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PHYSICO-CHEMICAL STUDIES ON THE STRUCTURE

OF EUKARYOTIC CHROMATIN

INTRODUCTION

Discovery of nucleic acids in pus cell nuclei by

Miescher (1897) and later the discovery of protamines and

the basic eukaryotic nuclear proteins, histones, by Kossel

(1928) marked the beginings of a whole new field of research.

However, the great difficulties in isolating pure material

and the absence of techniques for the study of complex

biopolymers delayed development of the area until the 1950's.

The modern era of nucleoprotein research begins with

Zubay and Doty (1959), who described a method for obtain

ing purified nuclear-material. Since then a large number

of researchers have been involved in this field of resea-

rch regarding the structure and function of chromatin.

Chromatin in eukaryotes can be defined most

simply as a complex of the functional form of the chromo

somal deoxyribonucleic acid with certain other macromole-

cules such as histones non-histone proteins, ribonucleic

acid, and any other substances required for function.

Kossel, in 1928, defined it in an oversimplified way as
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the salt of histones and nucleic acids,but we now know

that not only are other substances involved, but that the

molecular organization is much too complex to be describ-

ed as a simple " salt". A number of names ( Deoxyribonuc-

leoprotein,Nucleohistone,Deoxyribonucleobistone)have been

used for chromatin in the literature and we shall be

using these names interchangeably through out this thesis.

Quantitatively the composition of a typical chr-

omatin from a multicellular organism involves roughly

equal proportion by weight of DNA and histones plus sma-

ller amounts of non-histone proteins and negligibly small

amounts of RNA.Table I summarises some results on the

chemical composition of chromatin prepared from different

sources. The table also indicates that(see the data for

calf thymus chromatin) there is still difficulty in obta-

ining reproducible samples of " chromatin" in different

laboratories.Lee and Scherbaum(1966), Stone(1967) have

shown that histone/DNA ratio can change considerably

during special conditions of growth or of DNA replication.

It is widely believed that DNA forms the essent-

ial backbone of the chromatin fibre structure.Each chrom-

osome probably contains a single DNA-molecule condensed,

coiled or folded in some way.The evidence for this comes



TABLE I - COMPOSITION OF SOME CHROMATINS

Organism Tissue DNA RNA Histone Non-histone Reference

Pea Vegitative
bud

1.00 0.26 1.03 0.29 Bonner et al.1968

Chicken
adult

Erythrocyte 1.00 0.01 0.82 0.48 Dingman et al.1964.

Rat Liver 1.00 0.04 1.00 0.67 Bonner et al. 1968.

Calf Thymus 1.00 0.06 1.40 0.24 Alam et al. 1970

Calf Thymus 1.00 0.01 1.14 0.33 Bonner et al.1968.

Calf Thymus 1 00 0.06 1.00 0.50 Spelsberg and
Hniliea 1971.
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from visco-elastic studies on DNA samples by Kavenoff and

Zimm (1973),where it is shown that with proper care very

long DNA molecules can be isolated from eukaryoticchromo-

somes. There is no evidence for the existence of non-nuc-

leotide "linkers" in chromosomal DNA. Recently,however,a

model has been proposed for chromatin which considers

S-S- bonds in core proteins as the linking bonds for the

pieces of DNA in chromosomes( Dounce et al 1973).

The basic proteins which bind to DNA in most euk-

aryotic organisms are the histones. Leighton etal(1971)

and Rizzo et al(1972) have shown that some fungi and din-

oflagellates are the only eukaryotic organism which poss-

ess no histones;instead they have much smaller amounts of

other acid soluble proteins.Five histones whose properti-

es are summarized in table II appear to be present in ne-

arly all chromatins, irrespective of species and tissue,

usually in almost equal weight ratios(Hnilica et al 1966,

Sung et al 1971,Fambrough et a11968).Neelin et al (1964)

have shown the existence of a unique histone which is lys-

ine,arginine and serine rich and which appears to replace

the arginine rich histone, of other somatic cells,in nuc-

leated chicken erythrocytes.There appears to be a remark-

able evolutionary constancy of some of the histones; for

example the studies of DeLange et al(1969a,1969b) have



TABLE II - PROPERTIES OF HISTONESFRACTIONS

Different Nomenclatures

Lys/Arg Mol.Wt. ReferenceDescriptive Jones and
Butler

Rasmussen
et al.

