

interactions and of chromatin structure.

Experimental

Protamine HC1l (Sigma) was dialyzed against 0.25mM
EDTA, pH 8.C. Its concentration was determined by
ninhydrin using arginine HCl1l as the standard. 7Protamine
of 1x10~%M was added dropwise to DNA and nucleohistones
for complex formation. In experiments testing replace-
ment of histones by protamine, complexes were made in

EDTA then dialyzed into 0.15M NaCl. After 3 changes

of buffer the samples were taken out and centrifuged
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at 10,000 rpm for 10 minutes. The pellets were redialyzed

into EDTA and used for thermal denaturation and CD studies.
Results

a. Titration curve

Fig. 46 shows the precipitation curves of DNA,
nucleohistone and salt-treated nucleohistones by protamine,
The mid-point of titration for protamine-DNA complex was
1.35 amino acid residues per nucleotide, similar to the
result obtained by Yu et al. (61). The mid-point of
titration occured at 0.6, 0.9 and 1.2 amino acid residues
per nucleotide for nucleohistone, 0.6M NaCl-treated and
1.6M NaCl-treated nucleohistone, respectively. The
increase in the mid-point of precipitation curve for
nucleohistones with more histones removed indicates
that protamine binds DNA in nucleohistones in a manner

similar to that of polylysine.

b. Thermal denaturation of protamine-DNA, -nucleohistone,

and salt-treated nucleohistone complexes

FPigs. 47-50 show the melting profiles of protamine~
DNA, -nucleohistone and-salt~treated nucleohistone complexes.
The protamine-bound base pairs in the DNA-protamine
complexes have a T ' of 90°C., After the binding of
protamine to nucleohistone, melting bands I, II and III
are entirely suppressed. There is only a broad melting

band at 90°C at high input ratio of protamine. At low
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input ratios a shoulder of melting band III can still

be detected, with a braadening of melting band IV. TmIV
is shifted from 82°C to 86°C. At higher input ratios,
melting band III disappears completely with the appearance
of a shoulder near 90°C., This means that protamine like
polylysine not only bind to the free DNA regions in
nucleohistone but can also bind the base pairs already
bound by the less basic halves of histones.

For 0.6M NaCl-treated and 1.6M NaCl-treated nucleo-
histone complexes, the binding of protamine to the free
DNA base pairs is seen readily with a decrease in the
area of melting band I. The area of melting band III
decreases with increasing input ratio of protamine but
the effeet on melting band IV cannot be resolved because
i% becomes a broad band which overlaps with the melting

of protamine-bound DNA.

¢c. Circular dichroism of protamine-DNA, —-nucleohistone

and -salt-treated nucleohigstone complexes

Figs. 51-54 show the CD gpectra of protamine-DNA,
-nucleohistone, and -salt-treated nucleohistone complexes.
The effect of protamine on the CD spectrum of DNA is
similar to that reported by Yu et al. (61). The effect
of protamine binding to DNA is to reduce the amplitude
of the positive peak at 278 nm, There is a slight red

shift of the cross-over point as protamine input ratio
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increases, and no change is seen on the negative CD below
240 nm. Because of the distinet melting band of protamine
-bound base pairs in protamine-DNA complexes (Fig. 47)

the CD of protamine-~bound base pairs can be calculated,

I+t has been observed that the effect on DNA conformation
by protamine binding is similar to that of polylysine
binding. Protamine, 100, shows a dehydration effect on
the DNA conformation when it binds to the DNA.

The effects of protamine on the CD spectra of
nucleohistone and histone H1l depleted nucleohistone
(Pigs. 52, 53) are similar. Protamine binding to
these nucleohistones causes a decrease in the amplitude
of the positive CD peak at 278 nm. This is expected if
protamine is to have some dehydration effect on those
DNA base pairs which are bound by protamine. The DNA
base pairs become more distorted towards C-form DNA.

The CD of the protein region at 220 nm is reduced after
protamine binding. This result suggests that protamine
binding to nucleohistone may cause the release of some
histones and the loss of their secondary structure.

