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ABSTRACT

Rat liver nuclei were digested very briefly by the Ca+2, Mg+
2

dependent Endogeneous Endonuclease. The digested chromatin was analyzed

using exponential sucrose gradients. By plotting the weight average

number of subunits released against digestion time, a slowing in the rate

of change of chromatin fragments was found in the region of around six

subunits. This suggested that the nucleosomes were possibly folded into

a chain of discrete superstructures, with 6 to 8 subunits per superbead,

and that the DNA between such superbeads was more susceptible to the

nuclease digestion than the linker DNA between the nucleosomes.

The confonnational state of DNA. in the native chromatin and its

subunits was analyzed by thermal denaturation and circular dichroism.

MOnophasic melting profiles were obtained for both the chromatin and its

subunits, suggesting that the electrostatic stabilization of the DNA by

the histones (HI, H2A, H2B, H3 and H4) was evenly distributed on the

chromatin and its subunits. The chromatin and its subunits showed

suppressed DNA ellipticities in their circular dichroism spectra. However,

upon assembly of the nucleosomes to form a chromatin fiber, the ellipticity

increased until the value of chromatin was achieved. Vle found that at

least 8 nucleosomes were required to give the ellipticity of the chromatin,

implying that the nucleosomes were possibly folded in an asymmetric

fashion.

An imidazole spin label (I~IDSL) was used to study the accessibility

and conformational state of tyrosines in both the nucleosome core particles

and histone core extracted from chicken erythrocytes. About 40% of the

tyrosines in the histone core can be labeled under nondenaturing conditions.
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However, less than 15% of the tyrosines in the nucleosome core particle

can be labeled even at 200- to 300-fold molar excess of IMDSL. Conforma

tional changes in the spin labeled histone core and nucleosome core

particles due to external perturbations, such as urea, NaCl, pH and tem

perature, were studied. The nucleosome core was nnre sensitive than the

histone core to urea denaturation. Several conformational transitions in

the labeled nucleosome core were observed in the range of 1 mM to 2. 5 M

NaCl. A small change was detected at 10 roM NaCl and three major trans i

tions were found between 0.1 Mto 0.6 M, 0.7 Mto 1.8 Mand 2 Mto 2.5 M

NaCl. The labeled nucleosome core particle appeared to be unaffected

by changes of pH in the range of 4.5 < pH < 9.5. A thermal denaturation

profile, obtained by the ESR method, showed that gradual confoTIIlational

changes occurred wi thin the inner histone core before the DNA melted.

The IOOde of reconstitution of nucleosorne core particles was studied.

A mixture of spin labeled histone cores and core DNA was reconstituted by

salt step-gradient dialysis. At each step of dialysis, the labeled

proteins were examined by ESR. It was found that the histone core bound

progressively to the DNA. in the range of 2 Mto 0.3 :M NaCl. Full associa

tion between histone core and DNA occurred when the ionic strength was

less than 0.3 M. The reconstituted nucleosome complexes, purified by

isokinetic sucrose gradients, were fOl.ll1d to have identical physical

properties as the native particle.

The role of tyrosines in the reassociation process for the nucleosome

core was also investigated. It was fotmd that spin labeling the surface

tyrosines on the histone core did not interfere with proper reassociation

of the nucleosome core complex. However, when "buried" tyrosines in the

histone core were exposed by urea tr eatment and then spin labeled with



IMDSL, additional histone-DNA complexes were formed with properties

different from those of native nucleosome cores. This suggests that

SOIre of the "buried" tyrosines are essential for the specific histone

histone interactions leading to the histone core structure.

vi
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I . INTRODOCTION

(A). BACKGROUND

The term chromatin was first introduced by Flennning in 1882

to describe the basic staining material in the eukaryotic cell nucleus.

Chromatin, currently, is thus the diffuse interphase form of the eukary

otic chromosome. It is a complex consisting in addition to DNA, of

about an equal weight of histones, a variable amount of highly hetero

geneous nonhistone proteins and small amounts of RNA (1,2,3).

(1) Components of chromatin

(a) Nucleic Acids

(i) DNA

DNA contains the genetic infonnation of

the cell. A typical cell contains an amount of DNA roughly 1 m long,

somehow folded into a nucleus about 10-3 em in diameter. It was found

that while all of the different kinds of cells in an eukaryotic organism

contain the same nuclear DNA, only a small fraction of that DNA is

transcribed in any given tissue (4).

DNA in aqueous solution exists primarily

in the B-conforrnation, which is one of the several double-helicle states

of DNA. However, in chromatin, some segments of DNA are found to exist

in the C-confonnation (46). Dimensions of DNA in different confonna

tions in solutions are given in Table I (5).

(ii) RNA

Various amounts of RNA are found in the

isolated chromatin. Bonner, et. al. (6) first reported the existence of

chromosomal RNA, which recently was shown to be derived from the high

molecular weight nuclear heterogeneous RNA (HnRNA) (7).



TABLE 1

Dimensions of the Different Forms of DNA

Conformation Salt Residue Pitch Translation Angle between Dihedral
turn turn helical axis angle between

and plane of base plane
basis

A

75% r.h. Na 11 28.15 2.55 20 16

B

92% r.h.

B

66% r.h.

C

Na

Li

Li

10

10

9.3

34.6

33.7

31

3.46

3.37

3.32

2

6

5

10

N



3

The chromosomal RNA. is about 40 to 60 base-pairs long, and contains

5-10% of dihydroxypyrimidine in addition to the common bases (8). It

hybridizes to native DNA sequences and is species and tissue specific (9,10).

(b) Histones

Histones are basic proteins that comprise the

major protein component of the chromosomes of higher plants and animals

(for a recent review, see 11). In virtually all the eukaryotic organ

isms studied, chromosomes have been found to contain a weight ratio of

histone to DNA that is close to 1:1. There are five main histones all

containing 25% to 30% of the basic amino acids. Lower eukaryotics, such

as yeasts and some protozoa, appear to have different histone composition,

for example, yeast has neither HI nor H3 (1,2,11).

Characterization and nomenclature of his tones

are given in Table 2 (1,11-14).

The complete amino acid sequences of several

histones have been determined (11,12) and are given in the Appendix-I.

It is interesting to note that with the exception of HI, all the other

four his tones have basic residues concentrated in the N-terminal region,

with a secondary basic cluster at the C-terminal; the intermediate

region is dominated by hydrophobic and acidic amino acid residues.

There is no tryptophan in any of the histones, and only one or two cysteines

in H3. The arginine rich histones (H3,H4) are the most conserved in pri

mary sequence from species to species. It 1S found that there are only

two residues different in H4 from calf thymus and pea. Histone H3 as

well as HZA, H2B are also highly conserved. HI (and HS in chicken) is

the longest histone and shows heterogeneity not only in the sequences

of the subfractions isolated from the same origin but also when different



TABLE 2

Characterization and Nomenclature of Histones

Main histone Ciba Sym.
(current)

Gordon John W. Proposed Milecular wt Mole%
lys Arg

Total
Residues

lysine rich HI KAP Fl la 21,000 24.8 2.6 215
Ib

slightly
lysine rich H2A ALK F2a2 IIbl 14,004 16 6.4 129

H2B KSA F2b IIh2 13,774 10.9 9.3 125

arginine rich H3 ARK F3 III 15,324 9.6 13.3 135
H4 GRK F2a1 IV 11,282 10.8 13.7 102

other histones

unique lysine

rich histone from H5 KAS F2c V 17,000

nucleated

erythrocytes

lysine rich H6 AKP T

.p.
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species are compared (11,12). MOst of the basic residues are clustered

at the carboxyl half of the molecule. It is found that HI is very prone

to proteolysis and phosphorylation. The charge distributions of the

five histones at pH 7.0 are given in appendix-II.

Because of their particular primary structures,

the hydrophobic regions of the histones HZA, H2B, H3 and H4 appear to

interact strongly with each other forming some kind of particulate

structure within the chromatin while the N-terminal regions interact

ionically with DNA. This will be discussed in more detail later.

The lack of diversity of the histones makes

them poor candidates for the specificity element in control of tran

scription of chromatin DNA, although they still remain as important

candidates for the role of general repressor initially suggested by

Stedman and Stedman (15).

(c) Nonhistone Proteins

Nonhistone proteins comprise 50% or more of the

chromosomal mass. In contrast to histones, ths nonhistone proteins are

extremely heterogeneous and include in all probability proteins ranging

from structural to metabolically active types, like DNA polymerase. The

nonhistone proteins are heterogeneous with respect to their molecular

weights and isoelectric points; the molecular weight ranging from 15,000

to over 100,000 daltons (16), and the isoelectric points, as measured

by isoelectric focusing, range from 2 to above 9.0 (17). Amino acid

analysis which does not distinguish between acids and arnides indi-

cates that these proteins are largely acidic, so they are sometimes

known as nuclear acidic proteins. Comparison of nonhistone proteins

prepared from different sources shows quantitative and qualitative
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species and tissue specificity (2,18,19,20).

(2) Current structural models for chromatin

The earlier regular (21) or irregular (22) supercoil

model of chromatin structure is outdated by the current and well sup

ported beads-on-a-string-like subunit structure of chromatin (1-3,23,

24). The former model was based on the low-angle X-ray diffraction

studies of chromatin fibers and gels. The diffraction pattern showed

rings at about 110, 55, 38, 26 and 22~. It was then proposed that this

110-22 ~ set are successive orders of reflection from a supercoil of

double helical DNA having 100 ~ diameter and 120 ~ pitch (21,22). How

ever, this supercoil model can only account for the rnA. compact packing

in the chromosome and it does not say anything about the contribution of

the histones "to the structural integrity of chromatin. The X-ray dif

fraction data were not sufficient to support this model.

The subunit structure (nucleosome) model envisioned a

periodic repeating structure of histone-DNA complex along the DNA fiber,

suggesting that the first level of INA compaction in chromatin and nuclei

is by wrapping of DNA about a histone core. This model has been well

supported by nuclease digestion (27,28), electron microscopy (39-44),

low-angle X-ray diffraction, neutron scattering (49-52), and histone

interaction studies (57-64). This evidence supported a model of chroma

tin structure based on a repeating unit about 100 ~ in diameter, com

prising eight histones (two of each H2A, HZE, H3 and H4) surrounded by

150-200 base pairs of DNA.

(a) Nuclease Digestion Studies

In 1970, Williamson observed that DNA isolated

from the cytoplasm of mouse embryonic Liver cells after culture resembles
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nuclear DNA and occurs in fragments of discrete size, each being a

multiple of a unit molecular weight of approximately 135,000; but they

claimed that this may be an artifact and suggested that the isolated

cytoplasmic INA is a degradation product of nuclear INA. (25). In 1971,

Clark and Felsenfeld found that only about 50% of the INA. in calf

thymus chromatin could be readily digested by Staphylococcal Nuclease

(26). They interpreted that histones are not evenly distributed in

chromatin; about half of the DNA is "open" and not covered. by proteins.

Until 1973, Hewish and Burgoyne (27) correctly identified a series of

discrete size DNA fragments as the result of nuclear autolysis. By

digesting chromatin with a Ca-Mg dependent Endogeneous Endonuclease of

rat liver nuclei, they showed that the INA. was released in a set of

discrete sizes, which appeared to be integral multiples of about 200

base pairs in length. Digestion of free INA with the same endonuclease

failed to give such discrete sizes. Their data significantly indicated

that DNA was structured within chromatin so as to provide regularly

repeating sites of enhanced accessibility to nucleases. Noll (28) later

improved and confirmed this repeating structure of chromatin by using

the exogenous Staphylococcal nuclease. Since then, such periodic

repeating structures of chromatin have been observed in a broad range

of eukaryotic cells, such as rat liver (27,28), calf thymus (29), trout

testes (30), duck erythrocyte (31), pea (32), yeast (33), sea urchin

sperm (34), cells grown in culture (35), aspergillus (36), etc. (for a

review, see 3).

It is found that the chromatin appears to be

first cut into multimers and monomers (nucleosomes) which contain a

histone core (two each of the four histones HZA, H2B, H3 and H4) com-
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plexed with a repeat length of about 200 base pairs of DNA. Further

digestion of the nucleosornes yields the nucleosome core particles

containing the histone core and a constant 140 base-pairs of DNA (37,38).

The nucleosome core particles are connected in close apposition by DNA

linkers, which vary in length (depending on the cell type), forming a

continuous chromatin fiber. Histone HI (and H5) is found to be asso-

ciated with the linker DNA and is involved in maintaining and generating

higher order chromatin structures (3,23,24).

(b) Electron Microscopy Studies

In 1973, Woodcock (39) and Olins ' group (40)

separately reported the "string of beads" chromatin structure in elec

tron microscopy studies. Glins and Glins (40,41) coined the term "nu"

bodies (~-bodies) for the spheroid chromatin units. They found linear

arrays of spherical chromatin particles about 70 ~ in diameter, close
o

packed or connected by 15 A diameter 'strings' appeared to be the major

structural mit of the formaldehyde fixed chromatin. They have esti

mated an approximate molecular weight of 160,000 per body with an equal

weight for both DNA and proteins associated. Later) Senior ar.d the

Glins (42) showed that extensive sonication of formaldehyde fixed

chromatin yielded a subpopulation consisting of homogeneous V-bodies of

molecular wt 300,000 with 200 base-pairs of DNA ~~d about an equal

weight of histones. Oudet and Chambon (43) found the same re sul t namely

that chromatin is composed of a flexible chain of spherical particles,
o

about 125 A in diameter, connected and packed closely by DNA filaments.

They renamed the Y'- body or the PS particles as "Nucleosome". However,

Kornberg's group (44) and Varshavsky's group (45) who have observed the

same result but indicated that the native structure of chromatin to be
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a closely packed fiber. Van Holde's group (46) confirmed the structural

similarities between the nucleosomes and the PS particles. But it is

clear that the mononucleosome is larger than their 'PS' particle.

Several investigators (40,46,47,48) favored the existence of the spacer

regions between the nucleosomes. They suggested that very mild diges

tion or sonication will break the chromatin fibers randomly in the

spacer regions; the first mononucleosomes to be produced will then

contain 150-200 base-pairs of DNA. Further degradation of the exposed

DNA tails will give the ultimate PS particles or the nucleosome core

particle with 140 base-pairs DNA. However, several other investigators

(3,44,45) insisted that the nuclease accessible DNA is not a spacer but

a linker and is not physically extended.

(c) X-Ray and Neutron Scattering Studies

Earlier studies of chromatin by X-ray diffrac

tion (21,22) lead to the proposal of a regular or irregular "super-coil"

model. But such data were insufficient to support the validity of such a

model. In 1974, Kornberg and Thomas (49) applied the X-ray diffrac-

tion method on the reconstituted histone-rnA complex. They were able

to demonstrate that, except for Hl, all the other histones HZA, H2B, H3

and H4 are required for the generation of a normal diffraction pattern.
o

However, no refined analysis of the 110, 55, 37, 27, 22 A series were

provided. Bradbury's group (50) extended this work by using neutron scat-

tering which gives scattering patterns similar to X-ray patterns but pro

vides a more refined analysis of the data. By using the method of contrast

variation, (i.e. matching the scattering of the solvent ((D20/H2o)) with
o

that of either DNA or histone), they were able to show that the 110 A
000

and 37 A reflections come from the protein and that the 55 A and 27 A
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o
reflections arise from DNA. The 110 A peak which is concentration

dependent represents the basic repeat of the subunits along the chro

matin fibril. Later, Bradbury's group (~1) was able to show that this
o

110 A peak was slightly off the meridian of the oriented chromatin

fiber, suggesting a superhelical arrangement of the nucleosomes of
o 0

pitch 100 A and outer diameter of approximately 300 A; with about six

nucleosomes per turn of the chromatin fiber. Such results were consis-

tent with several recent biophysical studies (88,110), X-ray (52,53),

and electron microscopy data (54), suggesting a Solenoidal model for

superstructure in chromatin. In about the same period, Bradbury (55),

Richards and Pardon (56) using low-angle neutron scattering, tried to

measure the size and shape of the internal structure of the nucleosome.

They were able to propose a spherically averaged structure with most of
o

the histones closely packed into a core of radius 32 A surrounded by a
o

loosely packed ~\-rich shell of 20 A thickness resulting in a particle
o

of 5Z A average radius.

(d) Histone Interactions, Cross-linking and Recon-

stitution Studies

Histones interact with one another in specific

ways (49,57-64) and such interactions are very important in maintaining

the histone core structure in the chromatin. Using fluorescent aniso

topy and circular dichroism methods. Isenberg et. al. (see ref. in 57)

had shown that there are: three strong interactions leading to the for-

mation of two dimers, (HZA-H2B) and (H2B-H4), and one tetramer (H3-H4)Z;

two weak interactions, HZA-H4 and H2B-H3; and one intermediate inter

action, HZA-H3. The association constants for the histone cross-com-

plexing patterns in solution are shown in Table 3 (see ref. in 57-59).



TABLE 3

HISIDNES CROSS-CQ\1PLEXING IN SOLlJfION

H 3 H4 H2B H2A
STRONG WEAK INTERMEDIATE

( TETRAMER ) ( DIMER ) ( DItvD3R ) H3
21 -3 105 M-10.7 x 10 M

STRONG STRONG WEAK

( DlMER ) ( DIMER ) H4
106 M-l 4 x 104 M-1

WEAK STRONG STRONG

( DlMER ) H2B
- ----- 2 x 10 6 M-l

INTERMEDIATE WEAK STRONG

H2A

Note: The term dimer used in chromatin research only refers to a complex
of two different molecules. It is different from the conventional
definition for the dimer.

.......
f-l
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The HZA-H2B dimer and tile (H3-H4)2 tetramer were also found by several

other investigators (62,63,49,64). However, Weintraub et. ale (60)

found a heterotypic tetramer composing each of HZA, H2B, H3 and H4 from

chromatin, when treated in 2M NaCl.