Proposed

Lysine rich F-1 I KAP 20 20,000 DeLange &
Smith 1971

F-2b IIb2 KAS 2.5 13,774 Iwai et al.

Slightly 1970

Lysine rich
F -2a2 Ilbi LAK 1.0 15,000 DeLange and

Smith 1971

F-3 III ARE 0.72 15,324 DeLange et-,,al.

Arg. rich 1972.

F-2a1 IV GRK 0.79 11,282 DeLange et al.
1969.&
Ogawa et al
1969.

Lys-A g-Ser
rich

F-2c V 0.5 Neelin et a .

1964.
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shown the existence of almost identical primary sequences

of histone F2a1 in Pea and calf thymus.Other histories al-

so show a high,but not so striking, degree of sequence

conservation( Atlas of protein sequences 1973)

The non-histone proteins of chromatin have not

been classified and characterized completely, and there

is considerable confusion about the number,content,types

and properties of these proteins at the present time.As

a matter of fact at one stage the very existence of non-

histone proteins as a significant component of chromatin

was challenged by Sonnenbichler et al (1967,1968,1970),

on the basis of studies done on the proteins which firmly

attached to deoxyribonucleic acid after acid extraction

of isolated chromatin. Their contention was that the acid

treatment of the chromatin made the non-histone proteins

associate with DNA which then remained firmly attached to

DNA.The varying amount of success that different workers

have had in the removal of cytoplasmic non-histone prote-

ins is a major source of uncertainty in determining the

non-histone proteins of chromatin.

Goodwin and Jones(1972) in their report claim

that if chromatin from calf thymus is properly purified,

the non-histone proteins present less than three % of the

histones.Elgin and Bonner(1970,1972)have succeeded in ro-



ughly fractionating the major non-histone proteins.They

found quite a few similarities between the non-histone

proteins from different organs and different species,

which suggests that some of these proteins might be comm-

on enzymes.For example neutral nuclear proteases were re

ported among the non-histone proteins by Furlan and

Jericijo(1967) and Panyim,Jensen and Chalkley(1968).Elgin

and Bonner found that about 10-15 proteins make up at le-

ast 70.0 % of the non-histone proteins found in chromatin.

However the exact number, content and the role of these

non-histone chromosomal proteins is far from being esta-

blished.

People have reported the presence of RNA(table I)

in chromatin, but its role is not clear.It is not even

certain whether it occurs as a contamination or as essen-

tial part of the structure.It seems hard to conceive that

RNA meight have any role in the formation of the structu-

re of chromatin.At least a part of the RNA which is found

associated with chromatin could be a pre-message,or pre-

ribosomal RNA , either still attached to DNA or free of

it but still in the nucleus.

Chromatin assumes various states of condensation

during the cell cycle of the eukaryotic cell.During mito-

sis all the chromatin is condensed;while in the interphase

some of this condensed chromatin undergoes dispersal into



an intranuclear net-work of finely distributed threads

that do not again condense until the next mitosis;the

rest remains condensed throughout the cell cycle.This

noncycling, permanantly condensed,chromatin. is called

heterochromatin and the diffuse form is termed euchromatin:

Euchromatin and heterochromatin do not appear to be diff-

erent in the fine structure when viewed with electron

microscope,but they substantially differ in their hydr

odynamic properties,electron density,repetitive DNA cont-

ent,templating efficiency etc..Methods of separation using

shearing and subsequent differential centrifugation have

been used by Frenster et al(1963) and Duerksen and McCarthy

(1971).Heterochromatin is practically insoluble in water,

although it does dissociate in concentrated salt solution.

Even though these two types of chromatins differ surpris

ingly in their physical and chemical properties they have

very nearly the same histone content and distribution of

individual fractions(Frenster 1969,Berlowitz 1965,

Pallotta et al 1970 and Coming 1967).