The effect of protamine binding on the CD spectra
of 1.6M NaCl-treated nucleohistone is similar to that
of other nucleohistones at 278 nm with a decrease in
the amplitude. However, the CD at 220 nm is not changed

after binding. A+t 1.6M NaCl both lysine-rich and the
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glightly lysine-rich histones are removed. The change
in the protein CD at 220 nm after protamine binding in
nucleohistone and 0.6M NaCl-treated nucleohistone
suggests that protamine binding may cause preferential
removal of the lysine and slightly lysine rich histones.
I.6M NaCl-treated nucleohistone contains mainly the
arginine rich histones shows no change in the protein CD
with protamine binding suggesting that protamine does
not displace arginine rich histones, This conclusion is
substantiated by the works of Evin et al. (103) and
Marushige and Dixon (104). These authors found during
in vitro studies of gpermatogenesis the lysine rich

histones are removed before the arginine rich histones.

¢. Histone displace ment by protamine:

In order to see whether histones are displaced
by protamine and what effect would this displacement
cause on nucleohistone conformation, protamine-
nucleohistone complexes were made and dialyzed into
an intermediate ionic strength of 0,15M NaCl, similar
to the ionic strength in living cells. If histones are
replaced by protamine, they should be dissociated and
remain in the supernatant after centrifugation. Since
only a small quantity is involved, ordinary methods
to determine the histones in the supernatant, such as

electrophoresis is not adequate. Consequently, the
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experiments were designed to collect the pellets,
redialyze the pellets back to 0.25mM EDTA, pH 8.0 buffer
and measure its CD and melting properties.

Figs., 55a and 55b show, respectively, the melting
and CD results of the control nucleohistone before and
after being exposed to 0,15M NaCl., Even though the
melting results show some difference in the nucleohistone
after the treatment of high ionic strength, the CD
gpectrum is not effected., The small change seen in the
melting curves after dialysis may be due to slight
degradation of proteins in nucleohistone during the
dialysis in 0.,15M NaCl.

Fig. 56 show the melting curves of protamine-
nucleohistone complexes at r«0.3 and 0O.4. At these
input ratios the complexes remain in solution in EDTA
buffer, i.e. they have not reached precipitation point.
The results in Fig. 56 show no consistent difference
before and after treatment of the complexes by 0.15M NaCl.
This indicates that 0.15M NaCl does not force histones
to dissociate from DNA after protamine binding in
hucleohistone,

Big. 57 showg the effect of dialysis into 0.15M
NaCl on the CD spectra of protamine-nucleohistone
complexes with r=0.3 and 0.6. The supernatant of the

complexes after dialysis showed no DNA absorption,
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and consequently no thermal and CD were done on them.
The pellets of the complexes gave CD spectra that were
not significantly different from that of the complexes
before 0,15M NaCl treatment. This result suggests that
the replacement of histones by protamine at very low
ionic strength (0.25mM EDTA) is a function of the input
ratio of protamine in chromatin and the physiological
ionic strength of 0.15M NaCl does not facilitate further

histone replacement.

Discussion

Protamine stabilized INA base pairs to a lesser
extent than polylysine. Protamine-DNA complexes have
Tm' of 90°C while polylysine-DNA complexes have Tm' of
99°C. This difference is due to the fact that protamine
containg mainly polyarginine residues. However, poly-
arginine-DNA complexes show two Tm's at 91° and 100°C.
Protamine has the same effect on DNA conformation
as polylysine. Protamine binding cause the dehydration
of DNA and distorts the B-conformation of DNA. Protamine
binding to nucleohistone causes a reduction of both
the DNA conformation at 278 nm and the protein conformation
at 220 nm., The results imply that histones may be

displaced during protamine binding. However, the displa-

cement is not facilitated by 0.15M NaCl.
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CHAPTER VII

DISCUSSION

The theory of helix-coil transition in DNA has been
treated in detail by Sheraga (102), Poland and Sheraga (105),
Crothers et al. (106), and Crothers (75)., Here, only
a brief qualitative description of helix-coil transition
will be presented.