Using different chemical cross -linking agents,

many laboratories have also found such histone complexes from chromatin,

nuclei or whole cells. For example, HZA-HZE, H2B-H4 were cross-linked

by formaldehyde, glutaraldehyde, dimethyl suberimidate, tetranitro

methane, and UV irradiation (65-69), while H3-H4 were cross-linked by

carbodiimide (70), glutaraldehyde, dimethyladipimidate (66) and dimethyl

suberimidate (67;, respectively. The cross-linked histone pairs in

chromatin are presented in Table 4.

It should be noticed that the tetrani tromethane ,

UV irradiation and carbodiimide are zero length cross-linkers, and such

cross-linking (for example, H2B-H4, HZA-H2B and H3-H4) implies that

these cross-linked histone pairs had previously been in contact, and

hence presumably interacting. Comparison of Table 3 and Table 4 clearly

shows that all the strongest interacting histone pairs (H3-H4, H2B-H4

and HZA-H2B) have been linked in chromatin by zero length linkers and

no other pairs have been so linked. Therefore, it suggests that the

histones which interact strongly in vitro are also in close proximity

to each other in the chromatin.

The highly conserved arginine rich histones

(H3,H4) may playa special role among the histone complexes. Camerini

Otero et. ale (73) showed that the H3-H4 tetramer largely determine the

organization of DNA into a subunit structure, judged by the periodicity

of nuclease-sensitive sites in the reconstituted DNA-histone complexes.
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Bosely et. al. (74) supported this observation by showing that the

reconstituted H3, H4 & INA complexes could give the typical small-angle
o 0

X-ray diffraction patterns, i.e. the 110 A - 22 A series. Oudet et. al.

(75) had also found that the reconstituted H3, H4 and DNA complexes

showed nucleosome-like particles in electron micrographs. Furthermore,

H3 and H4 appeared to be bound at the 5' and 3' ends of each DNA strand,

respectively, in the nucleosome core DNA, as shown by histone-DNA cross-

linking studies (76,77). Thus, it has been suggested that the conser-

vation in length of the core DNA (140 base-pairs) in the nucleosome core

particle, is due to the conservation in the structure of the histones

H3 and H4, while the variation in length of the linker INA is due to

variation in structure of HI, H2A and H2B (2,3,11,23,24).

Based on the above abundant data, two main

models proposed for the chromatin subunit (nucleosome) structures are

worth mentioning:

(i) Kornberg (3,49) proposed a structure in

which 200 base-pairs of DNA associated in some manner with a group of

nine histones molecules, comprising two each of H2A, H2B, H3 and H4,

and one HI molecule, to generate the bead or subunit structure. A

chromatin fiber consists of many such units forming a flexible jointed

chain. The unit is about 100 ~ in the fiber direction and about 90 A
in diameter, with DNA wrapping on the outside of the unit, and the his-

tone on the inside.

and HZA-H2B polymer.

The histones are arranged as an (H3)Z(H4)2 tetrarner

(ii) Van Holde and co-workers (38,46) favored

a model whereby 140 base-pairs of INA wrapping on a protein core formed

by two molecules each of HZA, HZB, H3 and H4 to form beads or subunits
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which are then separated by a 60 base-pairs spacer region. HI was

postulated to interact with the DNA of the spacer or interbead region.

The protein core is formed by the interactions (hydrophobic) of the

C-terminal halves of the histones, leaving the N-terminal regions free

to interact with DNA.

Some of the physical parameters of the

monomer subunits from the chicken erythrocyte have been characterized

by hydrodYnamic studies (37,38,94) and are shown in Table 5.

(B) STATEMFNT OF '!HE PROBLEM

The nucleosome, as a subunit structure for chromatin, is

now well established from morphological, biochemical and biophysical

studies (see Background). Most of the experimental data are best met

by a model of nucleosome core particle consisting of a central histone

core associated on its circumference with a supercoi1ed DNA dyad of

about 140 base-pairs. Recently, the X-ray diffraction pattern of the

nucleosome core particle crystals has been obtained and is shown to be

consistent with this model (78). The nuc1eosome core particle is
o

found to be roughly a disc-shaped particle of diameter 110 A with a
o

thickness of 57 A, somewhat wedge-shaped with the core DNA (140 base

pairs) being wrapped around the histone core into about 1 3/4 turns
o

of a flat superhelix with a pitch of about 28 A (78). These crystallo-

graphic dimensions are in good agreement with those determined by

electron microscopic techniques (79) and with those of the model

proposed on the basis of neutron-scattering and X-ray scattering data
o

(80,81). However, the present X-ray crystallographic data with a 25 A

resolution (78), do not give definite conclusions concerning the



TABLE 5

Physical Properties of Chicken erythrocyte core particles

Sedimentation coefficient, S20 w
)

Partial specific volume, v

Extinction coefficient, E( lcm )
mg.ml

Molecular weight

Composition, gmprotein/gm DNA

Effective diameter in solution

DZO w,

fIfo

alb prolate axial ratio

alb oblate axial ratio

11. 45

3
0.68 cm Igm

-1 -19.3 mg 1m

208,000 .:!:. 10,000

1. 25

o
106A

3.9F

1. 44

8.2 - 8.7

9.7 - 10.3

I-'
0\
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Fig. 1 Model of Nucleosome Core Particle

(A) Representation of 1 3/4 turns of the 140 base

pairs DNA superhelix proposed for the nucleosome core

with 80 base pairs per turn. Numbering is from the 5'

end of one strand.

(B) Shaded areas represent groups of sites of low

or medium cutting frequency by DNase I. The arrow in

dicates the dyad axis. * means high frequency DNase I

cutting.

Adapted from Finch et al (78).
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organization of the inner histone core. The internal architecture of

the nucleosome is not well understood. The exact path followed by the

INA. in the core is still unknown. The evidence that the core DNA is

accessible to cleavage by DNase I at intervals of 10 nucleotides along

both stands (82-84), suggests that the enzyme either cuts at points

on smoothly bent INA (non-kinked model) which are 'maximally exposed'

(85) or at 'kinks' in the DNA where the structure is distorted (86,87).

Furthermore, it has been found that the DNase I sensitive sites are not

equally frequent every 10 bases (82-84), and it has been assumed that the

frequency of cutting reflects differential protection of different

tracts of the DNA by the histone interactions. Based on the X-ray

crystallographic data (78) and the DNase I digestion studies (82-84),

Finch et. al. (78) has proposed a more refined model for the nucleosome

core particle structure, and this is shown in Figure 1.

Although a detailed structure of the nucleosome will

probably eventually be solved by high-resolution X-ray diffraction

methods, until such time, it is still worthwhi.Ie to study the DNA

histone and histone-histone interactions within the nucleosome, using

indirect methods which will provide additional information on the

nucleosome structure. The overall aim of this research project is to

study such interactions in the nucleosome and in the reconstituted

histone-DNA complexes by several physical, biochemical methods, namely,

nuclease digestion, sedimentation, circular dichroism, thermal

denaturation and ESR spin labeling. The specific aims are:

(a) to characterize the conformational state of

DNA in native chromatin and in its subunits,

(b) to analyze the distribution of the digested



products at the early stage of endonuclease digestion,

(c) to study the accessibility and conformational

state of specific tyrosine residues in the nucleosome core particles

and in the histone core,

(d) to study the conformational changes of the

nucleosome and histone core due to perturbations, and

(e) to establish the role of tyrosine residues in

the reconstitution of nucleosome complex.

20



II. METHODS AND EXPERIME1'ITAL PROCEDURES

(A) . MATERIALS

Commercial material

Acetic Acid, Glacial

Acetone

Acrylamide

Agarose

Bio-Gel HI'P

Bis-acrylamide

Ammonium Persulfate

Bovine Albumin

I-Butanol

Calcium Chloride

Calf thymus DNA

Calf thymus histones

Citric Acid

Coomassie Brilliant Blue

Chloroform

Disodium-ethylene-dinitrilo-tetraacetic

Acid (EDTA)

Ethnol

Ethylene-glycol-bis ( -aminoethylether)

N, N'-tetraacetic Acid, (EGTA)

Ethidium Bromide

Floin Ciocalteau phenol reagent

Glycine

21

Supplier

Mallinckrodt

Mallinckrodt

Bio-Rad

Bio-Bad

Bio-Rad

Bio-Rad

Bio-Rad

Sigma

Baker

Baker

Sigma

Sigma

Mallinckrodt

Sigma

Mallinckrodt

Sigma

Commercial Solvents

Corp.

Sigma

Sigma

Sigma

Bio-Rad



Hydrochloric acid

Magnesium Chloride

2-Mercaptoethanol

Nonidet P40

N-acetylimidazole

Nuclease, Micrococcal

Phenylmethyl Sulfonyl fluoride, (PIvSF)

n-Propanol

Potassiun Chloride

Potassium phosphate, mono &dibasic

Potassium sodium Tartrate

Sodium Chloride

Sucrose

Spermidine

Sephadex G-2S, fine

Sephadex G-IOO

Sodium carbonate

Sodium Lauryl Sulfate, SDS

Sodium Hydroxide

1EMED

Trizma Base

Urea

B & A

Mallinckrodt

Aldrich

BOH

Aldrich

Worthington

Sigma

Mallinckrodt

Mallinckrodt

Mallinckrodt

Mallinckrodt

Mallinckrodt

M:B

Sigma

Sigma

Sigma

Phannacia

Pharmacia

Sigma

Sigma

Sigma

Bio-Rad

Sigma

Sigma & Bio-Rad

22
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(B) PREPARATION OF NUCLEAR COMPONENTS

(1) Tissues

(a) Calf Thymus

Commercial Calf Thymus DNA, whole histones and

histone fractions were purchased from Sigma Chemical Company.

(b) Livers

Livers from freshly killed adult rats were used

immediately for nuclei extraction.

(c) Chicken Erythrocyte

Chicken blood was collected from freshly exsan-

guinated white chickens (courtesy of State Poultry Processors, Inc.,

Honolulu, Hawaii).

(2) Nuclei

(a) Small Scale

Rat liver nuclei were extracted according to the

procedures of Hewish and Burgoyne (27) with some modifications. Fresh

livers (60 gm to 120 gm) were homogenized rapidly in at least 8 ml of

Buffer B-l/gm of liver. The homogenate was filtered through four

layers of gauze and was centrifuged at 6,000 rpm for 15 minutes. The

pellets were resuspended in Buffer-B2 (one half volume of B-1) and

centrifuged at 12,000 rpm for 15 minutes. The nuclear pellets were

resuspended in at least 8 volumes of Buffer C, layered on 12 ml of the

same buffer and centrifuged at 27,000 rpm for 90 minutes. The nuclear

pellets were washed twice in Buffer D ~nd resuspended in the same buffer

at a concentration of 1.5 to 2xl08 nuclei/ml. The white nuclei were used

immediately for chromatin extraction or were frozen at -80oC for later

use. Usually, nuclei were well preserved with very minor cytoplasmic
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contamination as checked by light microscopy.

BUFFER COMPOSITION

Buffer A:

Buffer B-1:

Buffer B-2:

Buffer C:

Buffer D:

60 roM KCl; 15 mM NaCl, 0.5 mM Spermidine, 15 mM

Tris-HCl, 15 roM s-Mercaptoethanol, pH 7.4

(titrate with HCl) .

0.34 MSucrose, 2 mM EDTA, 0.5 roM EGTA, in

Buffer A.

1.37 MSucrose, 1 mM EDTA, 0.25 mM EGTA, in

Buffer A.

2.4 MSucrose, 0.1 mM EDTA, 0.1 mM EGTA, in

Buffer A.

0.34 MSucrose, 0.1 mM EDTA, 0.1 mM EGTA, in

Buffer A.

(b) Large Scale

Large qua~tities of chicken erYthrocyte nuclei

were extracted according to the method of 01ins et. al. (94). Blood was

collected from eight freshly exsanguinated chickens. One tenth volume

of anticoagulant citrate dextrose was added. The blood was filtered

through four layers of gauze, diluted with one half volume of STM

Buffer, and centrifuged at 6,000 rpm for 15 minutes. The loose erythro

cyte pellet was suspended in 1,500 ml of STMN Buffer, stirred with a

magnetic bar for 10 minutes, and centrifuged at 6,000 rpm for 15 minutes;

the entire washing cycle was repeated three more times. The resulting

nuclear pellets were diluted to a concentration of lxl09 nuclei/ml in

S~W Buffer, and were used immediately for nucleosome extraction or were
ofrozen at -80 C for later use.
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BUFFER COMPOSITION

Buffer STM: 10 roM NaCl, 10 roM Tris-HCl, 3 rnM MgC12' pH 7.4

Buffer STMN: 10 roM NaCl, 10 rnM Tris-HCl, 3 mM MgC12, 0.5%

Nonidet P40, pH 7.4

(3) Chromatin

Nuclei were digested with Ca+ 2, +2
endo-Mg dependent

geneous endonuclease or with Micrococcal Nuclease (Worthington), accord-

ing to Hewish (27) and Noll (28), with minor modifications. 0.2 roM

phenylmethyl sulfonylfluoride (PM5F) was present at all times during

isolation and digestion of the nuclei.

(a) Very brief digestion

To extract large segments of native chromatin,

low units of nuclease and short digestion time was used. Rat liver

nuclei were suspended in Buffer D at 1. 5 to 2xl08 nuclei/role The

nuclear solution was made 1 m~ CaCl2 and incubated at 370C for 5 minutes.

15 U/ml of micrococcal nuclease was added. The digestion was stopped

20 seconds later by adding I mM EllA and chilled quickly on ice. The

nuclei were then sedimented at 2000xg for five minutes, yielding a

pellet of nuclei and a first supernatant. The pellet was lysed by

resuspending in 0.2 mM EDTA, 0.2 mM PIvlSF (Phenyl methyl Sulfonyl Fluoride),

pH 7.0. The suspension was sedimented at 2000xg for two minutes and the

chromatin was recovered in the supernatant; the yield was estimated by

measuring the absorbance at 260 nm.

(b) Mild digestion

To get a distribution of monomers, and multimers,

a higher nuclease concentration and digestion time were used (44). The

digestion condition was the same as (a) except that the concentration of
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nuclease is about 200 to 300 U/ml, and digestion time varied from 30

seconds to 5 minutes.

(c) Digestion by rat liver nuclear endogeneous

endonuclease

Digestion conditions were as described by Hewish

and Burgoyne (27), with some modifications. Rat liver nuclei were resus

pended in Buffer D at a concentration of 1.5 to 2xl08 nuclei/mI. The solu

tion was made 1 mM CaClZ and incubated at 370C for 5 minutes. Digestion

was activated by adding a final concentration of 10 TIM MgC12 to the

incubated nuclear solution. Digestion time was varied from 2!z minutes

to 6 hours and the reaction was terminated by adding 4 mI of O. 02M K

Phosphate buffer with 5 mM EDTA, pH 7.5, and chilled quickly on ice for

2 minutes. The suspension was centrifuged at 2,300 rpm for 5 minutes,

yielding the first supernatant and the digested nuclear pellet. The

pellet was lyzed with 0.2 mM EDTA and 0.2 mM PMSF, pH 7.0, for 5 minutes

and centrifuged at I, 300 rpm for 2 minutes. The supernatant was saved

and its absorbance was measured at 260 run.

(d) Fractionation of monomers, dimers, and multi-

mers by isokinetic sucrose gradients

The isokinetic sucrose gradients were prepared

according to Lawrence et. al. (88). One to two ml of the mild digested

chromatin (A260 = 30 to SO/mI) was layered on the preformed isokinetic

sucrose gradients in the nitrocellulose tubes and ultracentrifuged at

27,000 rpm for 20 hours in a Beckman SW27 Rotor.

Fifty fractions of 20 drops each were collected

per lot by a Gilson fractionator and its absorbance was measured at

260 run with a Beckman 25 Spectrophotometer. Fractions corresponding to
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the three highest optical density values of each peak were pooled and

extensively dialyzed against 1 ~1 NaCl, 0.2 mM EDTA, pH 7.0.

(4) Nucleosome core particles

HI and H5 depleted chromatin was prepared from the

chicken erYthrocyte nuclei according to Tatchell and Van Holde (89) with

minor modifications. The chromatin was digested at 37°C with 50 Il/ml

micrococcal nuclease 0~orthington), according to Noll (28) for 3 hours.

The limited digested chromatin was centrifuged through 5-25% isokinetic

sucrose gradients according to Lawrence et. al. (88), in an ~v27 Rotor.

The monomer fractions were pooled and dialyzed against 10 roM Tris Hel,
o2 mM EDTA, pH 7.2, at 4 C.

(5) DNA

INA was extracted according to Noll et. al. (90) from

commercial calf thymus, native chromatin and fractionated subunits by

making them in 2 MNaCl, 1% SDS and extracted twice with a chloform-

isoamyl alcohol (24:1) mixture. The aqueous phases were dialyzed

against water overnight and lyophylzed or dialyzed against the desired

buffer.

(6) Histones

(a) \~ole histones

Histones from chromatin and its subunits were

extracted with 0.25 N HCl according to Johns (91). The precipitated DNA

was removed by centrifugation at 10, 000 rpm for 20 minutes. The

supernatants were re-extracted with 0.25 N HCl and centrifuged again for

20 minutes. The combined supernatants were dialyzed overnight against

water and lyophylzed.
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(b) Histone cores

The procedure of Tatchell and Van Holde (89) was

also used to isolate histone cores from the H2 and H5 depleted chroma

tin. The chromatin solution in 2 MNaCl, 10 roM Tris HCl, 0.2 TIM EllA,

pH 7.2, was centrifuged at 50,000 rpm for 8 hours with an Ti 50.2 Rotor

to pellet the DNA. away from the histone cores. The supernatant was

chromatographed through a Sephadex G-IOO column equilibrated with 2 M

NaCl, 10 roM Tris HCl, 0.2 rnM EillA, pH 7.2 and the histone core fractions

were pooled, concentrated with an Amicon ultrafiltration cell, and

dialyzed against 2 MNaCl, 10 roM Tris HCl, 0.2 roM EllA, pH 7.2.