Attempts at analysis of the fine structure of

chromatin has occupied many workers for many years. In

attempting a brief review of this work, it is perhaps best

to begin with studies of DNA conformation.Optical rotato-

ry dispersion and circular dichroism techniques have been
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widely used for the studies of DNA conformation in chrom

atin.Studies on the nucleohistone isolated from Chinese`

hamster cell cultures arrested at metaphase with vinblas-

tine showed that metaphase chromatin possesses a histone

complement similar to interphase chromatin and both meta-

phase and interphase chromatins have similar circular di-

chroism spectra( Shih and Lake 1972).This leads to the

interpretation that an essentially similar elementary

structure of the chromatin DNA persists throughout the

interphase and metaphase of the cell cycle.The positive

circular dichroism bands at 277 nm, in both cases, are

45 % in magnitude of that of isolated DNA.The observation

that the circular dichroism spectrum of chromatin is par-

tially reversed to that of the isolated DNA in five M urea,

even though there is no histone dissociation from DNA,has

been interpreted by these authors as the result of the

organisation of nucleohistone into a complex supercoiled

or folded structure.

Tuan and Bonner(1969) concluded from their opti-

cal absorption and optical rotatory dispersion studies

that the conformation of the whole histone mixtures as

well as of individual histone fractions is highly ionic

strength dependent and the conformation of histone in

association with DNA approximate that found for free his-



tone in solution of high ionic strength.These molecules

then possess about 35-40 % a-helical conformation

(Simpson and Sobar 1970) and contribute strongly to nega-

tive bands at 222 nm and 209 nm, thus obliterating the DNA

spectrum in that region.But there is an almost negligible

contribution of histone to the C.D. spectrum in the region

above 250 nm (Fasman et al 1970).Hence for the considera-

tion of any conformational changes in DNA structure only

the positive band of C.D. spectrum centered at 277 rim and

a small negative band at 295 rim are useful.

As regards which histones are responsible for

maintaining the so called supercoiled or folded structure

of DNA in chromatin the C.D. measurments done on the whole

chromatin and DNA-protein complexes obtained by partial

stripping off of histories by salt from chromatin are

very instructive.It is known that histones can be removed

from chromatin stepwise by changing the salt concentration

(Georgiev et al 1969, Ohba 1966, Loeb 1968,Wilhelm and

Champagne 1969).Upto 0.2 M NaC1 concentration, less than

0.5 % of the chromosomal protein is removed.With 0.5 M

NaC1 solution lysine-rich (F-1) histone and some non-his-

tone proteins are dissociated.Between 0.5 and 1.0 M NaC1

concentration different histories seem to be dissociated

almost simultaneously though some authors have reported
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stepwise removal.At 1.6 M NaC1 concentration all histones

are completely dissociated.

removal of histone F-1 seems to affect the posi-

tive (277 nm) band of C.D. spectrum very little, On the

other hand the same band is affected to a considerable

extent on simultaneous removal of F2 and F3 histones

( Wilhelm et al 1970, Henson and Walker 1970,Simpson and

Sobar 1970,Tuan and Bonner 1969).However, caution must be

used in interpreting results obtained in such experiments,

for Clark and Felsenfeld (1971) have demonstrated that

extensive histone exchange occur at high salt concentra-

tions.

In contrast to the above observation that F-1,

a lysine rich histone, does not seem to play a major role

in determining the DNA conformation in chromatin, Shih and

Fasman (1972) and Fasman et al (1970) observed that the

circular dichroism spectrum of DNA is altered when it is

complexed with F-1 histone.The positive band at 275 nm is

progressively decreased and red shifted by complexing with

increasing amounts of F-1 histone. The negative band at

245 nm increases in magnitude with red shifting.Conforma-

tional changes are not apparent upon binding of heat den-

atured DNA to F-1 histone.Optical rotatory dispersion

measurments of the complexes of DNA and poly L-lysine



(Cohen and Kidson 1968) and C.D. measurments of these co-

mplexes (Shapiro et al 1969) also indicates that there is

a conformational change in DNA.Since the conservative G.D.

spectrum is predicted on the basis of stacked bases in

double helical DNA (Johnson and Tinoco 1969), the non-

consevative C.D. spectrum, as observed in the above expe-

riments, might be interpreted as partial disruption of

stacking

Circular dichroism studies on the DNA-complexes

with arginine rich histone (F2a1) give results almost qu-

ite opposite to those obtained with complexes of DNA with

F-1.In these complexes, with increasing amounts of histone

the 275 nm C.D. band increases in amplitude and blue shi-

fts and the negative band at 245 nm decreases.There is an

enhancement of the negative band centered at 305 nm (Shih

and Fasman 1971).However , it must be emphasized that th-

ere is

plexes

no evidence that these artificial histone-DNA com-

bear any relationship to the structure of chromatin.