Helix-coil transition in DNA can be described as
a two state process at the nuclostide level. A base
pair is considered to bhe either a "closed", double
helicel region, or an "open", random coil region, The
gsimplest model of DNA allows interaction only between
nearest neighbor base pairs, and can be described by
two parameters: a stability constant, or equilibrium
constant for the transfer of a base pair from a coil
region to the end of a helical region, and a nucleation
parameter, which measures the additional energy reguired
to initiate a new helical region in the middle of a coiled
region. The cooperativity transition of DNA from a

helical to a coiled state occurs because it is easier
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to extend a preexisting helical region than to start a new
helical region, and it is also easier to extend prexisting
reandom coil than to break a base pair in a helical region. .
Thus, cooperative transitions favor long stretches of
intact helix, or of random coil. Crothers and Zimm (74)
predicted that the main stabilizing interaction in DNA
should be the stack ing energy of the base pairs. However,
studies on single stranded poly rA and poly rU by Leng
and Felsenfeld (65) and Brahms et al. (107) resulted in
the conclusion that for DNA the main origins of coop-
erativity of melting comes from the conformations of
the denatured or unfolded state, rather than in the
interactions present in the helix.

Helix~co0il transition presented so far is only
applicable to DNA. Little theoretical work was done on
the helix-coil transition of DNA in a DNA-protein
complex. The binding to DNA of basic proteins such as
polylysine, polyarginine and histones, resulited in
a biphasic or multiphasic melting transitions. BSuch
melting curves could not be interpreted until a
theoretical model of thermal denaturation of nucleo-
proteins was presented (78). The basic assumption of
Li's model is that protein-bound base pairs melt
independently from its neighboring base pairs. Thus,
biphasic or multiphasic melting curves in a nucleoprotein

represent the independent helix-coil transition in
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protein-free and -~bound regions.

This theoretical model was shown to work very well
when applied to nucleohistone (chapter III), polylysine-
DNA and polylysine-nucleohistone complexes (chapter IV).
Thermal denaturation results showed that all nucleohis-
tones, irrespective of the gize, give the same melting
profiles. The melting profile of a nucleohistone
measures the thermal stability of histone-free and histone
~bound regions. These regions are primarily determined
by the irreversible ionic interaction between the
phosphates of DNA and the basic amino acids of histones.
The higher order structure which may depend upon the size
of nucleohistones seems 10 be less important, The
interaction between histones and DNA gives the pattern
of melting seen for nucleohistone, namely the higher
melting bands at 72° and 82°C. This assignment is
supported by the meliing results of salt-treated
nucleohistones: the removal of histones by NaCl in the
NaCl-treated nucleohistones showed a progressive
decrease in the area of melting at 72° and 82°C with an
increase in the melting at low temperature corresponding
to free DNA regions.

The above interpretation of the melting of
nucleohistone is substantiated by circular dichroism
studies of nucleohistone. PFor nucleohistone, the CD

above 240 nm reflect the DNA conformation and the CD




=133~

below 240 nm reflects histones or protein conformation.
When histones are removed by salt the CD of the resulting
salt-treated nucleohistone showed increase in the DNA
conformation and decrease in the histone conformation.
The concept of separatinz a nucleoprotein into protein-
free and ~bound base pairs successfully used in thermal
denaturation can also be applied to the conformational
agpects of nucleoprotein, namely circular dichroism.
The CD of a nucleoprotein can also be divided inot

two parts, the CD of protein-bound base pairs and that
of protein-free base pairs. Using this concept the

CD of protein~bound DNA base pairs was calculated for
polylysine-DNA complexes (chapter IV) and for histone-
bound DNA in chromatin (chapter III).

Baged upon the derivative melting profiles it was
calculated that the fraction of base pairs bound by
histones in chromatin is 80%. This agrees with the
results obtained from DNA-RNA hybridization results
of chromatin., The average number of amino acid
residues per nucleotide in histone-bound regions is
found to be 3.7 + 0.4 amino acid residue per nucleotide
or about 7 amino acid residues per base pair in calf
thymus nucleohistone.