(c) Histone pairs HZA + HlB and H3 + H4

Histone pairs HZA + H2B and H3 + H4 from chro

matin or spin labeled nucleosome were purified by hydroxylapatite

column according to Simon and Felsenfeld (92) with modifications.

Native or modified chromatin was dialyzed overnight at 4°C against 0.63

M KCl, 0.1 Mpotassit.nn phosphate, pH 6.7. An amount of chromatin con

taining 5 mg of DNA was applied to a 2x18 em hydroxylapatite column that

had been equilibrated with the same buffer at 4°C. The column was then

washed with 120 m1 of the starting buffer while 40 fractions (containing

mainly HI and H5) were collected and the absorbance of fractions was

rreasured at 230 run and 260 run. The running buffer was then stepped to

0.93 M KCl, 0.1 Mpotassit.nn phosphate, pH 6.7, and 60 ml was washed

through the co.lumn. A single peak containing HZA + H2B was eluted.

Next 80 m1 of linear KCl gradient from 0.93 M to 1.2 M KCl, plus 0.1 M

potassiim phosphate pH 6.7 was run through the column, Another peak

containing H3 + H4 was eluted when 60 ml of 2 M KCl, 0.1 Mpotass ium

phosphate, pH 6.7 was run through the column. Finally, the buffer was
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changed to 0.5 Mpotassium phosphate, pH 6.7 and the protein-free DNA

was eluted from the column.

(C) BIOCHEMICAL METIIODS

(1) Kinetics of nuclease digestion

The kinetics of micrococcal nuclease digestion of DNA

in chromatin were followed by measuring the amount of DNA rendered acid

soluble. The conditions for activation and termination of nuclease

digestion on chromatin were the same as described in Chapter II, section

B, part 3 of this report. The acid soluble DNA was determined by the

addition of perchloric acid to 0.8 N to the first supernatant, followed

by chilling 10 minutes at OoC and centrifugation at 8000xg for 10 min

utes. The absorbance at 260 nm of this supernatant (which contains

mostly rnononucleotides and short oligonucleotides) was measured and

divided by a factor of 1.67 to correct for the hyperchromic effect (95).

(2) Gel-electrophoresis

Polyacrylamide gel electrophoresis of DNA extracted by

digested chromatin or fractionated subunits was carried out in 12 cm x

0.8 em diameter Plexiglass tubes, emploYing a Tris-acetate-EDTA (TAE)

buffer system, according to Leaning (96). 2.5% polyacrylamide and 0.5%

agarose TAE gels were used. ~X174 RF DNA-Hae III Digest (New England

Biolabs) was used as a standard to calibrate the DNA sizes. Histones

were analyzed by the polyacrylamide slab gels containing SDS method

of Laemmli (97), using running gels of 18% polyacrylamide.

(3) Concentration determination

Histone concentration was analyzed by the method of

Lowry et. al. (98), using calf thymus histones as standards. Extinc

tion coefficients used to determine the DNA and histone concentrations
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were: DNA, ~%em = 200 at 258 nm; histone core protein, Ei%em = 3,69

at 275.5 nm (99).

(4) Reconstitution of nucleosame core particles

Nucleosome cornplexeswere reconstituted from core DNA

and (native or spin labeled) histone core by salt step-gradient dialysis

method, according to Tatchell and Van Holde (89), with 4 hour steps of

~, 1.5M, l.~, 1.OM, 0.8M, 0.6M, 0.4M, O.~ NaCl and, finally, 2

changes of 10 mM Tris HCI, 0.2 JIM EDTA, pH 7.2 at 40C. At the end of

reconstitution, the material was first concentrated using either an

Amicon Ultrafiltration cell (Model 12 with a PM 10 membrane) or

Amicon Centriflo Membrane Cones (CF 25). The concentrate was then

~entrifuged through 5-20% isokinetic sucrose gradients according to

Lawrence et al. (88) in a Beckman SW27 Rotor at 27,000 rpm for 26 to 30

hours.

(D) BIOPHYSICAL METHODS

(1) Sedimentation Velocity

Sedimentation velocity experiments were performed on

a Beckman Model E Ultracentrifuge, equipped with a Schlieren optical

system, operating at 48,000 rpm with a temperature of 200C. All data

were corrected for temperatures and buffer effects to yield S20 values.. ,w

The concentration of the samples were kept at 2-3 mg/ml of DNA.

(2) Circular Dichroism

The CD spectra of the chromatin, its subunits, native

and spin labeled nucleosome core particles or reconstituted nucleosome

complexes were recorded at room temperature with a Cary 61 Spectropola

rimeter (88). The spectra were calculated, after correction for base

line deviation, in terms of ellipticity (deg-em2/decimole) on the basis
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of DNA concentration.

(3) Thermal Denaturation

Thermal melting profiles of the samples were recorded

with a Gilford Spectrophotometer (88), at a heating rate of O.2SoC/min.

Derivative curves were calculated and normalized by a linear least

square fit. The rnaterials were dialyzed against O. 2mM EDTA, pH 7.0,

prior to use in the thenna.l denaturation experiments.

(E) ESR SPIN LABELING STUDIES

(1) Preparation of Imidazole spin labels

The spin label, N-(2,2,S,S-Tetramethyl-3-carbonylpyr

rolidine-l-oxyl)-imidazole, (IMDSL) was synthesized by G. Bartolini of
o

IrN-8~~
"N~J A~.J<.

o
the Cancer Center of Hawaii, University of Hawaii, according to Adacka-

parayil and Smith (99). To O.SmM of N-(2,2,S,S-Tetramethyl-pYrrolidine

1-oxyl)-3-carboxylic acid suspended in 10 ml of dry benzene was added

O.SmM of N, N'-carbonyldiimidazole. The mixture was stirred 1.IDder N2
for 2 hours. The solvent was removed tnder a stream of nitrogen and the

residue crystallized twice from ether to give 68 mg (57%) of IMDSL:
o -1

mp 128-129 C; IR (KBr) 1730, 1242 em .

(2) Competition of N-acetylimidazole and spin labeled

imidazole

Histone core solutions were first reacted with varying

amo1.IDts of non spin-labeled N-acetylimidazole for 2 hours at room tem

perature. Then a constant amount of imidazole spin label was further

added to the previous reaction mixture; and the reaction was allowed to

proceed for another hour. Unreacted reagents were removed by exhaustive
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dialysis against 2M NaCl, 10 mM Tris HCl, 0.2 rnM EDTA, pH 7.2.

(3) Labeling of histone protein cores and nucleosome core

particles

Histone core solutions were labelled at 0.6 mg of

protein/ml in 2.0 MNaCl, 10 mM Tris HCl, 0.2 mM EDTA, pH 7.2, with

molar excesses of IMDSL to total tyrosine content. A stock solution of

IMDSL at 5 x 10-2Mwas prepared by dissolving the yellow IMDSL crystals

in dry Toluene. Appropriate fractions of the IMDSL stock solution were

carefully pipetted into test tubes and dried with N2. Histone core

solutions were then added quickly to the dried IMDSL crystals and

stirred gently with a magnetic stirrer. The reaction was allowed to

proceed for 2 hours at room temperature and 6 hours at 40C. Unreacted

LMDSL were removed by exhaustive. dialysis against 2 MNaCI, 10 mM

Tris HCI, 0.2 roM EDTA, pH 7.2 at 40C or by passage through a 1 x 30 em

column of Sephadex G-25, equilibrated with 2 MNaCl, 10 roM Tris HCI,

0.2 rnM EDTA, pH 7.2.

Nucleosome core particles were labeled in a same man-

ner, at a concentration of 0.2 mg of DNA/ml, in 10 roM Tris HCl, 0.2 mM

EDTA, pH 7.2, with molar excesses of IMDSL to total tyrosine content.

Unreacted or hydrolyzed spin labels were removed by exhaustive dialysis

or by passage through a 1 x 30 cm column of Sephadex G-25, equilibrated

with 10 rnM Tris Hel, 0.2 mM EDTA, pH 7.2.

(4) Labelling of nucleosome core particles in the presence

of NaCl

Nucleosome core particles were labeled in a same manner

except that the particles were previously partially denatured by dialysis

against 10 rnM Tris HCl, 0.2 rnM EDTA, pH 7.2, containing various amounts
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of NaCl. Unreacted reagents were removed by exhaustive dialysis against

10 JIM Tris HCl, 0.2 mM EDTA, pH 7.2, without NaCl.

(5) Urea and Ionic Effects on the spin labeled histone

core and nucleosome

A large quantity of histone cores were labeled with

molar excess of IMDSL. The unreacted IMDSL were removed by passing

through a 1 x 30 em colurrm of Sephadex G-2S. Usually, 20% of the tyro

syls were labeled. Fractions of 0.5 ml each of the spin labeled histone

cores were dialyzed against 250 ml of 10 mM Tris HCl, 0.2 m~ EDTA, pH

7.2, containing various amounts of Urea (1 Mto 10 Murea). After 12

hours dialysis at 4oC, the samples were taken for ESR measurement.

Nucleosome core particles in 10 roM Tris HCl, 0.2 JIM

EDTA, pH 7.2 were labeled in a similar manner. After the removal of the

unbound spin labels (usually 12% of the tyrosyls were labeled), fractions

of 0.5 ml each of the spin labeled nucleosome core were dialyzed either

in 250 ml of 10 JIM Tris HCl, 0.2 JIM EDTA, pH 7.2, containing various

amounts of Urea (1 M to 10 M), or in 500 ml of 10 m'v1 Tris HCl, 0.2 mM

EDTA, pH 7.2 containing various amounts of NaCl (0.5 rrM to 2.5 M). The

samples were taken for ESR measurement after 12 hours dialysis.

(6) Reconstitution of spin labeled nucleosome complexes

Native nucleosome core particles at 0.2 mg/ml of DNA

were dissociated by dialysis against 10 mM Tris HCl, 0.2 m~ EDTA, pH 7.2,

containing:

(a) 2 MNaCl,

(b) 2 MNaCl, 4 MUrea,

or (c) 2 MNaCl, 6 MUrea,

respectively, at 40C for more than 12 hours. Various amounts of molar
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excesses of IMDSL crystals were then added to the denatured nucleosome

solutions in corresponding buffers respectively. The reactions were
o

allowed to proceed for 2 hours at room temperature and 2 hours at 4 C.

The labeled mixtures were then reconstituted back by salt step-gradient

dialysis as described in Chapter II, section C, part 4, of this dis-

sertation. The final complexes were concentrated and centrifuged

through a preformed 5-20% isokinetic sucrose gradients in an SW27 Rotor

for 26 hours (88). Gradients were dripped from the bottom and fractions

were analyzed by circular dichroism, thermal denaturation and ESR for

their integrity of native structure. The denatured nucleosome solutions

in 2 MNaCl, 6 Murea, lGmM Tris HCl, 0.2 m~ EDTA, pH 7.2 were also

reacted with various amounts of non-spin-labeled N-acetylimidazole and

reconstituted back by salt step-gradient dialysis. The complexes were

fractionated by the 5-20% isokinetic sucrose gradients and analyzed for

nativity by sedimentation velocity, circular dichroism and thermal

denaturation experiments.

(7) ESR spectroscopy

ESR spectra were recorded at room temperature with a

Varian E4 ESR spectrometer operating at 9.5 GHz. Modulation amplitude

was set at 4 Gauss. The concentration of the bound spin labels (and

thus the concentration of the labeled tyrosine) was quantitated by dou

ble integration of the ESR spectra using the On-line V-72 Mini-Computer

equipped with software in CLASS for computational analysis and inter

faced to the ESR spectrometer. The spin lable, 2,2,6,6-tetramethyl-4

piperidinal-l··oxyl, (TB~OL), was used as the standard to calibrate the

bound spin concentration. For melting experiments, a Varian V-4540

Variable Temperature controller was used. The temperatures were cali

brated with a copper vs. constantan thermocouple.
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II1. RESULTS

(A) NUCLEASE DIGESTIONS OF NUCLEI

(1) ~ficrococcal Nuclease digestions of nuclei

The kinetics of micrococcal nuclease digestion of

DNA in rat liver nuclei were monitored by measuring the a~unt of DNA

rendered acid soluble. There is a fairly linear rise in acid-soluble

products and a limit is reached when 40% of the DNA has been digested,

as shown in Fig. 2. At various points in the digestion of the nuclei,

the digested products were analyzed by sedimentation on an isokinetic

sucrose gradient. Typical results are shown in Fig. 3a and 3b respec

tively. It can be seen that at the very early stage of digestion, the

chromatin has been cut into higher molecular weight multimers first.

As digestion proceeds, the smaller fragments are increased with the con

sumption of the larger fragments. Up to 8 resolvable fractions are

resolved on the isokinetic sucrose gradients for a typical 3 minute

digested product (Fig. 3b).

The use of an isokinetic sucrose gradient provides

better resolution than a simple linear gradient. It is especially

designed to keep the sedimentation rate (of particles of a given

density) constant throughout the length of the centrifuge tube. The

gradients are made in such a way that the linear increase in the

driving force acting on a particle ,ath increasing distance from the

center of the rotor is exactly compensated by an equivalent increase in

the opposing forces of viscous drag and buoyancy (100). We have used

the isokinetic sucrose gradients not just for preparative isolation

but also for sedimentation analysis of the digested chromatin products.

The constancy of nucleosome sedimentation rates in
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Fig. 2 Kinetics of Micrococcal Nuclease digestion
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Fig. 3 Fractionation Profile for the nuclease digested chromatin

30 sec.

- - - - 45 sec.

60 sec.

90 sec.

- - - 120 sec.

180 sec.

(B)

Rat liver nuclei were digested with 300 D/ml of Micrococcal

Nuclease for different length of time:

(A)
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the isokinetic sucrose gradients is tested by plotting the distance

travelled by the various nucleosomal species against the corresponding

sedimentation coefficients (So), a straight line is obtained, as shown

in Fig. 4. The sedimentation coefficients of the chromatin subunits

were obtained by Noll and Kornberg (95).

The size distribution of the DNA in the fractionated

chromatin subunits was analyzed by polyacrylamide gel electrophoresis

as shown in Fig. Sa, b. A straight line was obtained when the relative

mobilities of the bands were plotted against the logarithm of the number

of the corresponding subunits, as shown in Fig. 6, indicating that the

molecular weight of the DNA fragments in the mul timers is multiple of the

molecular weight of the smallest species (the monomers). The size of

the DNA in the mononucleosome was found to be 185 base-pairs in length,

when x 174 RF DNA-Hae III digest (New England Biolabs) was used as a

standard.

The histones from the subunits were analyzed by

18% po1yacrylamide-SDS gel electrophoresis. The electrophoresis

pattern of the rat histones is given in Fig. 7. All the histone

fractions (HI, HZA, H2B, H3 and H4) were present in equimolar amounts

in the subunits. The presence of the histone HI indicates that the

linker DNA in the mononucleosome or in the multimers has not been

extensively degraded.
+2 +2(2) Ca ,Mg dependent Endogeneous Endonuclease

digestions of rat liver nuclei

In order to analyze the distribution of the multi-

mers at the early stage of digestion, rat liver nuclei were digested

by the Ca+2 , Mg+2 dependent Endogeneous Endonuclease. Since there is
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Test for constancy of chromatin subunit

sedimentation rates in an isokinetic sucrose

gradient

Mobilities of chromatin subunit peaks determined from

Fig. 3 are plotted against the sedimentation coefficient

of the subunits.
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Fig. 5 Polyacrylamide gel electrophosesis for DNA

extracted from chromatin and its subunits

C: Chromatin

Cl: Monomer

CIs: Monomer

CZ: Dimer

C3: Trimer
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Fig. 6 Mobility of the DNA extracted from chromatin

subunits in the polyacrylamide gel

Number of chromatin subunits is plotted against the

distance traveled by the corresponding DNA fragment in

the polyacrylamide gel.



10
9
8
7
6

en 5t--z 4
::)
CD
::) 3en
LL.
0 2
0
z

46

o 2 4 6
MOBILITY (eM)

8 10



47

Fig. 7 18% polyacrylamide-SDS gel electrophoresis for

histones extracted from chromatin and its subunits

a) Chromatin

b) Monomer

c) Dimer

d) Trimer
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same amount of the Endogeneous Endonuclease present in the nuclei, the

only variables affecting the digestion will be the cations and the

time of digestion. Thus, results are more reproducible.

The time course of digestion of the rat liver

nuclei by the Endogeneous Endonuclease was analyzed by centrifuging

the digested products on the exponential or isokinetic sucrose gradients

as shown in Fig. Sa, b, c, d, respectively. It can be seen that the

time scale of digestion by ti)e Endogeneous Endonuclease is quite

different from that of the Exogeneous Micrococcal nuclease. This may

be due to differences in the nuclease concentration or in the specific

activities of the VNO nucleases. It is obvious that chromatin is cut

into smaller fragments, and finally into trimers, dimers and mostly

monomers; and eventually, into the monomer core particles, as the

limited digestion is reached.

When the large segments of the briefly digested

products were analyzed by centrifuging through the steeper exponential

sucrose gradients (non-isokinetics) a broad, Gaussian-like distribution

curve was obtained. This suggests that a homogeneous species is

dominant at each time interval of digestion. The weight average DNA

size in each broad peak was analyzed by agarose gel electrophoresis,

using the DNA fragments from the tetramer, trimer, dimer and monomer,

as the standards. When the weight average number of subunits is

plotted against the digestion time, a slowdown in the rate of change

of chromatin fragments in the region of around six subunits is observed,

as shown in Fig. 9. With longer digestion, the broad peak has shifted

to smaller fragments, and finally into resolvable components (Fig. Sd).