A comparative study of the circular dichroism

spectra of chromosomal components of intact nuclei,broken

nuclei, isolated chromatin complexes from which specific

chromosomal proteins have been removed, has been carried

out by Wagner and Spelsberg (1971).They concluded that

DNA has unique geometry due to the specific packaging in



the nucleus. They find that histone F2a1 seems to be res-

ponsible for the major DNA conformation changes in chrom-

atin as seen in C.D. spectra. These authors also suggest

that histone F2a1 acts as a general repressor of RNA syn-

thesis, through its conformational effects on the DNA.

Hanlon et al (1972) have shown that the C.D.

spectrum of calf thymus chromatin can be reconstructed

theoretically by considering the contributions of A,B and

C- form of DNA. According to them a linear combination

of 30-50 % B-form and 50-70 % C-form spectra account for

the complete chromatin spectrum above 250 nm. It is clear

that optical studies have been only partially successful

in elucidating the DNA conformation, although they indic-

ate that more than one conformation may be present , and

that these conformations may strongly depend on histone-

DNA interaction.X-ray diffraction studies have provided

results which supplement these.

X-ray diffraction studies on fibre and gel spec-

imen of nucleohistone show a low angle diffraction pattern

which is not given by DNA or histone alone, along with

the usual kind of diffraction pattern given by DNA. The

DNA pattern, while not well resolved nor highly oriented

in most chromatin samples, suggests that the DNA is mainly

in the B-form or a similar conformation; the A-form is
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definitely ruled out, whereas a contribution from C-formcan

not be excluded. The diffraction p ttern of nucleohistone

fibres also includes rings corresponding to spacings of

110 A°,55 A °,37
Ao A° ,22 A°and 18 A°. These have been

interpreted by Pardon and Wilkins (1972) as arising from

a supercoil structure. However there may be difficulties

with this simple explanation. A similar interpretation

was suggested originally and later retracted by Luzzati

and Nicolaieff (1959,1963). Pardon and Wilkins (1972) have

proposed a model for the chromatin in which DNA double

helix is constrained to form a super-helix with a pitch

of 120 A° and a radius of 50 A°.The observed intensity

of the diffraction pattern at 110 A° spacing seems t

differ considerably from the one calculated on the basis

of the super-helical model proposed by the above authors

(Pardon and Wilkins 1972). Secondly the diffraction ring

corresponding to 110 A° spacing disappears under reduced

humidity conditions, whereas the rings corresponding to

55 A° and smaller spacings appear to be stable. This leads

one to doubt whether 110 A° spacing diffraction maximum

is the one that exists due to the basic super-helical

structure in chromatin as claimed by the authors, or is

a result of some higher ordered structure which exists

under certain humidity conditions. These authors also



made observations of the X-ray diffraction pattern from

intact nuclei. These diffraction patterns resemble the

patterns obtained from chromatin. This gives some reassu-

rance that the structural details of isolated chromatin

may be relevant to intranuclear structure.

X-ray diffraction studies were done on the part-

ially oriented whole nucleoprotein fibres and those depl-

eted of lysine-rich histone F-1 from chicken erythrocyte

and calf thymus by Bradbury et al (1972). They noted the

same series of low angle diffraction rings characteristic

of native nucleohistone reported by Pardon et al (1967)

and Wilkins et al (1959). In fact removal of the lysine-

rich histone F-1 from the chromatin results in a sharpen

ing of the low angle X-ray rings. This was interpreted by

the authors as an indication that F-1 histones are not

essential for the formation of the supercoiled structure,

which is consistent with the conclusions drawn from C.D.

studies discussed earlier.