BEvery histone isolated from eukaryotic cells
has an asymmetrical distribution of basic amino acids

along its molecule, One half contains more basic amino
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acids and the other half contains more hydrophobic

amino acids. Because of this fact, the two melting bands
at 72° and 82°C in nucleohistone are assigned to base
pairs bound by the less and the more basic halves of
histones respectively., With this assignment the melting
results of polylysine-nucleohistone complexes (chapter IV)
suggest that polylysine can bind to DNA base pairs already
bound by the less basic halves of histones. This can

be accomplished if the less basic halves of histones

bind the major groove of DNA while polylysine binds to

the minor groove, a suggestion made by Li et al. (88)
based on trypsin digestion of nucleohistone and the CPK
molecular models,

Prom the melting curves of polylysine-DNA complexes
(chapter IV), 1.0 lysine per nucleotide was obtained in
the polylysine-bound regions. This agrees with the
results obtained from the binding studies of Tatt and
Sober (64). Polylysine-DNA complex studied by CD were
used as a model for histone-DNA complexes. The changes
of the CD spectra szeen in reconstituted DNA-histone
complexes (48, 49) and in chromatin are in the same
general trend seen in DNA-polylysine complexes.
Polylysine cause a dehydration of the DNA molecule,
thus distorting the normal B-conformation of DNA in
solution to a C-form. Histones have the same effect

on DNA conformation in chromatin.
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A combination of the CD results of trypsin-treated
chromatin and polylysine-nucleohistone binding leads to
the conclusion that the two halves of histones contribute
differently to the CD of chromatin, The less basic
halves of histones have more &K-helical content than
the more basic halves. This ig reasonable in view of
the fact that the more basic halves of histones have
more positive charges and are more tightly bound to
DNA while the less Dbasic halves have more hydrophobic
residues to form AK-helix,

Studies of protamine interaction with chromatin
was carried out as an extension of polylysine-DNA comp-
lexes and histone DNA interactions in nucleohistone.

As far as the conformation is concerned protamine

binding to nucleohistone is similar {to polylysine

binding. Both systems show similar melting effect on

DNA base pairs bound by the less basic halves of histones.
However, protamine binding causes the overlap of the
melting of base pairs bound by the more basic halves of
histones and the base pairs bound by protamine. Interestingly
enough, protamine , which contains 67/ arginine does

not give the same melting profile in its DNA complexes

as in polyarginine~DNA complexes (61). Polyarginine
bound base pairs show two Tm‘s while protamine- and
polylysine-bound base pairs give only one melting

band at Tm'. Exactly how polylysine or polyarginine
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bind to DNA is not known at present.

At present, two widely accepted models of chromatin
structure have been proposed: +the supercoil structure
of chromatin (53, 54) and the nucleosome structure of
chromatin (55). Pardon et al. (108) postulated from
X-ray studies that the nucleoprotein-DNA complex in
chromatin existed in a supercoil state. On the other
hand, based on electron micrograph studies Olins and
0lins (55) and other workers proposed that chromatin
existed in a beaded structure. Each bead contains a
double stranded DNA stretch of approximately 140 to
200 basge pairs long and an octamer of two each of the
four histones excluding histone Hl. However, the compact
beaded structure of chromatin reported by Olins and Olins
(55) could possibly be induced by formaldehyde fixation
of the chromatin. Recently, Polacow et al. (109) showed,
using formaldehyde-fixed chromatin and Hl-depleted
chromatin, that formaldehyde fixation of chromatin cause
condensation of histone-bound regions within the subunits
of chromatin., Oudet et al. (110) showed that formaldehyde
fixation of chromatin also yielded nucleosomes with a
reduced dimension.