Comparing the digestion products from the Mrrcrococcal Nuclease and
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Fig. 8 Fractionation profiles for the rat liver
+2 +2

Chromatin digested by the Mg ,Ca dependent

endogeneous endonuclease

The briefly digested chromatin was centrifuged through

preformed different exponential or isokinetic sucrose

gradients in an SW27 rotor at 27000 rpm for 20 hours. The

absorbance for the fractions was monitored at A = 260 nm.

(A) 2.5 min. (B) 10 min.

------ 5 min. ------ 15 min.
_e_._._

7.5 min.

CC) 20 min. CD) 20 hr.

------- 30 min. ------ 3 hr.

_._._.- 40 min. -.-.-.- 4 hr.

__ e_••_ 6 hr.
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Fig. 9 Weight-Average Number of chromatin subunits vs.

Digestion time
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the Endogeneous Endonuclease, we see that the fractionation pattern of

the one-minute digestion by the Micrococcal Nuclease (Fig. 3a) is

very similar to a six-hours digestion by the Endogeneous Endonuclease

(Fig. 8d).

The observation of the slowing of the rate of change

of the digested chromatin fragments at about six subunits may suggest

that there is superstructural organization of the nucleosomes in the

chromatin. It is possible that the nucleosomes are somehow organized

into a chain of granular or knobby superstructures, with 6 to 8 subunits

per superbead. It can be that the DNA between such superbeads is more

susceptible to the Endogeneous Endonuclease than the linker DNA between

the smaller subunits. Thus, the nuclease first cuts between the super

beads, relaesing an average of 6 to 8-subunit fragments, or multiple

of these fragments; further digestion cuts between the subunits within

the superbeads; and limited digestion degrades the mononucleosomes into

the core particles of 140 base-pairs of DNA.

(B) CIRCULAR DICHROISM

Circular dichroism, the approach used in the present study

of the conformation of chromatin and its subunits, is particularly

advantageous in that the individual contributions of nuclei acids and

proteins to the observed circular dichroism spectrum are easily

separable due to differences in the wavelength of their absorptions.

The two requirements necessary for optical activity (circular dichroism)

are absorption and asynnnetry. The four main bases (thymine, cytos ine,

adenine and guanine) Ln the DNA are the basic chromophores responsible

for light absorption in the ultraviolet region. The main electronic

transitions responsible for these absorptions are the TI ~ n* and n ~ TI*
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transitions. It is the asymmetric helical arrangement of these base

pairs in the nucleic acid chain which plays the most significant role

in the CD spectra. MOre precisely, the circular dichroism of DNA is

the result of the interaction of electronic transition moments and

polarizabilities in one DNA base with bases asymrretrically arranged

above and below it in the helical structure of the DNA. Consequently,

the circular dichroism of any helical arrangement of a DNA polymer is

due directly to the distance and angle between the transition moments

and polarizabilities of any given base and bases above and below it in

the DNA strucuture in question.

There are three kinds of asymmetry for the chromophoric

moiety that can lead to circular dichroism (optical activity) in a

native protein. First, the polypeptide chain is made up of L-residues,

and the inherently asymmetry of the a carbons of the L-residues in the

primary structure of the protein constitutes one source of optical

activity. Second, the helical arrangement of residues in the secondary

structures of the protein results in optical activity for electronic

transitions either in the chain backbone or in helically arrayed side

groups. Third, an asymmetric distribution of charge or dipoles about a

chromophore, resulting from the rigid tertiary structure of a macro

rrolecule, can also provoke optical activity. The analyses of these

sources can be divided into two approaches depending on the nature of

the electronic transition. If the transitions have strong absorption

bands (e.g. ~ + ~* transition), i.e., large electric transition dipole

moments, rotational strength is derived in large measure from the

dynamic coupling with electric transition dipole moments in vicinal

chromophores. If the electronic transition in the inherently symmetric

chromophore is of low absorption intensity and contains a substantial
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magnetic transition dipole moment such as with n + ~* transitions,

(corresponding to promotion of lone-pair electron of the peptide

carbonyl oxygen atom into the ~-system), a large rotational strength

leading to strong optical activity is also derived. For example, in

a helical peptide, there are three observable Cotton effects in the

low ultraviolet: one, which is negative, comes from the n + ~*

transition, a second, also negative, from the first (parallel polarized)

limb of the ~ + ~11* transition, and a third, which is positive, from

the second (perpendicularly polarized) ~ + ~~ transition (101-107,168).

X-ray analysis of DNA has demonstrated three canonical

forms termed A, B, and C conformation (108). These forms differ in the

number of residues per turn, pitch, translation per residue, angle

between perpendicular to helical axis and bases, etc. (see Table I of

this dissertation). These various fonns can be obtained in oriented

fibers of DNA under specific conditions of ionic strength and relative

humidity. Under the same conditions, Tunis-Schneider and Maestre

(103) found that each of the A, B, and C forms of the DNA had

chFrRcteristic CD spectra: A form has a large positive peak at 270 nm

and a small negative band at 235 rum; B form has a positive peak at

280 nm and a negative but equal amphitude peak at 245 nm; while C form

has a very small positive band at 283 nm and two negative bands: one

being small and one very large, at 295 nm and 245 nm, respectively. It

is obvious that changes of the asymmetry of the DNA double strands

without destroying the base-pairing, that is, by tilting the bases

relative either to the vertical axis or to the horizontal axis, will

cause different transition moment interactions and consequently changes

in the CD spectra. Thus, if binding a protein to DNA causes a tighten

ing of the DNA helix, or causes a twisting of the base, i.e., a con-
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formational change, a different CD spectrum will be produced (103,105-

107).

The analysis of CD spectra of protein has traditionally been

based upon the standard circular dichroism arising from a protein or

polypeptide in known a-helix protein in B-pleated sheet or protein in

random coil configuration. The CD spectra of these three basic protein

conformations are easily distinguishable, since the a-helLx has two

negative troughs at 222 run and Z08 run and a positive peak at 191 run; the

a-pleated sheet has a negative band at Z17 rum and a positive peak at 195

run; while a random coil has a small positive peak at Z17 ron and a large

negative band at 197 run (104,105,107). Thus, the basic CD spectra of

rnA. in its various forms, plus the basic protein CD spectra of the known

secondary st.ruc tures , are available to interpret the spectra of chromatin

and its submits. However, the complex spectra of chromatin and nucleo-

some are not so easily unraveled into its component parts.

The circular dichroism spectra of mononucleosome, dimer,

trimer, tetramer, chromatin, and DNA extracted from the monomer, chroma-

tin or in the commercial calf thYmUS DNA are given in Fig. 10 and Fig. 11,

respectively. Purified calf thymus DNA shows a typical conservative CD

spectrum corresponding to the B form DNA, namely, it has a positive band

at Z75 TIm, a crossover point at Z57 TIm, and a negative band at Z45 TIm.

The positive ((8)Z75 = 8.8 x 103 deg-crnZ/decimole) and negative ((8)Z45

= -10 x 103 deg-crnZ/decirnole) bands in this spectrum are of approximately

the same intensity and is termed conservative. The DNA extracted from
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Fig. 10 Circular dichroism spectra at DNA band

••• • • Monomer,o 0 0 0 0 Dimer,i * i •• Timer,

A A A A A Tetramer, chromatin, • ••• DNA from

Monomer, D ss a DNA from chromatin, __ -- -- DNA from

Calf Thymus.
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Fig. 11

• • • •

Circular Dichroism spectra (320 nm to 210 nm)

Monomer, Dimer,~_. __ Trimer,

Tetramer,~__•__•• DNA from monomer.
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the mononucleosome or chromatin gives a similar conservative CD spectrum,

with (8)Z80 = 6 x 103 deg-crnZ/decirnole (8)247.5 = -8 x 10
3

deg-cm
2/deci

oole, and crossover point at 260 run. However, the CD spectra for chro

matin and its subunits show that DNA. in the presence of chromosomal

proteins is considerably altered relative to the purified rnA. in B form,

as shown in Fig. 10. The positive band of rnA. at Z80 run (6 x 103 deg-crnZ/

decimole) is reduced to 2.5 x 103 or 1.5 x 10
3

deg-crn2/decimole. A

small negative band is found at 295 run and the crossover point at 260 run

shows a red shift in the nucleosomes. The CD spectrum for the rnononucleo

somes is very similar to that for the purified rnA. in C conformation

(103). It is not yet known what structural changes of the DNA are re-

sponsible for the altered CD spectra of INA in the nucleosorne. Two

possibilities are that (i) there is a conformational change of DNA due

to the compact supercoiling of the DNA around the inner histone core or

(ii) that there is a dehydration of the DNA due to intimate contact with

the histones (109). When DNA is dissociated from the histone coil by

the addition of sodium chloride, the DNA CD spectrum returns to that of

purified DNA in B form, suggesting that it is the interaction between

DNA and the histone core which is responsible for the altered CD spec-

trum in the nucleosome or chromatin. Ionic effects will be discussed in

more detail later in this dissertation.

Upon assembly of the nucleosomes to form a chromatin fiber,

the ellipticity of the positive band at 280 run increases until the value

of chromatin is achieved. When the ellipticity, (8)p' at A = 280 run is

plotted against the number of subunits, as shown in Fig. 12, we find

that at least 8 nucleosomes are required to give the ellipticity of the

chromatin. It has been suggested. by us (88) and other investigators
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Fig. 12 Ellipticity at :\= 280 nm VS. number of chromatin

subunits
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(110) that the nucleosomes are probably assembled in an asymmetric

fashion, that is, a superhelical array, giving an enhanced ellipticity

in the chromatin. It is interesting to see, then, that the superhelical

folding of the DNA in the individual nucleosome gives rise to a CD con

tribution of opposite sense than that found for the superhelical assem

bling of nucleosomes in the chromatin fiber.

Histones in the chromatin or nucleosomes contain considera

ble secondary structures as shown in the circular dichroism spectra

(Fig. 11). Two negative troughs are found at 222 nm and 208 nm, this

suggests a high degree of ~-helical content in the histone core. No

accurate or actual amount of the a-helical content can be calculated

from the CD spectra due to the overlapping contributions from the INA

in the circular dichroism. However, recent laser Raman Spectroscopy

studies (111) show that chromatin or histone core contains approximately

50% a-helix, 40% random coil and 10% S-sheet.

(C) 1HERMAL DE.!'lATURATION

Thermal denaturation has been extensively used to study the

helix-coil transition in DNA, and as a tool to study the stability and

structure of DNA (112), the extent and strength of binding of DNA to

polypeptides and proteins (113), and as a probe of chromatin structure

(114,115). Both the principles and the applications of thermal denatu

ration to the study of chromatin structure have been reviewed recently

(116). In most of the studies, the thermal transition has been moni

tored by observing the increase in absorption (hyperchromicity) accom

panying the helix-to-coil transitions in DNA. A biphasic melting pro

file for nucleoprotein complex has been reported (89,112-116). It is

suggested that the first transition of the biphasic profiles obtained
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by the usual procedure is due to partial DNA strand separation in those

regions of the chromatin which become less well protected by his tones

during the heating process. The melting temperature for the second

transition of the biphasic profile for the chromatin is much higher than

tha t for purified DNA in the same buffer system.

The thermal stabilization of DNA within the chromatin

strongly reflects the partial neutralization of the negative charges on

the DNA backbone by the positive charges introduced by the histones.

Presumably, the close proximity of positive charges in the histones to

the negatively charged phosphates in the DNA reduces the usual electro

static repulsion between the two strands of the DNA double helix, so

that higher temperatures are required for the double strands to be

driven apart by thermal energy. It has been observed that the binding

of nonhistone proteins (acidic proteins) to the purified DNA contribute

little, if any, thermal stability to the DNA. (116). This suggests that

electrostatic interactions between histones and DNA usually are dominant

in the thermal stabilization. A similar influence of ionic strength of

solvent on stabilizing DNA against thermal denaturation has been report

ed (114). In fact, it has been found that the thermal stability of

native DNA in dilute sodium salts of various acids is a function of the

log of the sodium ion concentration, rather than the ionic strength of

the medium (117).

The normalized melting profiles and their first derivatives

for the rat liver chromatin and its subunits are given in Fig. 13. They

are essentially monophasic. We do not detect any premelt regions, sug

gesting that the electrostatic stabilization of the DNA by nucleoproteins

is evenly distributed along the chromatin fiber and its subunits, even
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Fig. 13 Thermal Melting profiles for the chromatin

and its subunits

(A) The DNA helix-coil transition in the samples

monitored by a change in the absorbance at A= 260 nm vs.

increasing temperature. The hyperchromicity is normalized

for a better comparison.

(B) Normalized first derivative curves (~A/~T) vs.

increasing temperature: monomer, Dimer,

••••• Trimer, 0 0 0 0 chromatin.
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in the linker INA region. This is consistent with a chromatin model

proposed by Kornberg (3), that nucleosornes in native chromatin are close

ly bound to one another, leading to a rather continuous fiber structure.

Mbnophasic melting profiles for chicken embryo chromatin and nucleosornes

were also reported by other investigators (118,119). Wittig and Wittig

(118) suggested that multiphasic or biphasic melting profiles were ori-

ginated from In partially denatured nuc1eosomal material. However, we

observed that the removal of histone HI or HS had produced biphasic pro

files for the same material studied. This kind of biphasic profile for

nucleosome core particles will be shown later in this report. Thus, we

suggested that the presence of biphasic or multiphasic melting profiles

would indicate that some segments of the DNA were not protected by the

chromosomal proteins.

The melting profiles and their derivatives for monomer, dimer

and trimer are very similar to each other (Fig. 13). The melting tem

perature is very close to each other also, only varies from 79
0C

to 800C.

The melting profile and its derivative for the chromatin, although mono-

phasic, has a significantly broader width at the half height of the
. 0

derivative curve, than for the subill1its. Its meltIng temperature (82 C)

is a little bit higher than the subunits (790C). The broader derivative

curve and a higher melting temperature for chromatin may indicate that

there is an interaction between adjacent nucleosomes through protein-

protein and protein-DNA interactions.

CD) ESR SPIN LABEL STUDIES

The study of the refined structure within the nucleosome and

i.ts protein core is of current interest and is the main aim of this

dissertation. Selective chemical modification of proteins is one of the
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JOOst useful approaches for identification of ft.mctional amino acid resi

dues in enzyme active site, delineation of surface topography, deter

mination of the presence of residues invovled in subtmit interactions,

and evaluation of the presence of exposed and buried groups in the

macromolecule (120,121). ESR spin labeling is one of such approaches and

is very useful for probing the confonnations of protein structures (122

127). The characteristics and sensitivity of the technique are such w~t

binding of small spin-labeled molecules to macromolecules are readily

deduced from a careful analysis of their ESR spectra. The spin label

technique takes advantage of the fact that most nitroxide spin labels

yield anisotr9pic ESR spectra as a result of either their structure or

the environment in which they are attached and it is the change in this

anisotropy that is corre'lated with the interactions being probed. In

this dissertation, we want to demonstrate this powerful technique on

studying the structures and conformational changes in the nucleosomes

and histone protein cores.

(1) Characterization and comparison of native and spin

labeled nucleosome core particles

When the HI, HS depleted, limited digested chicken

erythrocyte chromatin is fractionated through a 5-·20% isokinetic sucrose

gradient, in an SW27 Rotor for 24 hours at 27,000 rpm, the fractionation

profile is shown in Fig. 14. The fractions for the mononucleosome peaks

were pooled from several gradients and dialyzed against 10 mM Tris HC1,

0.2 nM EDTA, pH 7.2. The DNA was extracted and analyzed by 6% polyacry

lamide slab gel, ~~d was found to be 140 base-pairs in length, when

~x 174 RF DNA-Hae III Digest (New England Biolabs) was used as the

standard. Histones from the histone core and from the nucleosome core
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Fig. 14 Fractionation of nucleosome core particles

Large scale of nucleosome core particles were purified

by centrifuging the limited digested chromatin through

a 5-20% isokinetic sucrose gradient at 27000 rmp for 24

hours in an SW27 rotor.
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particle when extracted and analyzed by SDS-18%-polyacrylamide slab gels,

yielded equimolar amourrts of histones HZA, H2B, H3 and H4. In both

cases, no HI, HS or nonhistone proteins were detected (Fig. lSa). The

spin labeled histones gave a similar migration pattern on the SDS-18%-

polyacrylamide gel (Fig. 1Sb).

Sedimentation velocity experiments were performed for

both native and spin labeled nucleosome core particles, and an S20,w

of 10.S ± 0.2 S was measured in each case. A similar value was reported

by several investigators (95,119) for the nucleosome core particle with

out HI. However, a higher value (S20 w = 11.2) was also reported by,
other investigators (89,94).

Fig. 16 shows the normalized first derivative of the

thermal-denaturation profiles for native and spin-labeled nucleosome

core particles. Both samples gave nearly identical, biphasic melting

profiles, with a premelt region centered at 620C and a main transition

at 750C. Upon denaturation, 34% hyperchromicity was found for the native

nucleosome core particle, while 33% was found for the labeled core par-

ticle. Tatchell and Van Holde (89) have reported an identical biphasic

melting profile for the nucleosome core particle extracted from

chicken erythrocyte nuclei. Therefore, the monophasic melting profile

we observed previously (88) for the rat liver nucleosome was possibly

due to the presence of histone HI.

Fig. 17 shows the CD spectra of the native and spin

labeled nucleosome particles in 10 mM Tris HC1, 0.2 mM EDTA, pH 7.2.