Small angle X-ray scattering from gels and elec-

tron microscopic studies by Bram and Ris (1971) have lead

to an interpretation considerably different from that

described above.Under electron microscope chromatin gels

appear as a mesh of fibres of varying widths; many of th-

ese have a knobby appearance as if there were numerous
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short side branches. These branches seem to be randomly

spaced, comprise about 25 % to 34 % of the fibre mass and

project 80 A° to 200 A° from the fibre. These protuberan-

ces are about 100 A° thick. The small angle scattering

data from such gels has been explained by Bram and Ris

in terms of a model for chromatin containing one double

helix of DNA and associated histone non-uniformly coiled

with an average pitch of 45 A° On these observations

Bram (1972) has proposed a model for chromosomal DNA.

Saliant features of this model are I) Most of the chromo-

somal DNA is non-uniformly folded into a compact left ha-

nded super-coil whose average pitch and radius are 45 A °,

2) DNA in this structure is non-transcribable.

The structure of chromatin has been studied in

many laboratories by following the thermal denaturation

of the whole chromatin, partially dehistonized chromatin

and DNA-histone complexes. The spectral changes accompa-

nying the thermal denaturation of calf thymus chromatin

can be resolved into characteristic contributions from

the disruptions of A-T and G-C pairs in DNA as a function

of temperature.Using this technique Ohba(1966) claimed

that in chromatin, as distinct from DNA, the G-C pairs

are more susceptible to thermal denaturation than A-T

pairs.The multiphasic nature of melting profile of chrom-

atin has been reported by several authors (Huang et al



1964,Ohlenbusch et al 1967,Murray 1969,Shih and Bonner

1970,Henson and Walker 1970,Smart and Bonner 1971). This

nature suggests that there may be irregular distribution

of certain histone complexes along the DNA double helix.

A some what different interpretation was given

by Henson and Walker (1970) for the biphasic melting

profiles for deoxyribonucleohistones.They interpreted th-

eir results as an evidence for formation of new DNA-hist-

one complexes due to migration of some or all of the fra-

ctions F2b,F2a2 and F3, during the first phase of melting.

They concluded that this biphasic melting profile of deo-

xyribonucleic acid need not necessarily imply that these

fractions are arranged heterogeneously on the DNA in viva.

Thermal denaturation profiles of the complexes

formed of DNA and purified individual histones have very

typical characteristics (Shih and Bonner 1970). These are

biphasic profiles; the first phase indicates the melting

of free DNA and the second phase, of which Tm is depende-

nt on the nature of histone, indicates the melting of

DNA-histone complexes. The Tm of the second phase seems

to increase with increasing arginine content of the

histone.

Stepwise removal of histones followed by thermal

denaturation studies by Smart and Bonner(1971) showed,



quite surprizingly, that there is no particular histone

which can be said to be solely responsible for the chan-

ges in DNA conformatin. They found that removal of histo-

nes in the sequence F-1,(F2b + F2a2), F3, F2a1 has the

same effect on the structural and chemical properties of

DNA in chromatin as the removal of the histones in the

sequence (F2b + F2a2), F3, F2a1 and F-1, so long as one

measures histone removal in terms of the charge removed.

Thermal denaturation profiles of chromatin,from

which individual histone fractions have been selectively

removed, provide valuable information on histone-DNA int-

eractions and complement the data collected by optical

rotatory dispersion and circular dichroism measurments.

More illustrative and useful analysis of thermal denatur-

ation profiles is provided by comparing the temperature

derivative plots since small stability transitions can be

detected in this way.Derivative plots of melting profiles

of native or partially dehistonized nucleohistone from

Pea-bud in 2.5 x 10 M EDTA show three melting bands at

42°C(I), 66°C(III) and 81°C(IV) respectively,and a shou-

lder near ,52 °C(II) (Li and Bonner 1971)These bands appe-

ar to be the characteristic property of nucleohistone,

since their positions do not depend on, how many and whi-

ch histones are removed. They also find that the effect

of higher ionic strength is greatest on the Tm of melting



band I, less on that of melting band III and least on that

of melting band IV. They interprete this observation as

an indication of an increasing amount of electrostatic

sheilding of the phosphates of DNA by histones for the

segments melting with increasing T 's.They also find that

N-terminal half of histone F2b or F2a2(which is more bas-

ic than the C-terminal half) has a greater stabilizing

effect on the DNA than does the C-terminal half.