Crick and Xlug (111) proposed that DNA within the
chromatin subunit is in the kinky helix state. In the
kinky helix, segments of DNA in the B-conformation
are connected by kinks of two adjacent unstacked base

pairs. The kinky helix was proposed on the basis that
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the packing of 200 base pairs of DNA into a nucleosome
of 60 to 100& in diameter required large amount of energy
and that nature favors B-form DNA. As pointed out in
the introduction of this dissertaticn DNA can exist in
many states or conformations depending on the salt and
the relative humidities. The binding of polylysine and
protamine to DNA causes a B to C transition in DNA
conformation (chapters IV and VI). In native chromatin
the conformation of DNA is between that of B and C form
DNA as shown by circular dichroism (chapter III). Li (112)
#lso pointed out that physically there is ample space in
the chromatin subunit for DNA (200 base pairs) to fold
if the dimension of nucleosomes (1304 in diameter) (110)
is used.

lMany reports on hisgtone-histone interactions have
appeared in literature. A histone core consisting of 8
histones (2 of each kind of histones excluding H1l) was
found in the PS particles by van Holde and co-workers (113).
Li et al. (114) found dimers of histone H4 in solution.
Kornberg and Thomas (115, 116) isolated tetramers of (H3)2(H4)2
in chromatin treated with nuclease., Using chemical
eross-linking reagents they were also able %o isolate an
octamer of (H2A)2(H2B)2(H3)2(H4)2. Martison and McCarthy
(117) also using a chemical crosslinker found that histones
H2B and H4 are close to each other in chromatin.

The exact interaction of histone subunits with DNA

in chromatin is not clear at present. Van Holde et al.
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(113) proposed a model of chromatin with a histone octamer
core with the DNA wounded on the outside. The binding of
histone H1 to DNA was not considered. This model of
chromatin was supported by neutron diffraction data of
Baldwin et al. (58). Considering the results of thermal
denaturation and circular dichroism of chromatin, chromatin-
polylysine complexes presented in this dissertation, and
trypsin treated chromatin Li (118) proposed a more
detailed model of chromatin structure. He proposed that
chromatin can exist in two states, a supercoil state and

a compact, nucleosome state. These two structures of
chromatin can be in equilibrium with each other. The primary
subunit of histones are parallel dimers of (H2A)2, (H2B)2,
(H3), and (H4),. These parallel dimers of histones bind
DNA in such a way that their less basic halves bind to the
major groove and the more basic halves bind to the minor
groove of DNA. Octamers of histones can be formed from
the hydrophobic interactions of the nonpolar regions of
two tetramers (H3),(H4), and (H24),(H2B),. Histone H1
bind approximately 30-40 base npairs and serves $o link
two octamers of the above histones. The binding of the
subunits to DNA cause a structural distortion of DNA as
seen from the CD results presented here. Depending on

the external conditions such as pH, ionic strength etc.,
chromatin can exist either as a coiled structure or a

compact nucleosome structure. This model suggests that
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the nucleosome structure is a major siructure of
chromatin but it is not the only structure. In addition,
it provides a detailed description of histone-~histone
interactions and histone-DNA interactions which were

not discussed in other models.




~140-

REFERENCES

1. Dingman, ¢.¥W., and Sporn, II.3., (1964) J. Biol. Chem.,
239, 2483

2. llessineo, L., (1962) Arch. Biochem, Biophys., 96, 479

2, Phillins, D,1.P., and Clarke, M., (1970) J. Chromatogr.,
46, 321

4, Teller, D.C., Kinkade, J.M., and Cole, Z.D., (1965)
Biochem, Biovhys. Xes. Commun., 20, 729)

5., liaydon, 4£.J., and Peacocke, A.i., (1968) Biochenm. J.,
110, 242

6. Delange, ReJe, Hambrough, U,i., Smith- =.L., and Bonner, J.,

(1969) J. Biol, Cnem. 244, 5669

7. Prilline, D..P., (1963) 3iochem. J., 107, 135
3. Blazsek, V.i., znd Sukaresti, L., (1964) Zixperienta 20,

~

9, Ord, i.G., and Stoclken, L.h4., (1967) Biochem. J., 102,

10, Phillios, D.W.P., and 3imson, ¥P., (1962) Biochem. J.,

11l. Reid, B.2., and Jole, .2., (1964) Proc., ¥atl. Lcad.S3ci.
US., 5L, 1044

12. GLwurray, “., (1965) Ann. Hev. Biochem., 24, 209

13, Phillins, D.LP., (L962) 3iochem. J., 97, 253

14, luvang, R.C.C0., and Bonner, J., (1962) Proc. lat. Acad.
sci. US., 43, 1216

15. Al1lfrey, V.G., Littau, V.¢., and dirsky, &.4., (1963)

Proc. Hatl. Acad. Sci. US., 49, 414




l'?'