The ellipticity in deg-cm2/decimole was calculated on the basis of DNA

nucleotide concentration. Again, nearly identical CD spectra are

obtained for both native and modified samples. Both CD spectra gave a
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Fig. 15 18% polyacrylarnide-SDS-gel electrophosesis

of histones

(a) Extracted from the nucleosorne core particle,

(b) Extracted from spin labeled nucleosorne core particle.
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Fig. 16 Thermal denaturation profiles for the nucleosome

core particles

(a) Native particle

(b) Spin labeled particle, and

(c) Reconstituted nucleosome core particle



t
eo
...... 1-00

o
CD
N

«
CO

80

20

40 50 60

CA)

70 80 90 100

78

TEMPERATURE (OC)



79

Fig. 17 Circular dichroism spectra for the nucleosome

core particle

nucleosome core particle,

__ __ __ spin labeled core particle,

. .... .... reconstituted core particle

The ellipticity is calculated on the basis of DNA

concentration.
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suppressed DNA ellipticity but a high c-heLica.l band at 220 run.

Based on the previous studies, we see that the sedi

mentation coefficient, the therarnl denaturation profile and the circular

dichroism are some of the important physical properties for judging the

native structure for a nucleosome. Thus, from the above physical stud-

ies, we find that a spin labeled (10% tyrosyls) nucleosome core particle

has retained a high degree of the native structure of the nucleosome

core particle and we can conclude that our labeled nucleosorne core can

be used to study the conformational changes of the core structure in

different solvent conditions, i.e., urea or NaCl, with the results

being applicable to the native core particle itself.

(2) Accessibility and conformational states of the

tyrosyl residues in the histone core and nucleosome

core particle

N-acetylimidazole reacts with both amino and tyrosyl

groups of proteins, but is more selective for tyrosine (120,121,128).
o LI 0

~ -t I'~~ -eH~ pn 7
0S

) tpL~-g-C.H~+ If J®-0-v1-4 ,~? 0 ~;, ~
~ II H pH 7·5' ~ N

@--N1I:z + 1lw~ -<:-<: ~ ~ ®-~-c-cHS + l(~,)J

Under appropriate condi tions, it has been shown to be specific for the

acetylation of "free" tyrosyl residues in protein without affecting

amino groups (128,129). Generally, the reaction between N-acetylimida

zole with tyrosyl residues is followed by spectral changes at wavelength

,\ = 278 run. But such method is not suitable for our system, due to the

presence of DNA which has a high absorbance at ,\ = 278 run also. A

spin labeled imidazole can avoid such problem but maintain the selective

reaction with tyrosyl groups. A spin labeled-imidazole can provide
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information about the accessibility of the free and buried tyrosyl

groups in the nucleosome core particle and also give the informa.tion

about the conformational environment for the labeled tyrosyls.

An unsaturated N-(2,2,S,S-tetramethyl-l-pYrroline

oxyl)-imidazole has been synthesized and shown to be more specific for

poly-L-tyrosine than for poly-L-lysine (130); however, this material

was unstable and decomposed rapidly. The preparation and reactivity of

a more stable N-(2,2,S,S-tetramethyl-3-carbonyl-pYrrolidine-l-oxyl)

imidazole (IMDSL) has been reported (131), and it is this derivative

that has been used in this study. We have shown that this more stable

I~ID6L is competitive with the non-spin labeled N-acetylimidazole for the

tyrosyl residues in the histone core, as shown in Fig. 18. The competi

tive binding plot shows that the preincubation of the histone core

solution with increasing concentration of non-spin labeled acetylimida

zole has considerably reduced the amount of tyrosyl groups available for

the reaction with imidazole spin label added later. The concentration

of the bound spin label (and thus the bound tyrosyls) can be accurately

deterrrined by double integration of the ESR spectra with the interfaced

computer system. Integration of the conventional first derivative ESR

spectrum gives the absorption spectrum and subsequent integration of the

absorption spectrum gives a measure of relative concentrations. Figures

19 and 20 show the first derivative, absorption spectrum and its integrals

for IMDSL at different immobilized conditions. The double integral

values normalized by the spectral gain can be calibrated with respect to

relative concentrations of spin labels present by double integrating the

ESR spectra of a standard tempol spin label extinction coefficient

E242 = 1.44 x 10
3

in ethanol) at different concentrations. The standard
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Competitive Binding Plot for N-Acetylimidazole

and Imidazole spin label for tyrosines in the

histone core

The histone core solution (1 mg/ml ) was reacted with varying

amounts of N-Acetylimidazole for 2 hours before the addition

of 1 mM of IMDSL. After the removal of unreacted imidazole

by exhaustive dialysis, the central peak Ho' normalized by

the Gain of the ESR spectra, is plotted against the initial

N-Acetylimidazole concentration. The concentration of the

tyrosine in the histone core was 3 x 10- 3 M and the concentra

tion of the IMDSL added was not in molar excess. Therefore,

no competition between N-Acetylimidazole and Imidazole spin

label was observed when the concentration of the N-Acetyl

imidazole was less than 2 x 10- 3 M.
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Fig. 19 Integration of ESR spec trum of Freely

Tumbling IMDSL in Toluene

(a) ESR spectrum

(b) Absorption Spectrum (first

Integral)

(c) Second Integral
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Fig. 20 Integration of the ESR spectrum of the

partially immobilized IMDSL in histone core

(a) ESR spectrum

(b) First Integral

(c) Second Integral
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calibration curve obtained by this method is shown in Fig. 2l.

When histone cores (without HI or HS) in 2 MNaCl,

10 roM Tris HCl, 0.2 rnM EDTA, pH 7.2, are reacted with various molar

excess (1- to 300-fold) of IMDSL, and unbound spin labels removed by

exhaustive dialysis, a binding profile is obtained as shown in Fig. 22a.

At the highest labeling ratio, a maximum of about 40% of the tyrosyls

are being labeled. This suggests that 12 out of the 30 tyrosyls in the

histone core are accessible to IMDSL. A higher percentage of tyrosyls

(- 90%) can be labeled when the native histone cores are disrupted by

adding urea, by lowering the ionic strength, or by vigorous stirring.

An E5R spectrum, for a histone core in 2 MNaCl, with

20% of the tyrosyls labeled, is shown in Fig. 23a. The histone core-5L

shows a weakly iIIDl10bilized three line spectra. The peak height ratio

is H+/Ho = 0.67 and H_/Ho = 0.40 where H+,Ho' and H_ are the derivative

peak heights of the low, central, and high field Lines, respectively.

The rotational correlation time of 0.60 nsec for these weakly immobilized

labels was calculated from the equation given by Likhtenshtein (124),

1 _ 9
T - 3.6 x 10

(fF - 1) ~Ha

where Cilio is the width of the central component in Gauss, and ~, Ho' and

H_ are the derivative peak heights of the spectral components.

The spin labels attached at the tyrosyl residues appear

to be in a hydrophilic environment and undergo rather free rotational

motion. It should be noticed, however, that the environment for the

spin-labeled tyrosyls in the histone core is quite complex and inhomo

geneous. When the tertiary and secondary structures of the histone core
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Fig. 21 Standard Calibration curVe of the TEMPOL in

ethanol

The relative concentrations of spin label were calculated

from the double integral values, normalized by the Gain,

of the ESR spectra.
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Fig. 22 Saturation Binding Plot of histone core and

nucleosome core particle

Binding profile for (a) the histone core in 2 M NaCl,

10 mM Tris-HC1, 0.2 mM EDTA, pH 7.2 (_._.-._.) and (b)

the nucleosome core particle in 10 mM Tris HCl, 0.2 ~~

EDTA, pH 7.2 (_0_0_0_0) with molar excess of IMDSL

respectively.
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Fig. 23 E5R spectra for spin labeled histone core

Histone core-5L (20% tyrosyls being labeled) in 10 mM

Tris-HCl, 0.2 mM EDTA, pH 7.2, plus (a) 2 M NaCl or

(b) 0 M NaCl.
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are destroyed by lowering the ionic strength of the histone solution,

the spin labeled tyrosyls attain their greatest freedom of motion (Fig.

23b) , suggesting that the histones are now in an extended, loose form.

When native nucleosome core particles in 10 roM Tris

Hel, 0.2 roM EDTA, pH 7.2, are reacted with various molar excesses (5- to

300-fold) of the IMDSL, less than 15% of the tyrosyls are labeled, even

at 200- to 300-fold molar excess of IMDSL (Fig. 22b) , as compared to 40%

labeling for the histone core alone. This suggests that only 4 tyrosyls

in the nucleosome core particles are exposed and accessible to IMDSL

under these labeling conditions. When the nucleosome cores are partial

ly denatured by high salt or high urea concentrations, more tyrosyls are

labeled by IMDSL (data will be shown later).

Fig. 24a shows an ESR weakly tmmobilized spectrum for

the native nucleosome core particle, when 10% of the tyrosyls are

labeled. The peak height ratio is H+/Ho = 0.57 and H_/Ho = 0.29, and

the rotational correlation time for the label is 0.96 nsec. Again, the

spin labeled tyrosyls are in a hydrophilic environment and undergo

rather free rotational motion. The environment of the labeled tyrosyls

is quite inhomogeneous, and no simple computer ESR spectrum can be

simulated. i~en this labeled nucleosome core is dialyzed against 2 M

NaCl, an ESR spectrum (Fig. 24b) is obtained that is similar to the

spin labeled histone core in 2 MNaCl (Fig. 23a) , suggesting a complete

separation of DNA from the inner histone core. Ionic effects on the

labeled nucleosome will be discussed in detail later.

(3) Conformational changes of spin labeled histone core

and nucleosome core particle due to perturbations

Most proteins, in their native states, are folded into a
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Fig. 24 ESR spectra for spin labeled nucleosome core

particle

Nucleosome core particle-SL (10% tyrosyls being labeled)

in 10 mM Tris-HCl, 0.2 mM EDTA, pH 7.2, plus (a) 0 M

NaCl or (b) 2 M NaCl.
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large number of well-defined, three-dimensional conformations. The

forms that exist in cells are the results of enormous numbers of inter

actions, primarily noncovalent, that occur between amino acid residues

and with components of the cellular environment. The forces that sta

bilize the proteins are cooperative and exist at various levels of

organization: between subunits in rnultichain structures, and between

molecular superstructures. The compact structures of proteins are

stable over a range of in vivo and in vitro conditions. However, in

regard to biological functions, proteins are capable of undergoing con

formational changes by responding in certain ways to the needs of the

organisms for expressions of functions by those proteins, for regula

tions of their activities, or for their destruction, when required (132,

133) •

In vitro, proteins can also undergo intramolecular

changes in their conformations when their environment is altered. These

changes can be brought about by the addition of substances such as urea,

or NaCl, or a variation of temperature or pH, or by a number of other

means (134,135). Thus, the study of conformational changes in proteins

offers means of studying the forces responsible for the secondary, ter

tiary, or quaternary structures of proteins and the role of different

types of interactions in determining active sites (or binding sites)

and other properties of the proteins. In this dissertation, we want to

report the application of the ESR spin labeling technique on studying

the conformational changes in histone core or nucleosome core particle

due to external perturbations.

(a) The effect of urea on the spin labeled histone

core and nucleosome core particle
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After the removal. of unreacted spin labels, the

labeled histone core was dialyzed overnight against 2 MNaCl, 10 mM Tris

HCl, 0.2 roM EDTA, pH 7.2, containing varying aIOOunts of urea (1 Mto

10 M). ESR spectra for the samples were recorded, and a plot of the

peak height ratio (H_/Ho) vs. urea concentration is given in Fig. 2Sa.

The peak height ratio (H_/Ho) is taken as an index of IOOtional freedom

of the labeled tyrosyls, the higher the ratio the freer the IOOtion of

the labels. Based on the relative sharpness of the ratio, the transi

tion profile for the labeled histone core, due to urea, can be divided

into three regions: a gradual change from 0 to 4.5 M, a rather sharp

increase from 4.5 Mto 7.5 M, and a leveling off from 8 Mto 10 M,

respectively. The ESR spectrum for the labeled histone core, in 10 M

urea (Fig. 26a) clearly indicates that the histone core is completely

denatured and that the histones are probably in random coils. The

gradual change of the ratio is probably due to a swelling of the overall

histone core structure, while the major sharp change is IOOSt likely a

result of disruption of the secondary structure of the histones, due to

the urea.

The effects of urea on the labeled nucleosome

core particle are quite different as shown in Fig. 25b. The nucleosome

core particle appears to be IOOre sensitive to urea denaturation. This

transition profile (a plot of (H_/Ho) vs. urea concentration) appears to

be sigmoidal in shape. The inflection point occurs at around 4 Murea,

and the denaturation is complete above 7 Murea. However, although the

secondary structure of the inner histone core is destroyed by urea above

7 M, the ESR spectrum (Fig. 26b) for the denatured nucleosome core par

ticle is quite different from that of the denatured histone core (Fig.
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Fig. 25 Effects of urea on spin labeled histone core

and nucleosome core particle

The effects of urea on (a) the histone core in 2 M NaCl

(-.-4-.-) and (b) the nucleosome core particle in 10 mM

Tris-Hel, 0.2 mM EDTA, pH 7.2 (_0_0_0_). A plot of the

relative peak-height ratio (H_/Ho) versus urea concen

tration.
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Fig. 26 ESR spectra of (a) histone core in 10 M urea,

2 M NaCl, 10 mM Tris-HCl, 0.2 mM EDTA, pH 7.2

and (b) nucleosome core particle in 8 M urea,

10 mM Tris-HCl, 0.2 mM EDTA, pH 7.2.
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26a). The labeled tyrosyls are still in a more constrained environment,

in the denatured nucleosorne core particle, than in the denatured histone

core, as a result of urea treatment. This suggests that the core DNA

is still binding to the histones, even though the tertiary and secondary

structures of the histones have been destroyed.

(b) Ionic effects on the spin-labeled histone core

and nucleosome core particle

When the labeled histone core in 2 MNaCl was

dialyzed against either decreasing ionic strength or increasing ionic

strength with respect to 2 MNaCl, a plot of the relative peak height

ratio (H_/Ho) vs. ionic strength is shown in Fig. 27. When the ionic

strength is less than 1.5 MNaCl, the peak ratio (H_/Ho) begins to

increase, suggesting that the histone core becomes unstable and begins

to disintegrate. The labeled tyrosyls achieve their greatest freedom

when the histone core is dialyzed into no salt condition, indicating

that the histone core has completely dissociated into individual random

coil histones, as shown in Fig. 23b. On the contrary, when the ionic

strength is increased to above 2 M, the tumbling environment of the

labeled tyrosyls becomes more viscous, suggesting that there is an in

creased conformational stability. And salting-out of proteins begins to

happen when the ionic strength is above 5 M.

The effects of salt concentration on the spin

labeled nucleosome core particle is shown in Fig. 28. Again, the rela

tive peak-height ratio (H_/Ho) is taken as the index of motional freedom

on the labeled tyrosyls. Several structural transitions are observed

for the nucleosome core particle in the range of 0.5 mM to 2.5 MNaCl.

The peak-height ratio (H_/Ho) is essentially constant in the range from
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Fig. 27 Ionic effects on spin labeled histone core

at room temperature

A plot of the relative peak height ratio (H_/Ho) vs.

ionic strength.
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Fig. 28 Ionic effects on the spin labeled nucleosome

core particles at room temperature

A plot of relative peak height ratio (H /H ) vs.
- 0

ionic strength.
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0.5 nM to 8 rrM NaCl. An abrupt change occurs between 8 roM and 15 rnM

NaCl. The peak-height ratio remains constant again between 15 rnM to

70 nM NaCl. It should be noticed that the actual difference between the

peak height ratio in the range from 0.5 rrM to 7 roM and 15 111M to 70 roM

NaCl is very small.

The peak-height ratio increases linearly as the

ionic strength is increased from O. 1 Mto O. 5 M. A shoulder occurs at

around 0.4 Mto O. 6 M. As the ionic strength is further increased from

0.6 Mto 1.5 M, the peak-height ratio increases linearly again, but at a

different rate from the previous one, and finally, it reaches a maximum

value (0.41) at 1.5 MNaCl. Beyond 1.5 Mto 2.5 M, the peak-height ratio

drops drastically. This experiment has been repeated several times and

similar transition profiles have been obtained each time.

To compare these ESR observations, we also

measured the CD spectra of the labeled nucleosome core particles at

different ionic strengths. The ellipticity (6)p,225 and (6)p,285 are

plotted as a function of NaCl molarity and are shown in Fig. 29a and

Fig. 2gb, respectively. The ellipticity (6)p,225 observed at 225 rum, is

due mainly to the conformation of the histone core. It is found that

the a-helical content of the histone as measured by a change in (6)p,225

decreases very slowly as the ionic strength is increased from 0.5 roM to

0.2 M. A sharp decrease in (6)p,225 occurs between 0.3 Mto 0.6 M.

However, as the ionic strength is further increased from 0.6 Mto 2.5 M,

the (6)p,225' or the a-helical content, returns to the original value

observed at the lower ionic strength (Fig. 29a).

The ellipticity of the DNA at 285 rum at the

lower ionic strength is found to be 1.4 x 103 deg!cm2/decimole, identi-
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Fig. 29 Ionic effects on nucleosome core particles

monitored by circular dichroism

A plot of ellipticity (8) based on DNA nucleotide
p

concentration at (a)A = 225 nm (_._._ e- ) or

(b)A = 284 nm (- ~ - ~ -), versus~NaCl concentration.
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Fig. 30 Ionic effects on spin labeling the nucleosome

core particle
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cal with what has been reported previously (88). As the ionic strength

is increased from 10-3Mto 0.3 M, the ellipticity of DNA at 285 nm

increases gradually and slowly (from 1.4 x 103 to 1.8 x 103 deg-cm2/

decimole). The (6)p,285 increases sharply at 0.5 MNaCl and reaches

a rnaxiIIn.Im (5. 2 x 10 3 deg-cm2/ decimole) at about 1. 8 MNaCl. A shoulder

is found at around 1. 0 Mto 1.4 MNaCl. The ellipticity then decreases

as the ionic strength is further increased from 2 Mto 2.5 M.