Thermal denaturation performed in presence of

urea has been studied by Ansevin and Brown(1971). They

report that DNA- complexes with any calf thymus histone

other than F2b histone increases its ultra violet

absorbance in at least three or more steps during melting.

The denaturation in each case was performed in low ionic

strength buffer containing 3.6 M urea. Contrary to this,

Subirana(1973) has reported a biphasic melting profile of

nucleohistone when the denaturation is performed in prese

nce of 4.0 M urea. This change of number of phases in

melting profile from four(Li and Bonner 1971) to two in

presence of urea indicates that urea produces structural

changes in nucleohistone by disrupting non-polar interac-

tions.

In order to determine how thehistones are dist

ributed along the chromatin fibres Ilyin et al(1971) have



used a new technique. They found that lysine rich histone

F-1 and some non-histone proteins can be completely remo-

ved from chromatin by addition of tRNA and 1 mM Mg012 or

40.0 mM NaCl. If tRNA is added to chromatin in absence of

Mg
++

or Na+, not only histone F-1 but also some F2a2 and

F2b are removed by tRNA. Extraction with tRNA quantitati-

vely removes histones F-1,F2a2,and F2b from chromatin gel,

which has been previously treated with urea. Using this

technique with mouse chromatin Varshaysky and Georgiev

(1972) found that arginine rich histones F2a1 and F3 are

arranged on DNA in clusters separated from each other by

stretches of DNA free of either F2a1 or F3. The average

length of these stretches is about 900 base pairs. These

DNA segments 'free of histones F2a1 and F3 constitute at

least 35 % of the total DNA.

Other approaches taken by workers in studyin

the structure of chromatin and the relation of this stru-

cture to its function involve enzymatic degradation and

enzymatic modification of chromatin.Modification of chro-

matin by tryptic digestion has been studied by Debabov &

Rebentish(1971), Toczko & Jazwinski(1971) and Simpson

(1972). Debabov and Rebentish(1971) have shown that hist-

ones in chromatin are digested by trypsin at a lower rate

than are histones in solution. The order of increasing
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susceptibility to trypsinization is quite different for

histones in solution than that for histones in chromatin.

In free solution the histone fractins can be ordered,

according to their decreasing susceptibility as F2a2,F-1,

F2a1 and (F3 + F2b), F2a2 being most susceptible;while

in chromatin the order is F-1,(F2b + F3),F2a2 and F2a1,

F-1 being most susceptible.Contrary to this observation

Toczko and Jazwinski(1971) find that F2b is most resistant

to tryptic digestion and there is no order in the digest-

ion of histones when free in solution. In both of the ab-

ove studies, the authors noted a corresponding increase

in solubility of digested chromatin in 0.15 M NaCl, solut-

ion (Native chromatin is insoluble in 0.15 M NaC1 soluti

on) and a small change in melting profile. Limited tryptic

digestion of chromatin from rabit liver or calf thymus

leads, to cleavage of 55 peptide bonds per 100 DNA base

pairs, which is equal to the number of lysyl + arginyl

residues which are freely titratable in native chromatin

(Simpson 1972).About 45-70 % of the total protein initia-

lly present in chromatin remains bound to DNA, in the

form of small peptides, at their initial positions after

tryptic digestion. Subsequent to tryptic digestion changes

occur in a number of properties including thermal denatu-

ration , flow dichroism,intrinsic viscosity and C.D.Over-

all,these changes,indicate a genera] loosening of the str-

ucture.



The question how much DNA is free of proteins in

chromatin has been approached in two ways, either by loo-

king at the template activity of the isolated chromatin

or by looking at the availability of free DNA for nucle-

ase digestion. Not surprizingly the answers obtained from

these two approaches are different. Although the amount

of DNA available for transcription by exogenous DNA-depe-

ndent RNA polymerase varies depending on the metabolic

activity of the cells from which chromatin is obtained,

it is usually less than 20 % (Bonner et al 1968). Removal

of proteins, especially histones,has been shown to incre-

ase this template activity considerably(Paul and Gilmour

1968,Spelsberg 1971). The template activities of nucleo-

histones containing different amounts of histones for DNA

dependent RNA polymerase from E.Coli revealed the fact

that the amount of RNA synthesized by RNA polymerase is

proportional to the amount of free phosphate groups in

the template and not to the amount of histone removed (

Kurashina et al 1970). One interpretation of these results

is that the histones bind to most of the DNA preventing

its transcription by RNA polymerase.