18.

21.

24 .

-141~

Laurence, D.JH., Phillics, D.i.P., and Butler, J.AV.,

-

(1966) Arch. Biochen. Biovhys., 113, 313

Laurence, ".J.R., Simson, ?., and 3utler, J.4£.V.,
(1962) Biochem., J. 37, 200

Davison, P.7., andButler, J.A.V., (1954) Biochim.
Diophys. Acta., 15, 429

Stevely, W.3., and Stocken, L.A., (1966) Biochem. J.,
100, 20

Adler, Ao J., Schaffhausen, B., Langen, T.A., and
Pasman, G.J., (1971) Biochemistry, 10, 909

Monod, J., Changeus, J.P., and Jacob, F., (19623)

J. iol. Biol., 5, 206

Elgin, S.G%.0t., and Bonner, J., (1270) Biochemistry,

e, (1959) Biochemistry,

Jenjamine, ., and Gellhorn, A., (1968) Proc. Hatl,

)

Acad., Bei., U3., 59, 26

Platz, R.D., Zish, V.., and Kleinsnith, L.J., (1970)

iacGillivray, A.J., Carroll, D., and Paul, J., (1971)
PERS Lett., .13, 204

Yleinsmith, T.J., Heidema, J., and Carroll, A., (1970)
Nature, 226, 1025

spelsberg, T.C., znd inilica, L.S., (1970) Biochem. J.,

120, 435

Gilmour, R.3., and Paul, J., (1970) FibBJ Lett., 9, 242




~142-

30. leCerthy, B.J., and Church, Z.3., (1970) Ann. Rev.
3iochem. 29, 2138

1. Spelsberg, T.C., Steggles, AJd., O'ialley, B.W., (1971)
246, 4183

22. Soelsberg, T.C., Steggles, A.7., Chytil, F., and
0'Malley, B.W., (1972) J. Biol, Chen., 247, 1363

33, Tsai, 3.Y., Tsai, M.J., Schwartz, R., Lalinmne, I.,
Clark, J.J., and O'Nalley, 3B.V., (1975) Proc. Hatl.
fcad. Bei. US., 72, 4223

34, Huang, %.C.C., and Bonner, J., (1965) Proc. Nail.
Acad, 58i. US., 54, 360

*5. Bonner, J., Chalkley, 2.G., Dahmus, J., Fambrough, D.,

Mujimura, f., iuengs, 2.0.C., fuberman, J., Jensen, .,

I

Farushige, %., Ohlenbusch, Z,, Olivera, B.ll., and

Widholm, J., (1968) Ilethods in sanzymology, 12Db.

-

Lcedemic Press, ilew Yorlk,
26. Jacobson, Hei., and Bonner, J., (1968) 3iockem. Biophys.
iteg, Commun., 23, 710
37, Dahmus, Ii., and ilcConnell, D., (1969) Siochemistry,
3, 1524
28, lizyfield, J.%., and Bonner, J., (1971) Proc. Hatl.
Acad. Sei. US., 63, 2652
29, iHolmes, U., and Bonner, J., (197%) 3iochemistry, 12, 2320
40, Tunis-Scheider, J.J.B., and ilzesire, T.7., (1270)
J. ol. Biol., 52, 521

41, Davis, D.i., (1L967) Ann, Rev. Diochem., 36, 221

42. iatson, J.D., and Crick, M.I1I.C., (1952) Nature, 171, 964




-143-

3. Arnott, S., (L970) Progr. Biovhys. fol. Biol., 21, 267

44, Tuan, D.Y.H., &nd Bonner, J., (1969) J. kiol. Btol.,
45, 59

45, Bradbury, Deiie, Crane—Robison, Cey GOldman, H., Rattle,
H.W.B., and 3tephens, R.. (1967) J. Mol. 3iol. 29,
507