The accessibility of tyrosyls in the nucleosorne

core particle in different ionic strengths further confirms our observa

tion on the ionic effect on the nucleosome core particle. Fig. 30 shows

a plot of tile percentage of the tyrosyls labeled vs. ionic strength of

NaCl. When the nucleosome core particle is exposed in the ionic strength

of O. 1 rrM to 0.5 M, only 8% to 12% of the tyrosyls is available to nolar

excess of IMDSL. This is consistent with our previous saturation bind-

ing of the nucleosome core particle by IMDSL (Fig. 22b), where we have

shown that less than 15% of the tyrosyls are labeled even at 200- to

300-fold roolar excess of IMDSL. However, when the nucleosome core parti-

cle is exposed to a ionic strength higher than 0.4 M, the accessibility

of tyrosyls increased considerably from 12% to a 42% maximum at 2 MNaCl.

Again, this is consistent with our previous observation that the maximum

percentage of tyrosyls available in histone core at 2 MNaCl is 40%.

(c) pH effects on the spin labeled nucleosome core

particle

Fig. 31 shows the pH effects on the tumbling

environment of the labeled tyrosyls in the nucleosome core particle.

It is quite obvious that the conformation of the nucleosome core parti

cle is unaffected by changes of pH in the range of 4 < pH < 9.5. When
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Fig. 31 pH effects on the spin labeled nuc1eosome

core particles

A plot of relative peak height ratio (H_/Ho) vs. pH.
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the pH is below 4, the nucleosome core particle begins to aggregate and

precipitate. The nitroxide spin label begins to hydrolyze when the pH

is raised above 10.5. So, it is kind of difficult to observe any con

fonnational change in the nucleosome when the pH is changed to above

10.5.

(d) Temperature effects on the spin labeled histone

core and nucleosome core particle

The peak-height ratio for the labeled tYrosyls

in the histone core in 2 MNaCl as a function of temperature is given

in Fig. 32. Several fine structural changes are observed for the histone

core in responding to a change in temperature over a range of 40C to

50oC. The histone core appears to be more stabilized at 40C to l80C.

At room temperature (22-260C), the tumbling environment for the labeled

tYrosyls becomes less viscous. The rotational correlation time

decreases as the temperature is further increased. And the histone core

seems completely dissociated when the temperature is raised above 44oC.

Temperature effects on the labeled tYrosyls in

the nucleosome core particle is shown in Fig. 33. The transition profile

obtained for the nucleosome due to the temperature is more complicated

when compared with histone core alone. Thennal denaturation profile for

the nucleosome core particle monitored by optical method shows a biphasic

melting profile (60oC and 750C) for the DNA (Fig. 16). However, such

optical method does not give any information on the conformational

change in the inner histone core due to increasing temperature. A

thermal denaturation profile obtained by the ESR method (Fig. 33), on the

other hand, shows that gradual confonnational changes occur within the

inner histone core before the INA begins to melt. But our data fail to
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Fig. 32 Thermal denaturation of the spin labeled

histone core

A plot of the relative peak height ratio (H_/Ho) vs.

temperature in °e.



120

• -
•

o
•-
LLI
a:
;::)
~
~
a:
LLI
0-
~
I.IJ
~

0
N

•

v.



121

Fig. 33 Thermal denaturation of the spin labeled

nucleosome ~ore particles

A plot of the relative peak height ratio (H_/Ho) vs.

Temperature in °e.
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reveal any sharp conformational transitions within the histone core due

to changes in temperature.

(E) RECONSTITUTION STUDIES

Reconstitution of chromatin from a mixture of INA and the four

his tones HZA, H2B, H3 and H4 has been widely used to investigate

chromatin structure (43,73,75,89,136-140). The reconstituted histone-

DNA complexes appear to be identical with the native chromatin (or

nucleosome) in all physical properties examined (histone content, sedi

mentation velocity, thermal melting profile and circular dichroism) as

well as in their patterns of digestion by DNase I, micrococcal nuclease

and proteolytic enzymes (73,75,89,136-140). In this dissertation, we

have applied an ESR spin labeling method to determine the mode of reasso~

ciation of the spin labeled histone core to the core DNA during the

reconstitution and to study the role of tyrosyl groups in the reasso

ciation process.

(1) Mbde of reassociation of the spin labeled histone

core with DNA during reconstitution

Spin labeled histone cores were mixed with purified

core DNA. in 2M NaCl. The mixture was reconstituted by the salt step

gradient dialysis as described in the methods. At each step of

dialysis, the tumbling condition of the labeled tyrosyls was examined

by ESR. Figure 34 shows a plot for the relative peak height

ratio vs. the salt concentration during the reconstitution process. In

2M NaCI, the ESR spectrtm is identical to Fig. 23a for a spin labeled

histone core in the absence of DNA, suggesting that the mixing of DNA

at 2M NaCI does not interfere with the labeled tyrosyls. As the ionic

strength is gradually decreased, the tumbling freedom of the labeled
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Fig. 34 Mode of reconstitution of the nucleosome

core particles

A plot of the relative peak height (H_/Ho) vs. ionic

strength at various stages of reconstitution.
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tyrosines becomes correspondingly hindered. In contrast to what we

have observed previously (Fig. 27), that a decrease in the ionic

strength has caused the histone core alone to dissociate. The present

observation (Fig. 34) strongly indicates that a decrease in the ionic

strength has increased the histone-DNA interaction, preventing the

histone core from disintegrating. However, no sharp change is found

for the labeled tyrosyls in the range of 2M to 0.3M NaCl, suggesting

that the histone core binds progressively to the DNA. When the ionic

strength is less than 0.3M, the peak height ratio decreases drastically,

indicating that full association between histone core and DNA begins

to occur and the complex becomes more compact.

The reconstituted complexes were centrifuged through

a 5-25% isokinetic sucrose gradient in an SW27 rotor at 27000 rpm for

22 hr .; the frac tionation pattern is shown in Fig. 35. Two peaks are

resolved: one sediments at a position corresponding to the free core

DNA (S20 w = 4.5), while the other sediments at the position corres-,
ponding to the native nucleosome core particle (S20 w = 10.5). The,
histone-DNA mixtures were originally reconstituted at a condition in

excess of DNA (DNA (w)!Protein (w)=3) , giving rise to the

unreconstituted free core DNA (as a marker) in the sucrose gradient.

1he reconstituted nuclesome core-like fractions were pooled and found

to have identical physical properties: 'histone content, sedimentation

velocity, biphasic melting profile (Fig. 16) and circular dichroism

spectrum (Fig. 17), same as the native nucleosome particle. The ESR

spectrum for the reconstituted nucleosome is also found to be quite

similar to the labeled native one but with a higher rotational correla

tion time, !=1.06 nsec.
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Fig. 35 Fractionation of the reconstituted nucleosome

core complex

(a)

(b)
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(2) Studies of the role of tyrosyl residues in the

reassociation process for the nucleosome core complex

In the previous experiments, we have shown that a

nucleosome core-like complex can be reconstituted from a mixture of

the spin labeled histone core and the core DNA (140 base pairs). The

question that is raised, however, is: what degree of modification in

labeling the tyrosyls in the histones will prevent the reassociation

process for the nucleosame core complex? In other words, is reconsti

tution of the nucleosome-like complex possible when the "buried"

tyrosyls in the histone core become labeled? To answer these questions,

we first dissociated the native nucleosome core particles in 10tiM

TrisH:I, O.2rrM EDTA, pH7.2, containing 2M NaCI, 2M NaCl plus 4M urea,

or 2M NaCI plus (N urea respectively, then, in each case we spin

labeled the histone to a different extent. The complexes were reasso

ciated back by salt step-gradient dialysis as described in the methods.

The final complexes were concentrated and centrifuged through a 5-20%

isokinetic sucrose gradient in an SW27 rotor at 27000 rpn for 26 hours.

The fractions were collected and analyzed.

Figure 36 shows the fractionation profiles for the

reassociation complexes which have previously been dissociated in

2M NaCl only and labeled. by JMDSL to different extents. A major monomer

peak, which sediments at a position equivalent to the native nucleosome

core particle (SZO,w = 10.5S), is found for all the reassociated

samples, whether spin labeled or not. This suggests that nearly

complete reassociation can be attained even when most of the surface

tyrosyls on the histone core have been labeled (4% to 30% tyrosyls).

However, when more than 40% of the tyrosyls become labeled, a shoulder
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Fractionation profiles for the Reconstituted

nucleosome complexes

The native material was dissociated in 2 M NaCl,

plus 10 mM TrisHCl, 0.2 mM EDTA, pH 7.2 and spin labeled

with various amount of molar excess IMDSL:

(SL/tyr)

(a) 0

(b) 20

(c) 40

Cd) 60

Ce) 80

(f) 150

.. .... . . . .. . ...

o 0 0 0 0 0
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Fig. 37 ESR spectra for the reconstituted nuc1eosome

core particles

The percentage of tyrosyls labeled in the reconstituted

nucleosome core complexes is

(a)

(b)

(c)

6.3%

13.7%

27.7%

and
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Fig. 38
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Fractionation profiles for the reconstituted

nucleosome complexes (4 M urea)

The native nucleosome core particles were previously

dissociated in 2 M NaCl, 10 mM Tris-HCl, 0.2 mM EDTA,

pH 7.2, plus 4 M urea. The partially denatured material

was spin labeled with various amounts of molar excess

of IMDSL:

(SL/tyr)

(a) 0

(b) 20 -----
(c) 40 ...............
(d) 60 -_. -_. -_.
(e) 80 - _., and-- .
(f) 150 0 0 0 0 0
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DNA-his tones mixture from reconstituting illto a compact nucleosome-

like complex.

The physical properties for the reconstituted monomer

fractions in Fig. 38a-c are still found to be nearly identical to the

native material. However, the other complexes in Fig. 38d, e, f have

slightly different physical properties: smaller sedimentation

coefficients (10.2 to 8.7S); an increase in DNA ellipticities ((6)280=

2 to 3xl03 deg. cm2/decirnole) and a decrease in ~-helical content

((6)225 = 35 to 30xl03 deg. cm2/decirnole); and a decrease in melting

temperature, MP = 720 C. to 700 c.

\ihen the native nucleosome core particles have been

denatured in eM urea plus 2M NaCI and spin labeled to different extents,

the fractionation patterns of the reconstituted complexes are shown in

Fig. 39 respectively. Again, a major monomer peak has been obtained for

the non spin labeled complexes. This further supports that a nucleosome

like complex can be reconstituted from the DNA and the urea-denatured

histone cores. ~en only 4% of the tyrosyls are labeled, a non-

nucleosome DNA-histone complexes appears as the "shoulder" in the

fractionation profile (Fig. 39a). This shoulder increased as more

tyrosyls (8 to 30% tyrosyls) were modified by the IMDSL (Fig. 38c, d

and e). At the same time, there was a decrease in the monomer fraction.

~en 40% of the tyrosyls in the histones were labeled, the resulting

complexes sedirnented at a position equivalent to 8S (Fig. 39f). These

observations further confirm our previous experiments that more of the

'buried' tyrosyls become accessible to the IMDSL when the nucleosome

core particles have been treated with higher urea concentration, and

the labeling of those 'buried' tyrosyls has prevented the proper
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Fractionation prfiles for the reconstituted

nucleosome core complexes (6 M urea)

Nuc1easome core particles were previously denatured in

2 M NaCl plus 6 M urea and spin labeled with various

amounts of molar excess of IMDSL:

(SL/tyr)

(a) 0

(b) 20 - - - - - - -

(c) 40 .............
(d) 60 - .- .- .- - .-.-

(e) 80 -- .- _.
( f) 150 a 0 0 0 0

(g)Acetylimrlazole=60 X X X X X
tyr
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reassociation process. It is found that the DNA still can bind to the

labeled histones, but the modified histones cannot form the proper

histone core when sane of its "hrried" tyrosyls are labeled by the

lMDSL.

The effect of the bulky group fran the spin label

(nitroxide) on preventing the reassociation process has been studied

by using the non-spin-Labeled N-acetylimidazole. Fig. 39g shows the

fractionation profile for the reconstituted cc:mplexes when the native

material has been previously treated with molar excess of N

acetylimidazole instead of the lMDSL. Again, when the "buried" tyrosyls

have been acetylated by the N-acetylimidazole, no rucleosome-like

canplex:es can be reconstituted as shown in Fig. 39f. Thus, all the

above experiments clearly demonstrate that the "buried" tyrosyls in the

histone core are essential in the proper histone-histone interactions

which stabilize the intact inner histone core structure and the size of

the reporter nitroxide makes little difference. I~odifications on such

residues will eventually prevent the canpaction of the core DNA into

the nucleosome canplex.

(3) Distribution of the labeled tyrosyls

In this dissertation, we have fcund that only 4

tyrosyls in the native rucleosame core particle are accessible to the

lMDSL and 12 tyrosyls in the histone core (an octomer with 2 each of

the HZA, H2B, H3 and H4) can be modified. This raises the important

question: which histone has been labeled? Which tyrosines in that

histone have been labeled? At what position? The answers to such

questions are not impossible but require tedious and laborious work.

We have attanpted to answer the question with the following experiments.
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Fractionation of the histones into individual

fractions by conventional chromatographic methods (see review in 11)

requires the treatment of the histone samples with strong acid (below

pHZ). Such a condition is unfavorable to the labeled tyrosyls because

the nitroxide spin label is hydrolyzed at pH below 2. Selective

dissociation of the histone pairs fran the chronatin by a change of

ionic strength has been reported by Ohlenbusch et al , (72). Faulhaber

and Bernardi (141) modified such an idea to fractionate histone pairs

by using the hydroxyapatite column. Recently, Simon and Felsenfeld

(92) have reported a new procedure for purifying histone pairs H2A +

HZB and H3 + H4 fran the chranatin by using hydroxylapatite. We, with

the help of Dr. Tan Grover, have adopted such a procedure to fractionate

the histone pairs from the spin labeled nucleosane or the reconstituted

and spin labeled nucleosome complex.

Fig. 40 shows the hydroxylapatite column chromato

graphy for the nucleosome. It is found to be quite similar to the

one reported by Simon and Felsenfeld (92) although we have used KCl

instead of NaCl as suggested by them (note: we have a solubility problem

at the high concentration of NaCl in the phosphate buffer). The

peak in o. 6~1 KCl is due to the overloading of the sample and a poorer

binding of hydroxylapatite with the core DNA since our samples have

been depleted of histone ill and HS. The peak in O.93M KCl contains

equimo1ar H2A. and H2B while the peak in 2M KCl contains equimolar H3

and H4. The core DNA elutes last in 0.Sv1 potassium phosphate, pH7.6

without KC1.
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Fig. 40 Hydroxylapatite column chromatography

Nucleosome core particles containing 5 mg of DNA in

0.63 M KCl, 0.1 M potassium phophate, pH 6.7, was

loaded onto a 2x18 cm column, and eluted in 3 ml fractions

at 30 ml/hour. The NaCl concentration of the running

buffer is indicated by the dashed line. The concentration

of potassium phosphate (pH 6.7) was maintained at 0.1 M

until tube 120, then stepped to 0.5 M. The optical

absorbance of the fractions was monitored at 230 nm

(....., and 260 nm (-8 ee ) .
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Spin labeled histone pairs H2A. + HZE and H3 + H4

fram the spin labeled uncleosome core particles or from the recons

tituted and spin labeled nucleosome complexes were purified by the

hydroxyapatite column in the same manner. The histone pairs were

pooled, concentrated and analyzed for protein concentrations by

the method of Lowry et al(l42), using purified calf thymus histone

H4 as the standard. The ESR spectra for the fractionated samples

were recorded and the concentrations of the bound spin labels were

calculated by double integration of the ESR spectra as described

previously. The distribution of the labeled tyrosyls among the

histone pairs from the nucleosome core particle or the reconstituted

nucleosome complex is given in Table 6.

From Table 6, we can see that the four labeled

tyrosyls in the nucleosome core particle are distributed in almost

equal quantity among the histone pairs HZA + H2B and H3 +H4. For

the reconstituted complex, the native sample was dissociated in ~

NaCl and therefore more surface tyrosyls on the histone core were

labeled by I~L. In this case we find that 2 out of the 8 tyrosyls

in the histone pair HZA + H2B have been labeled, while 3 out of 7

tyrosyls in the histone pair H3 + H4 have been modified.
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fABLE 6

DISTRIBUrrON OF LABELED lYROSYLS IN HISTONE PAIRS

HZA + H2B H3 + H4 HZA + H2B H3 + 1-14
FRClvt FRa4

FROM FR~ RECONSTITUfED RECONSTITUfED
NUCLEOSOME NUCLEOSOME NUCLEOSOME NUCLEOSOME

- -

NO OF lYROSYLS LABELED 0.80 1.2 2.1 3.3

TafAL lYROSYLS 8 7 8 7

% OF TYROSYLS LABELED 10.0% 17% 26% 47%

TOTAL TYROSYLS LABELED 4 10.7
IN NUCLEOSOME

_____~.____L_.______ ._____----'

t-'
+::0
+::0
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IV. DISCUSSION

(A) Organization of the nucleosomes in the chromatin fiber

There is now good evidence that the organization of DNA into

nucleosomes, the repeating subunits of chromatin in the eukaryotic

genome, constitutes the first level of packaging of DNA in the inter

phase nucleus or metaphase chromosome (2,3,23,24). The nucleosomes,

generated from brief digestion of chromatin by micrococcal nuclease,

contain a histone core (two each of the four his tones H2A, H2B, H3 and

H4) cornplexed with a repeat length of about 200 base-pairs of DNA (3,24).