Nuclease digestion studies of chromatin show,on

the other hand, that over 90 % of the chromatin can be

hydrolysed on prolonged digestion. A more mild digestion
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specially degrades template active DNA which is about 12%

for ascite cell chromatin and 23 % for liver chromatin

(Billing and Bonner 1972). This then implies that some of

the DNA which is not involved in template activity could

be available for nuclease digestion. Contrary to the above

observation Clark and Felsenfeld (1971) found that about

46-54 % DNA is digestible by staphylococcal nuclease.

This has been confirmed by these authors in an ingenious

way. Using poly-D-lysine they covered the open regions of

DNA in chromatin. Then the chromatin was subjected to

proteolytic digestion, which does not digest poly-D-lysine.

This exposed the segments of DNA previously covered by

histones and were not available for nuclease digestion.

These segments were then digested by nuclease. It turned

out that the amount of DNA in these segments was about

50 % It is important to know that there is no migration

of histones during the digestion experiments. Otherwise

such studies can not be used for analysis of chromatin

structure. The results of Jensen and Chalkley (1968) show

that the rearrangement of histones on the chromatin DNA

may occur at high salt concentration.Clark and Felsenfeld

(1971) have shown that there is, no migration of histones

under the conditions of enzymatic digestion they use and

they have also shown that about 40 % of the proteins of
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chromatin are exchangeable even at the relatively low NaCl

concentration of 0.6 M . This would mean that most of the

information obtained on structural aspects of chromatin

using stepwise removal of histones may be useless and

also that the reconstitution studies under high salt con-

ditions would not lead us to any where but confusion. In

the words of Simpson (1973)" Obviously further experimen-

tal efforts are required to untangle this set of problems.

The same comment might be applied to almost every other

attempt to study chromatin structure.

In this thesis, we propose to present evidence

for the presence in chromatin of a particular kind of sm-

all, elemental fragments which involved DNA and proteins

( mainly histones) in a peculiar tight complex. To this

end we have used partial nuclease digestion of chromatin

( under conditions where no migration of histones takes

place( Clark and Felsenfeld 1971)) to prepare fragments

of chromatin which are nuclease resistant. From the stud-

ies of tryptic digestion of chromatin it is known that

general loosening of the chromatin structure takes place

without the loss of large amounts of proteins ( Simpson

1972 ) . There are also indications, as discussed previo-

usly , of the presence of tertiary structure in chromatin

from physical studies, like X-ray diffraction, circular
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dichroism , sedimentation and denaturation. It is still

not known, though, what kind of structure this is, nor

how it is localized in the chromatin. By using trypsini-

zation we will try to demonstrate the role of the protein

in maintaining the tertiary structure in these nuclease

resistant fragments. Since we have been able to separate

grossly the portions of chromatin containing this tertia-

ry structure we have not only seen the general loosening

of the structure but have in fact seen the drastic changes

in the physical properties. These changes in physical pro-

perties have been used to arrive at an idea of the type

of structural changes involved.



MATERIALS AND METHODS

Preparation of Chromatin from Calf Thymus

Calf thymus was obtained from a local slaughter

house within a few minutes after killing the animal and

was immediately frozen in dry ice, and then stored at

-80 °C until used We found that this stored tissue could

be used for over six months without significant change in

the properties of chromatin prepared from it For the iso-

lation of chromatin the method described by Maurer and

Chalkley (1967,method v) was followed with minor modific-

ations as described below. After lysing the nuclei in 10

mM Tris pH 8.0 it was found advantgeous to centrifuge the

crude chromatin at 10,000 rpm for 30 minutes in a Servall-

SS-34 rotor and resuspend the gelatineous pellet in the

same lysing buffer to make the total volume 30 ml.This

crude chromatin was then purified by sucrose-density step-

gradient centrifugation as described by Bonner et al(1968).