46, Shinh, T.Y., and Fasman, G.D., (1971) 3iochemistry 10,
1675

7. Adler, A.J., and Pasman, G.D., (1971) J. Phys. Chem.

75, 1516

4%, TLerffal, ILi., Hwan, J.C., Li, H.J., and 3hin, T.Y.,
€1974) Biochemistry, 12, 1116

49, Hwan, J.C., Leffak, I.i., Li, T.J., Hveng, PC., and
iure, ., (1975) Biochemistry, 14, 1390

50, Ternmogorov, V.l., Debabov, V.G., Sladiova, I.A.,
Hebéntish, B.he, (1970) Biochim. 3ionhys. Acta, 199,
556

Simnson, 1.7., and Jober, H.i., (1970) Biochemistry,

\J1
l.__!
.

9, 102

52. Littau, V.C., Burdicl, C.J., Allfrey, V.G., and
liirsky, Aese, (196%) Proc. Natl, icad. Bci. US., 54,
1204

53, Qicnards, 3.0., Pardon, J.i., and Hirst, 3., (1970)
Biochenm. J., 117, 59

54, itichaerds, P.i., and Pardon, J.*., (1970) Bxpn. Cell Res.

62, 184




60.
61,
G2,

66.

69.

r]o‘

~144-

Olins A.L., and Olins, D.35., (1974) Science, 133, 220
D'Anna, J.A., and Isenberg, I., (1974) Biochemistry,

12, 4987 and 4992

Weintraub, H., and Van Lente, ¥ (1974) Proc. Natl, Lcad.

Sci. Us., J1, 4249
Baldwin, J.l., 3ogeley, P.G., Bradbury, &.!ll., and

Ibel, K., (1975) Hature, 253, 245

[l

Sober, H.A., Schlossman, 5.7., Yaron, 4., Latt,, S.h.,
end Hushizlky, G.#., (1966) Biochemistry, 5, 2608
Garroll, D., (1972) Biochemistry, 11, 421

Yu, Se, and Li, Z.J3., (1973) Bionolym. 12, 2777

Tinkgton, .F., and Li, H.J., (1974) Biochemistry, 13,

Santella, 2.M., and Li H.J., (1974) Biopoly. 12, 1909
Latt, avdBober, H.A., (1967) 3iochemistry 6, 32307
Leng, it., and Felsenfeld, G., (19656) Proc. Matl. Acad.
Seil US., 56, 1229

Shaniro, J.T., Stannard, 3.5., and rfelsenfeld, G.,
(1969) 2iochenmistry, 8, 237

ibid.

Oline, D.s., Oline, A.L., and von Hipnel, P.H., (1967)
J. lol, Biol. 24, 157

Lees, C.ii., and Von ilinnel, T.H., (1963) sBiochenistry,
T, 2480

Li, H.d., Changs, S., deiskonf, ., (1972) Biochem.

Biovhys, Res. Commun. 47, 537
: il




1.

T

~145-

3hih, T.Y., and Bonner, J., (1969) Biochim. Biophys.
Aeta, 182, 20

tenyin, S., Ph.D dissertation.

Li, H.J., and Bomner, J., (1971) Biochemistry, 10, 1461
Crothers, D.l., and Zimn, B.H., (1964) J. Ilol. Biol.

2, 1

Crothers, D.il., (1968) Biopolym. 6, 1391

Tsubio, If., Fatsui, X., and Teao, P.0.P. (1966) J. iol.
Biol. 15, 256

Ohlenbuch, {..l., Oivera, B.il., Tuen, D., and Davidson, K.
(1267) J. ¥ol. Biol. 25, 229

Li, ¥.J., (1972) Biopolym. 12, 237

lelson, R.C., snd Johnson, W.C. Jr., (1971) 3iochem.
Siovhye. Res. Commun. 41, 211

Green, G., and ahler, T.R., (1971) 3iochemistry, 10, 2200

Haynes, 1., Garrett, R.4., and Gratzner, W.3., (1970)

2, 4410
Chang, C., deisiop?, I., and Li, I.J., (1972) Biochemistry,

12, 3023

larmur, J. (1961) J. iol. Biol. 3, 201

e

Ivanov, Ve.l., iichenkova, L.s., Schyolkina, A.l0., end
Poletayev, 4.I., (1272) Bionolym., 12, 89

Schildkraut, C., and Lifson, S., (196%) Biopolym. 3, 195

—¢

Yu, 3., and Li, Y.J., subnitted.