However, the contraction in the length of the DNA (about 6.8-fold)

achieved in the nucleosome is clearly insufficient to account for the

packaging of DNA even in interphase chromatin, and higher levels of

folding of the nucleosomes must exist. The two basic levels of folding

the folding of DNA in the nucleosome and the folding of nucleosomes in

chromatin fibers - seem to be due solely to the interactions of DNA and

histones. In order to better understand the overall structure of the

nucleosome and the interactions between the nucleosomes which contribute

to the structure and stability of chromatin fiber, chromatin has been

briefly digested, and subunits have been isolated and characterized by

their circular dichroism spectra as well as their thermal denaturation

profiles.

Indeed, the chromatin fiber appears to consist of discrete

superbeads, forming from 6 to 8 nucleosomes, along the fiber axis, ac
+2

cording to our digestion studies on the rat liver nuclei by the Mg ,
+2Ca dependent endogeneous endonuclease. By plotting the weight average

number of subunits against digestion time, as shown in Fig. 9, a slow-

down in the rate of change of chromatin fragments is found in the region

of around six subunits. This observation may imply that the nucleosomes
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are somehow folded into a chain of discrete superstructures, with 6 to

8 subunits per superbead. It is possible, then, that the DNA between

such superbeads is more susceptible to the nuclease digestion than the

linker DNA. between the nucleosomes. Therefore, at the early stage of

digestion, there will be an accumulation of the superbeads, or multiples

of the superbeads. The mononucleosomes become the dominant species in

the fractionation profiles only after longer digestion time (Fig. 8).

Our observation here has been confirmed by Hozier et. al. (143) who has

found similar results by using micrococcal nuclease instead of the endo-
o

geneous endonuclease. Knobby superstructures of 200 A in diameter along

the chromatin fiber have also been reported in the electron microscopy

(54,144-147), X-ray diffraction (52,53) and neutron scattering studies

(51). A Solenoidal model has been proposed by Finch and Klug (54) to

describe the arrangement of the nucleosomes into the superstructure
o

forming the chromatin fiber of 200- 300 A in diameter. Higher-order

structure of the mitotic chromosome has also been reported by Bale et. al.

(148) to describe the further condensation of the chromatin superstruc-

tures in the human mitotic chromatides.

Circular dichroism and thermal denaturation studies on the

chromatin and its subunits here, have provided another view on the

structure and stability in the chromatin fiber. We have shown that the

chromatin and its subunits have suppressed ~iA ellipticities in their

circular dichroism spectra (Fig. 10). These observations possibly

reflect the delicate interactions between DNA. and histone core leading

to the compact supercoiling of the core DNA on the histone core. Upon

assembly of the nucleosomes to form a chromatin fiber, the ellipticity

increases until the value of chromatin is achieved and we have found



147

that at least 8 nucleosomes are required to give the ellipticity of the

chromatin (Fig. 12). This suggests that the nucleosomes are possibly

assembled in an asyrrmetric fashion (a superical array) in the chromatin

fiber, consistent with the Solenoidal model proposed by Finch and Klug

(54) .

Perturbation of the DNA helix-coil transition in the chro

matin and its subunits by thermal denaturation has reflected the forces

which maintain their structures. rvbnophasic mel ting profiles have been

obtained for the subunits and the chromatin (Fig. 13) which suggest that

the electrostatic stabilization of the DNA by the histones is evenly

distributed on the chromatin and its subunits. Biphasic melting profiles

with a premelt region at 600C are obtained only for samples with depleted

histones HI and H5 (Fig. 16). The overall thermal denaturation studies

on the chromatin and its subunits suggest that the nucleosomes in the

native chromatin are closely bound to one another, leading to a rather

continuous fiber structure.

(B) Accessibility and conformational state of specific tyrosyl

residues in the ]listone core and in the nucleosome core

particle

In this dissertation, we have demonstrated that ESR spin

labeling is a powerful technique for probing various structural aspects

and conformational changes of the histone core and nucleosome core par

ticle. The spin label, N-(2,2,5,5-tetramethyl-3-carbonyl-pyrrolidine

l-oxyl)-imidazole, is found to be stable and· specific for tyrosyls of the

histone proteins under appropriate conditions. The specificity of the

IMDSL has been shown indirectly through competition studies with N-acetyl

imidazole (Fig. 18). Saturation binding studies for IMDSL in both
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histone core and nucleosome core particles (Fig. 22) provide further

indirect evidence of the specificity of IMDSL towards tyrosyl residues.

Since there are about 20% basic residues (His, Lys, and Arg) compared

to only 3% of tyrosyls in the histone core, if the IMDGL does bind non

specifically with the free amino groups in the basic residues, a multi

plicity of bound spins will result. However, in actual fact, the maxi

mum bound spin concentration is estimated to be only 1.2% of the total

491 x 2 residues in the histone core and less than 0.4% of the amino

acids in the nucleosome core particle. Besides, under the labeling

conditions used, (pH 7.2), most of the basic residues are protonated,

and IMDGL only binds with unprotonated free amino groups besides the

free tyrosyls. It has further been demonstrated that labeling of the

tyrosyls in the nucleosome core particle is a gentle and specific modi

fication, leading to a high degree of retention of native structure for

the particle. Both native and labeled nucleosome core particles have the

same sedimentation coefficient (S20,w = 10.5 ± 0.2S); the circular

dichroism spectra (Fig. 17) are nearly identical and the thermal dena

turation profiles (Fig. 16) are virtually the same, suggesting the

integrity of the nucleosome core structure in the labeled particle.

There are IS tyrosines in the four core histones (H2A, H2B,

H3 and H4) and most of these tyrosines are located at the apolar central

regions of the histones (2,11). Nuclear magnetic resonance studies by

Bradbury and co-workers (149-151) have shown that the histone core is

comprised of the histone complexes which are held together by interactions

between structured apolar central and carboxyl regions of the proteins.

Recently, Whitlock and Stein (152) have demonstrated the importance of

these apolar central and carboxyl regions of the four histones in the
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formation of the histone core and in the organization and stabilization

of the DNA within the nucleosome core complex. Probing the accessibi

lity and conformationa.I state of the tyrosyls then in both native histone

core and nucleosome should provide information on the structural aspects

of the histone core and nucleosome particles. As we have shown here

(Fig. 22), approximately 40% of the tyrosyls in the histone core are

accessible to I?vID3L under nondenaturing conditions and most of the

labeled tyrosyls are located near the surface of the histone core (Fig.

23a). This observation agrees with the Laser-Raman Spectroscopy studies

(111,153), which showed that 60% of the tyrosines are hydrogen-bonded

within the inner histone core and nucleosome core. Less than 15% of

the tyrosyls in the native nucleosome core particle are labeled by the

IMDSL (Fig. 22), and most of these labeled tyrosyls are located in a

rather hydrophilic but quite viscous environment (Fig. 24a). The 3- to

4-fold difference in reactivity between histone core and nucleosorne core

towards IMDSL supports the notion that DNA. is indeed wrapped around the

histone core, thus decreasing the accessibility of the tyrosyls. Satu

ration binding studies, on both histone core and nucleosome core, suggest

that the labeled tyrosyls are distributed on well defined and stable

three dimensional structures of both samples. It is found that the

labeled tyrosyls are in a more viscous and more constrained environment

in the nucleosome core particle than in the histone core, indicating a

certain amount of histone-DNA interaction near the labeled tyrosyls in

the nucleosome complex.

When the histone pairs HZA + H2B and H3 + H4 have been

purified from the spin labeled nucleosome core particle by the hydroxyla

patite COlUITUl, we have found that 10% of the 8 tyrosyls residues in
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histone pair HZA + H2B have been labeled by the IMDSL, while 17% of the

7 tyTosyls in the histone pair H3 + H4 have been modified. We have also

found that, when the nucleosome core particle has been spin labeled

in 2 MNaCl, 26% of the tyrosyl residues in the histone pair HZA + H2B

have been modified and 47% of the tyrosyls in the H3 + H4 have been

spin labeled. At present, unfortunately, we do not have any further

information to locate the exact position of the labeled tyTosyls among

the individual histones.

(C) Conformational changes in the spin labeled histone core

and nucleosome core particle

Conformational perturbation of native chromatin by urea is

a useful method for studying chromatin structure. In fact, an abundance

of data about disruptive effects of urea on chromatin have been reported

using circular dichroism, electron microscopy, hydrodynamics, low-angle

X-ray scattering, nuclease digestion, sedimentation and thermal denatura

tion methods (see ref. in 154 and 155). In this dissertation, the ESR

spin labeling technique has also been shown to be a very powerful method

for detecting conformational changes in the histone core due to urea

treatment. The effect of urea on the conformational state of labeled

tyrosyls in both the nucleosome core and histone core suggest that the

microenvironment of the labeled tyrosyls is very sensitive to conforma

tional pertubation by this denaturant. The transition profile for the

labeled histone core shown here (Fig. 25a) is very similar to that

obtained from CD studies reported by Glins et. al. (Fig. 5D in 154),

even though ESR and CD techniques are measuring two different properties

of the histone core. ESR spin labeling measures the rigidity of the

labeled tyrosyls, while CD measures the orientation of the peptide planes
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relative to one another in the histones. Olins et. ale (154) have

demonstrated by CD studies that 50% denaturation of (8)223 occurs at

approximately 6 Murea and the disruption of the a-helix in the histone

core by urea is highly cooperative. Since we have observed a parallel

sharp change in the labeled tyrosyls at 6 Murea, this may imply that

the spin labels are located at or near the a-helical regions of the

histone core. OlU1S et. a1. (154) have also demonstrated the disruptive

effects of urea on the nucleosome core particle by CD studies. They

have shown that the denaturation of the a-helix in the inner histone

core is highly cooperative, 50% denaturation (of the ellipticity at

A = 223 nrn) occurs at approximately 5 Murea, with no significant effect

up to 3 Murea; denaturation is complete at 7 Murea. They have also

shown a linear release of the suppressed spectrum for the core DNA with

increased urea concentration (0 to 7 M). Thus, we see that the sigmoidal

transition profile for the nucleosome core particle (Fig. 2Sb) obtained

by the ESR spin labeling method has revealed the composite disruptive

effects of urea on both INA. and the inner histone core. A conformational

change of the superhelical core DNA as detected by CD is also reflected

in the ESR spectra as a change in the mobility of the labeled tyrosyls.

This may imply that the labeled tyrosyls are located close to some of

the lliA-histone binding sites.

The effect of ionic strength on chromatin structure is an

interesting phenomenon and has yielded a good deal of information about

DNA-histone and histone-histone interactions (2,3,13,23). Earlier

work by Ohlenbusch et. ale (72) showed that histones (H1, HZA, H2B, H3

and H4) could be selectively dissociated from the calf thymus nucleo

protein by varying the ionic strength. Complex formation studies on
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histones by Isenberg et. al. (see ref. in 57-59) suggest that the histones

are able to form both dimeric or tetrameric complexes under appropriate

ionic conditions. Weintraub et. al. (60) have presented evidence

for a stable heterotypic tetramer (HZA, HlB, H3 and H4) in 2 MNaCl

solution. Olins and co-workers supported Weintraub's finding and further

suggested that an octamer could be formed from a pair of the heterotypic

tetramers when the ionic strength was further increased from 2 MNaCl to

4 MNaCl. Electron microscopic and nuclease digestion studies by Oudet

et. al. (158) suggested that, at very low ionic strength and low tempera

ture, the compact nuc1eosomal structure could be converted to half-nu

cleosomes and to extended structures. Recently, hydrodynamic studies by

Gordon et. al. (159) showed that two salt-dependent conformational tran

sitions occurred in the nucleosome. Structural transitions of the nucleo

some due to ionic effects as detected with fluorescent probes have also

been reported (160-162). More recently, cross-linking agents, such as

tetranitromethane and UV irradiation, have also been applied to study

the mechanism of nucleosome unfolding by ionic effect (163).

The ESR spin-labeling results presented here provide addi

tional insight as to the effect of ionic strength on the nucleosome core

particle. From the above ESR spin labeling and CD data, we see that the

overall conformation of the nucleosome core particle is not greatly

affected by NaCI in the range of 1 roM to 80 TIli\1. The tumbling environ

ment for the labeled tyrosines (Fig. 28) is only slightly less viscous

in the range of 15 mM to 80 roM than in the range of 1 rnM to 8 mM. The

DNA ellipticity and ~-helical content of the histone core changes only

slightly in this range of NaCl. These observations suggest that there

is only a minor change in the quarternary or tertiary structure of the
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nucleosome core, as the ionic strength is increased from 1 roM to 80 rnM.

The linear increase in the tumbling motion for the labeled tyrosyls in

the range of 0.1 Mto 0.5 M (Fig. 28), however, correlates very well

with changes in some of the tertiary and secondary structures within the

inner histone core, as evidenced from the CD data (Fig. 29a). Another

linear increase in tumbling motion of the labeled tyrosyls occurs between

0.7 Mand 1.8 MNaCl (Fig. 28), and this can be correlated with the

gradual release of DNA from the histone core, as shown in the CD data

(Fig. 29b). It is obvious that the DNA is completely released from the

histone core at 1. 8 M NaC1. The shoulder, observed between 0.4 M and

0.7 MNaCl for the labeled tyrosyls, is due possibly to the overlapping

effect of the conformational changes in the histone core and the gradual

release of the OOA from the histones. Above 2 M NaCl, the INA. is

completely released from the histone core; this is followed by a decrease

in tumbling motion for the labled tyrosyls, suggesting that there is a

tightening in the overall structure of the histone core as the ionic

strength is further increased. However, the a-helical content of the

histone core remains constant, and is the same as its original value at

lower ionic strength, as shown by the CD data (Fig. 29a). It is known

that the ellipticity at 285 rum for free DNA at lower ionic strengths is

around 8 x 10
3

deg-cm
2/decimole.

The suppression in ellipticity for the

core OOA at 2 M NaCl and above is possibly due to the dehydration-induced

shift in the tilt of the DNA bases as suggested by Li et. al. (164).

We see that both ESR and CD methods provide complementary information on

the conformational changes due to the ionic effect. It is suggested

that the three major transitions observed here between 0.1 Mto 2.5 M

can be interpreted as: swelling and conformational changes in the inner
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histone core; gradual separation of INA from the histone core; and

tightening of the histone core.

Based on the identical ~-helical contents, it has been

generally assumed that the conformation of the histone core in 2 MNaCl

is the same (or close) as it is in the native nucleosome under lower

ionic strength. However, we have noticed that before the separation

of the DNA from the inner histone core, there is a conformational change

within the inner histone core. Unless such a conformational change is

reversible, the integrity of the histone core in 2 MNaCl being the same

as it is in the native state is questionable. Indeed, our spin labeling

and CD data confirmed that the conformational change of the inner histone

core in 0.1 M to 0.7 MNaCl is reversible. Our CD data clearly has

shown that the a-helical content of the histone core returns close to its

original value as the ionic strength is increased to above 1.5 MNaCl.

And our spin labeling data has demonstrated that the ESR spectrum (Fig.

24b) for the labeled nucleosorne core particle in 2 MNaCl is almost the

same as the labeled histone core (Fig. 23a) in 2 MNaCl. However, we

do not have evidence to show that the labeled histone core in 2 MNaCl is

an octamer or a heterotypic tetrarner.

The minor changes observed in the lower ionic strength range

for the labeled tyrosyls are difficult to interpret since circular

dichroism data in the same ionic strength range do not show any drastic

change in ellipticity for either DNA or the histone core. Changes in

peak-height ratio for the labeled tyrosyls, from 15 roM to 70 roM NaCl may

suggest that there is a small swelling of the nucleosome core particle.

We do not have enough evidence, however, to suggest that swelling of the

labeled nucleosome core at room temperature at this low ionic strength
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has caused a splitting of the particle into two half-nucleosomes. The

study of the accessibility of tyrosyl residues in the nucleosome core

particle in different ionic strengths has further supported the above

observation. An increase of labeling will be expected if the nucleosome

core particle indeed splits into two half-nucleosomes at very low ionic

strength. Contrarily, only 10% of the tyrosyl residues are accessible

to the IMDSL in the range of 0.1 roM: to O. 3 M NaCl as shown in Fig. 30.

A maximum of 40% of the tyrosyl residues can be labeled only when the

nucleosome core particle has been treated with 2 MNaCl. Oudet et. ale

(158), however, have observed the formation of two half-nucleosomes at

very low ionic strengths and at low temperatures (OoC). Gordon et. ale

(159) have also reported the observation of conformational changes for

the nucleosome core at a low ionic strength by hydrodynamic studies.

We suspect that in vitro, additional factors such as low temperature or

high centrifugal forces are needed, besides the lower ionic strength

condition in order for the whole nucleosome to split into two half-nucleo

somes.

According to the spin labeling studies present here, spin

labeled nucleosome core particle is found to be stable over a pH range

of 9.5 > pH > 4.5. Beyond this pH r~ige, the nucleosome either aggre

gates or the nitroxide becomes hydrolyzed. However, a conformational

change in the nucleosome at pH below 4.5 has been reported by Zama et.

ale (165), using circular dichroism, fluorescent probe and laser

Raman speatroscopy. At 4.6 > pH > 4.2, they find a large change in

DNA. conformation, with a slight loss of histone a-helix content.
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(D). Reconstitution of nucleosome core particles

.An important aspect of the chromatin research comes from

the study of reconstitution. Reconstitution is one of the most

useful biochemical methods for examining the role of individual

components in a macromolecular assembly such as the chromatin complex.

Full potential of this approach is achieved only when individual

histones and DNA can be purified and reintegrated into the complex

in a native state. The reconstituted product is valid only when it

is shown to be functionally and (or) structurally identical with the

native material. In the absence of a suitable biologically

functional assay for the fidelity in the reconstituted product, several

biophysical and biochemical methods are always employed (43, 73-75,

89, 136-140). For exmnple, both individually purified histones and

histone complexes, used in the reconstitution of chromatin, have

resulted in the ultrastructure of nucleosome in electron micrographs

(43), characteristic X-ray diffraction maxima (74), and limited

nuclease digestion products (73). Tatchell and Van Holde (89) have

demonstrated that nucleosome core particles can be reconstituted

from salt-extracted histone cores and core DNA. The purified

reconstituted particles appear to be identical with native core

particle by a variety of criteria (sedimentation, velocity, histone

content, circular dichroism, DNA melting profile, and patterns of

digestion by micrococcal nuclease, DNase I, and tyrpsin).

In this report, we have demonstrated that ESR spin

labeling is also a very powerful technique for studying the mode of

nucleosome reconstitution and identifying the role of tyrosyl

residues in the reassociation process. Judging from the tumbling
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constraint on the labeled tyrosyls in the histone core, we find that

DNA binds to histone core progressively in the range of 2M to O.3M

NaCl. Full association between DNA and histone core occurs when the

ionic strength is below O.25M. However, our experiments cannot

distinguish any preferential binding between DNA and individual

histones at various stages of reconstitution. Using SDS gel

electrophoresis, Wilhelm, et al (138) have found that H3 + H4 bind

first to the DNA and HZA + H2B bind to the DNA only after H3 + H4

are completely bound. Their data seems to suggest that histones H3 +

H4 appear as a terramer and HZA + H2B as a dimer in 2M NaCl before

reconstitution begins. We have started our reconstitution with

native histone core and core DNA. Our data suggests that

binding of DNA to the histone core has prevented the histone core

from dissociating into (H3)2 (H4)2 tetramer and (HZA + H2B) dimer

during various stages of reassociation.

The role of tyrosines in the association of proteins and

nucleic acids has been recently reported by Mayer et al (166). They

have shown that tyrosyl side chains from the oligopeptides can give

rise to both stacking and hydrogen-bonding interactions in the complex

formation with nucleic acids. They have also suggested that tyrosine

may be involved through the stacking interactions in the selective

recognition of single stranded nucleic acids by proteins (166). The

contact site cross-linkers tetranitromethane and UV irradiation have

been used to generate H2A-H2B dimers and HZA-H2B-H4 trimers from

nuclei and chromatin by Martinson et al (167). They have demonstrated

that some of the tyrosyl residues in H2B are involved in the HZA-H2B

and H4-H2B interactions (163, 167). In this dissertation, we have
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shown that spin labeled histone core can be reconstituted or re

associated back into nucleosome core-like complex, provided that the

'buried' tyrosyls in the histone core have not been modified. The

ESR spectra for the purified, reconstituted nucleosome complex do not

show any strong immobilization of the labeled tyrosyl residues. These

experiment.s suggest that the 'surface' tyrosyls are possibly not

involved in the histone-DNA interactions.

On the contrary, when the 'buried' tyrosyl residues have

been labeled, even in small quantity, we find that the results of the

reconstituted nucleosome complexes are affected as shown in Fig. 38

and Fig. 39. Some other histone-rnA complexes are formed instead of

nucleosome particles, when more 'buried' tyrosyls have been modified.

Our results clearly demonstrate that urea has disrupted the tertiary

and secondary structures of the histones , exposing those 'buried'

tyrosyl residues to the IMDSL. If those tyrosyl residues remain

unmodified by the IMDSL, the dissociated complex can still reassociate

back into native structure (Fig. 38a, Fig. 39a) , showing that urea

denaturation of histones is reversible. However, if those 'buried'

tyrosyl residues have been modified, then proper histone-histone

interactions leading to the histone core structure will be interupted.

Eventually, these modifications will prevent the compact supercoiling

of DNA into the nucleosome core particle.



159

In conclusion, ESR spin labeling technique has been

applied to study various structural aspects and conformational changes

of the hsitone core and nucleosome core particle. It is concluded

that the labeling of the tyrosyl residues in the nucleosome core

particle is a gentle and specific modification, leading to a high

degree of retention of native structure for the particle. Saturation

binding studies, on both histone core and nucleosome core particle,

suggest that the labeled tyrosyls are distributed on well defined

and stable three dimensional structures of both samples. Recon

stitution of nucleosome studies as presented here, has illustrated

that the compaction of core DNA in the nucleosome depends heavily

on a well defined histone core structure. We have shown that some of

those 'buried' tyrosyls are involved closely in the specific histone

histone interactions which are the vital forces for stabilizing the

histone core structure. On the other hand, we have also demonstrated

that the nucleosome core particle is a dynamic structure capable of

undergoing reversible conformational transitions under appropriate

conditions. Such conformational flexibility, therefore, could be an

important factor in chromatin transcription and replication.
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Aia-Gly-Lcu-Gln-Phe-Pro-Vnl-Gly-Arg-Val-1I1s-Arg-Lell-Leu-Arg-L1s-Cly-Asn-Tyr-AIR-

Ala-Gly-Leu-Gln-Phe-Pro-Val-Gly-Arg-Val-liis-Arg-Phe-Leu-Arg-Lys-Gly-Asn-Tyr-Ala-

SO 60
Glu-Arg-Val-G 1~I-Ala-Gly-Ala-Pro-'li11-Tyr-Lou-Ala-Ala-Va 1- Leu-G1u-Tyr-LclI-T!I r-'\1a-

Glu-Arg-Va I-Gly-Ala-G1y-Ala-Pro-Val-Tyr-Leu-Ala-Ala-Val-Leu-Glu- - -I.e::u-Th1'-I\J a-

Asn-Arg-Val-Gly-Ala-Gly-Ala-Pro-Val-Tyr-Lcu-Ala-Ala-Val-Lcu-Glu-Tyr-Leu-Al~-Ala-

f-'
Q\
f-'



H2A
70 eo

Glu-Ile-Leu-Glu-Leu-Ala-Gly-Asn-Ala-Ala- - - - - --Arg-Asp-Asn-Lys-Lys-Thr-Atog-

GIu-IIe-Leu-Glu-Leu-Ala-Gly-Asx-Alo-Ala-Arg-Ilc-Pro-Arg-Asx-Asx-Lys-Lys-Thr-Arg-

Glu-Ile-Leu-Glu-Leu-Ala-Gly-Asn.-Ala-Ala- - - - - - -Arg-Asp-Asn..Lys-Lys-Thr-Arg-

90 )00
I le- I Le-Prc-Arg-llis-Leu-Gln-Leu-Ala- I le-Arg-Asn-As r-Glu-Glu-Leu-Asn-Lys-Lp.u-Leu-

--Ile-Pro-Arg-Ilig-Leu-Gln-I.eu-Ala-Val-Arg-Asn-Asp-r.!u-Glu-Leu-Asx-Lys-Lcu-Leu-

Ile-Ile-Pro-Arg-Jfis-Leu-Gln-Lcu-Ala-Ile-Arg-A~n-Asp-Glu-Glu-Leu-Asn-Lys-Leu-Leu-

110", 120
Gly-Lys-Val-TII r- I le-Aln-Gln-r:ly-Gly-Val-Lcu-Pro-Asn- Il e-G In-Ala-Val-Leu-Leu-Pro-

Gly-GJy-Val-Thr-Ile-Ala-Glx-Gly-Gly-Val-Leu-Pra-Asx-IJe-Glx-Ala-Val-Leu-Leu-Pro

Gly-Gly-Val-Thr-Ile-Ala-Gln-Gly-Gly-Val-Leu-Pro-Asn-Ile-Gln-Ala~Val-Leu-Leu-Pro-

130
Lys-Lys-Thr-Glu-Ser-1Us-His-Lys-Ala-Lys-Gly-Lys

Lys-Lys-Thr-Glu---- - --Ly:i-Ala-LyR-'lal-Ala-Lyf;

t.ys- Lys-Thr-Gly-Ser- - - - -Lys-Ser-Ser- - - - -Lys .......
0\
N



H2 B

10 20
P. Ang 1 Pro-Ser-Gln-Lys-8er-Pro-Thr-Lys-Arg-8er-Pro-Thr-Lys-Arg-Ser-Pro-Thr-Lys-Arg-Ser-

P. Ang 2 Pro-----Lys-Ser-Pro-Thr-Lys-Arg-8er-Pro-Arg-Lys-Gly-Ser-Pro-Arg-Ly~-Gly-Ser-

Calf Pro---Glu-----Pro-Ala-Lys-Ser-Ala-Pro-Ala-Pro-Lys-------------

Trout Pro- --Glu--- --Pro-Ala-Lys-Ser-Ala-Pro-----Lys-------------

Dros Pro---------Pro.. __Lys-Thr-Ser-Gly-Lys-Ala-Ala---------Lys-----

30 40
Pro-Gln-Lys-Gly-Gly-------------Lys-Gly-Gly-Lys-f.1y-Ala-Lys-Arg-Gly-Gly-Lys-Ala-

CAlf·
Pro-Ser-Arg-Lys-Ala-Ser-Pro-Lys-Arg-Gly-Gly-Lys-Gly-Ala-Ly~-Arg-Ala-Gly-Lys-Gly-

------ ----------------------Lys- --Gly-Ser-Lys-J.ys-

----- -------- - ---------- ----Lys---Gly-Ser-Lys-Lys-

----------------------------Lys-Ala-Gly---Lys-Al~-

I-'
0\
tN



rJ 28

Calf

Gt/f.

50 60
------ --Gly-Lys-Arg-~rg-Arg-Gly-Val-Gln-Val-Lys-Arg-Arg-Arg-Arg-Arg-Arg-

--------Gly-Arg-Arg-Arg-Arg---Val---Val-Lys-Arg-Arg-Arg-Arg-Arg-Arg-

1\1a-- - -- --Va1-'1'hr-Lys-A1a-G1n-Lys-Lys-Asp-C1y-Lys-Lys-Arg-Lys-Arg-Ser-Arg-

Ala-- -- - - -Val-Thr-Lys-1'h r-Ala-Gly-Lys-G1y-Gly-J.ys-Lys-Arg-Lys-Arg-3c r-Arp,-

Gln-Lys-Asn-I le---Thr-Lys-Thr---Asp-Lys- - -Lys-Lys-Lys-Arg-Lys-A):'C-- ---

70 80
- -G Iu-Se r-1'y r-G1y-I le-Tyr-I 1c-Ty r-J.ys-Va l-l.e lI-Lys-G1n-Va1-11is-P ro-As p-Th r-C1y-

- -G1u-Scr-Tyr-Cly-I1e-Tyr-I1c-Tyr-Lys-Va1-Leu-Lys-G1n-Va1-llis-Pro-Asp-l'hr-G1y-

Lys-G lu-Se r-1'y r-Ser-Vol-Ty r- Val-'fy r-Lys-Val- Leu-Lys-G1n-Va1-lIis-P r o-As p-Th r-C 1y-

Lys-Glu-Sc r-1'y r-A 1a-I 1e-1'y r-Va1-1'y r-Lys-Va1-Le u-Lys-G 1n-Va1-His-P ro-As p-l'h r-G1y-

Lys-G Lu-Se r-Ty r-Ala- I le-l'y r- I Le-Ty r-Lys-v :lI-Leu- Lys-G1n-Val-Ilis-P ro-As p-Th r-G 1y-

~

0\
+::-



H2-B

CAlf

&.If

90 100
Ile-Ser-Scr-Arg-Ala-Met-Ser-Vnl-Met-Asn-Scr-Phe-Val-Asn-Asp-Val-Phc-Glu-Arg-Ile-

Ile-Ser-Ser-Arg-Ala-Met-Ser-Val-Met-Asn-Ser-Phe-Val-Asn-Asp-Val-Phe-Glu-Arg-Ile-

I lc-Ser-Ser-Lys-Ala-Hc t-Gly-Ilc-Het-Asn-Ser-Phe-Vnl-A sn-A!ip- I lc-Phe-rau-Arg-Ile-

Ile-S~r-Ser-LY9-Alll-Het-Gly-Ile-Het-Asn-Ser-Phe-Vnl-Asn-Asp-Ile-Phe-Glu-Arg-Ile-

Ilc-Ser-Ser-Lya-Ala-Het-Ser-Ile-Het-Asn-Ser-Phc-Vnl-Asn-Asp-Ile-Phe-Glu-Arg-Ilc-

110 120
Ala-Ala-Glu-Ala-Gly-Arg-Leu-Thr-Thr-Tyr-Asn-Arg-Arg-Ser-Thr-Vnl-Ser-Ser-Arg-Glu-

AIa-G ly-G lu-Ala-Se r-A rg- Leu-Thr-S er-A] n-Asn-Are-Arg-Sc r-Th r-V.:ll-S er-Se r-A rg-G lu-

Ala-Gly-Glu-Ala-Ser-Arg-Leu-Ala-lIis-Tyr-Asn-Lys-Arg-Ser-Thr-Ilc-Tht;-Ser-Arg-Glu-

Aia-Gly-Glu-Ser-Ser-Arg-Leu-Ala-llis-Tyr-Asn-Lys-Arg-Ser-l'hr-Ile-'l'hr-Ser-Arg-Glu-

Ala-Ala-Glu-Ala-Ser-Arg-Leu-Ala-H ts-Tyr-Asn-Lys-A rg-Se 1'-11\ r-lle-Th r-Ser-A rg-Glu-

~
CJ\
Ul



H2 B

u</f

~/f

130 140
Val-Gln-Thr-Ala-Val-Arg-Leu-Leu-Leu-Pro-Gly-Glu-Leu-Ala-Lys-llis-Ala-Val-Ser-Glu-

Ile-Gln-TIlr-Ala-Val-Arg-Leu-Leu-Leu-Pro-Gly-Glu-Leu-Ala-Lyfi-His-Ala-Val-Ser-Glu-

lle-Gln-Thr-Ala-Val-Arg-Leu-Letl-Leu-Pro-Gly-Glu-Leu-Ala-Lys-Jlis-Ala-Val-Ser-Glu-

Ile-Gln-Thr-Ala-Val-Arg-Lcu-Lcu-Leu-1Iro-Gly-Glu-Leu-Ala-Lys-liis-Ala-Val-Scr-Glu-

Ile-Gln-Thr-Ala-Val-Arg-Leu-Leu-Leu-Pro-Gly-Glu-Leu-Ala-Lys-liis-Ala-Val-Ser-Glu-

150
Gly-Thr-Lys-Ala-Val-TIlr-Lys-Tyr-Thr-Thr-Ser-Arg

Gly-Thr-Lys-Ala-Val-Thr-Lys-Tyr-Thr-Thr-Ser-Arg

Gly-Thr-Lys-Ala-Val-Thr-Lys-Tyr-'l'hr-Scr-Ser-Lys

Gly-Th r-Lys-Ala-Va I-Th r-Lys-Tyr-Th r-Ser-Se r-Lys

Gly-Thr-Lys-Ala-Val-Thr-Lys-Tyr-Thr-Ser-Ser-X

.......
0\
0\



H3 Calf
10 20

Ala-Arg-Thr-Lys-Gln-Thr-Ala-Arg-Lys-Ser-Thr-Gly-Gly-Lys-Ala-Pro-Arg-Lys-Gln-Lcu-

30 40
Ala-Thr-Lys-Ala-Ala-Arg-Lys-Ser-Ala-Pro-Ala-Thr-Gly-Gly-Val-I,ys-Lys-Pro-His-J\rg-

50 60
Tyr-J\rg-Pro-Gly-Thr-Val-Ala-Leu-Arg-Glu-Ile-Arg-Arg-Tyr-Gln-Lys-Ser-Thr-Glu-Leu-

70 80
Leu-Ile-J\rg-Lys-Leu-Pro-Phe-Gln-Arg-Leu-Val-Arg-Glu-Ile-Ala-Gln-Asp-Phe-Lys-Thr-

90 100
Asp-Leu-Arg-Phe-Gln-Ser-Ser-Ala-Va1-Net-Ala-Leu-Gln-Glu-Ala-Cys-Glu-Ala-Tyr-Leu-

110 120
Val-G1y-Leu-Phe-Glu-Asp-Thr-Asn-Leu-Cys-J\la-Ile-U!s-Ala-Lys-Arg-Val-Thr-I1e-Met-

130
Pro-Lys-Asp-Ile-G1u-Leu-J\la-Arg-Arg-Ile-J\rg-Gly-Glu-Arg-Ala

f-'
0\
--J



H4 Calf
10 20

Ser-Gly-Arg-Gly-Lys-Gly-Gly-Lys-Gly-Leu-Gly-Lys-Gly-Gly-Ala-Lys-Arg-Jlis-Arg-Lys-

30 40
Val-Leu-Arg-Asp-Asn-Ile-Gln-Gly-Ile-Thr-Lys-pro-Ala-Ile-Arg-Arg-Leu-Ala-Arg-Arg-

50 60
Gly-Gly-Val-Lys-Arg-Ile-Ser-Gly-Leu-Ile-Tyr-Glu-Glu-Thr-Arg-Gly-Val-Leu-lijs-Val-

70 80
Phe-Leu-Glu-Asn-Val-Ile-Arg-Asp-Ala-Va1-Thr-Tyr-Thr-G1u-His-Ala-Lys-Arg-Lys-Thr-

90 100
Val-Thr-Ala-Met-Asp-Val-Val-Tyr-Ala-Leu-Lys-Arg-Gln-Gly-Arg-Thr-Lcu-Tyr-Gly-Phe-Gly-Gly

I--'
o
00

t-
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