Ansevin, A.T., nilica, L.3., Swelsberg, 7.C., and

ahn, S.L., (1971) Biochemistry 10, 4792




92.

O
'L.

)
=~
*

100,

101,

146

Li. H.J., Chang, C., Bvagelinou, Z., and Weiskonf, M.,
(1975) Bionolym. 14, 211

Pavl, J., and Zilmour, R.3., (1966) J. Hol. 3iol, 16, 242
3onner, J., Dahnus, li.8., Ffambrough, D., Huang, R.C.C.,
Jarushige, K., and Tuen, D.Y.H., (1968) Science, 153,

49

Li, HeJ., Chang, C., and Weiskonf, ., (1973) 3Biochemistry,
12, 1763

“anlon, S., Johnson, R.5., and Chan, 4., (1974)
Biochemistry, 12, 20063

Fanlon, 5., Lohnson, R.5., and Chan,i., (1974) 3iochemistry,
12, 2972

Li, HoJ., Chang, C., Weiskonf, ., Brand, 3., otter, A.,
(1574) Biomolym., 17, 649

Clarlz, R.J., and Felsenfeld, G., (1971) Nature Hew

Biology, 229, 101

Pirsky, 4.8., (1271) Proc. Hetl. Acad. 3ei., U3 68, 2945
Itzhaki, R.%., (1G71) 2iochem. J. 125, 221

lluang, R.C.C., Boaner, J., and kurray,i., (1964)

J. iiol, Biol. 8, 54

Bekhor, I., Kung, G.il., and Sonner, J., (1969) J. Lol.

Shih, T.Y., and Lake, 1.3., (1972) Biochemistry, 11, 4011
Bertley, J.A., and Chalkley, ., (1972) Biochemistry,

12, 428




~147-

102, Sheraga, [.A. Protein Structure (1961) ». 125.

Acad., Press, UY

103, Lvin, #., Konigsher, P., and Cole, D.R., (1270)
Biochem. J. 141, 289

104, Gterushige, K., and Dixon, G.H., (1971) J. 3iol. Chem
138, 5799

105. Poland, D., and Sheraga, H.A., (1966) J. C, em. Phys.
45, 1456

1056, Cohen, R.T., and Crothers, D.i., (1970) Biochemistry,
S, 2523

107. Brahanms, 5., and Ris, ., (1971) J. Zol, Bi0l. 55, 325

. and Wilkins, M.H.F., (1967)

Fl

108, Terdon, J.
2

s 508

Hature,

=
\J1

109, »olacow, I,.,, and Li, H.J., svbmitter

i_J
j=

110. Oudet, ., Cross-3ellard, and Chambon, 2., Cell, 4, 231

» 530
d

\J1

111, Crick, #.7.C., and Xlug, A., (1L975) ¥ature, 2

|

112, Li, H.d., "Chromatin 3tructure- 4 Model! vpresente
in ilolecular Biology of the liammalian Genetic Avnvaratus-—
Ite Relationshivn to Cencer, Aging and dedical Geneticss
fde P.0O.P, Tso, Associated Heientific Publishers.
In »nress.

113 Ven lolde, ¥.3., Sahasrabvddhe, C.G., and Shaw, 3.2.,
(1974) 1ucleic Acid Research, 1, 1579

114, Li, H.J., ¥Wickett, 2., Craig, A.ll., and Iscenberg, I.,
(1972) 3iopolym., 11, 275

115, Hornberg, t.U., (1974) science, 134, 363

116. Kornbers, 2.9., and Thomas, J.D., (1974) Science, 184, 365




~148~

117. liartison, H.G., and McCarthy, B.J., (1375) Biochemistry,
14, 1073
118. ILi,.H.J., (1975) Nuc. Acids Res. 2, 1275