At this stage it was observed that if proper dilution was

made the pure chromatin formed a band at the sucrose den-

sity step and unbroken nuclei and other heavy impurities

settled to the bottom as a yellowish pellet.
1 This band of

purified chromatin was then suspended in 400 ml of 10 mM,



Tris buffer and immediately centrifuged at 10,000 rpm for

30 minutes in a Servall SS-34 rotor to get rid of as much

sucrose as possible. The gelatinous pellet was then susp-

ended in about 80-100 ml of Tris buffer at pH 8.0. About

20 ml of this suspension was dialysed against 10 mM Tris

buffer (pH 8.0) and rest of the suspension was dialysed

against phosphate buffer (pH 6.7).The dialysates were ch-

anged two times at a minimum interval of six hours.Dial-

ysed chromatin was then sheared in a Virtis homogeniser

at a voltage setting of 40 volts for 90 seconds. The she-

ared chromatin was diluted to a concentration ( by adding

an appropriate amount of the buffer) such that the absor-

bance at 258 nm was about 7.0. This solution was then

stirred for at least one hour at moderate speed.Centrifu-

gation of this solution in the Servall SS-34 rotor for 30

lIf the concentration of the layered crude chro-

matin suspension was too high, all of the material was

found in a pellet at the bottom and no band found at the

density step. The pure chromatin was then obtained by ta-

king the gelatinous band just above the pellet and negle-

cting the bottom hard pellet. No difference in the prope_

rties of the chromatin purified this way was noticed from

the one purified by the method described above.



minutes at 10,000 rpm gave an almost negligible amount of

pellet, which was discarded. Supernatant was used as a

purified sheared chromatin. Table III gives a summary of

the steps in chromatin preparation.

Preparation of Chicken Er throc to Chromatin

For obtaining pure chromatin the first step is

to isolate pure nuclei. When calf thymus was used this

presented no problem. Calf thymus tissue cells have a very

small amount of cytoplasmic material and large nuclei.

This together with the fact that the cell membrane is

rigid makes it easier to use mechanical shearing for bre-

aking the cell membrane and isolating the nuclei. This

method of mechanical shearing is not satisfactory for

chicken erythrocytes. It seems that the homogenization

punctures the cell membrane and heamolysis occurs; but

probably the punctured cell membrane adheres to the nucl-

eus giving rise to what we refer to as a " ghost "( see

fig. one).

Several methods have been described in the lite-

rature for obtaining clean nuclei from nucleated avian

erythrocytes. Murray et al (1968) and Dounce and Lan (1943)

used white saponin for cleaning the nuclei. We found that

the use of white saponin did not give a good yield of cl-

ean nuclei. " Ghosts " always remained on most of the



TABLE III - PREPARATION OF CALF THYMUS CHROMATIN

Calf thymus homogenized
in grinding medium and
centrifuged

Nuclei - Pellet

Washed

Iabhed nuclei lysed in
10mM Tris and centrifuged

.Supernatant d iscarded

Pellet - crude chromatin

Sucrose step gradient centri-
fugation

Pellet - pure chromatin

Dialysed and sheared

Sheared chromatin
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Figure one- Photograph of erythrocyte nuclei with "GHOSTS"

prepared by mechanical shearing.
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nuclei, which gave the nuclear pellet a reddish-yellow

appearance. Ghosts have also been reported by other wor-

kers and could easily be seen under the phase contrast

microscope.Zentgraph et al (1969) claim that by using

their minimum medium and mechanical shearing with blades

in a virtis homogeniser they obtained 50 % yield of clean

nuclei. Their method was tried in our laboratory with

almost no success. O'Brien (1964) has described a method

for obtaining clean nuclei in good yield using the non-

ionic detergent P-40 (a product of Shell Chemical Company

Ginzberg et al (1967) found that there is a small loss in

the histone fraction from the nuclei isolated by using

detergent as compared with the mechanical shearing method.

But whether this loss is real or apparent is not clear

since the authors reported that the nuclei isolated by

mechanical shearing are contaminated with cytoplasmic

debris. We found that the use of non-ionic detergent P-40

gave the maximum yield of clean nuclei, which showed no

ghosts under phase contrast microscope(fig. two). Further

more the nuclear pellet was white. We also observed that

it was very essential to remove all plasma proteins first.

We first tried to remove these by stirring the blood with

glass beads,Most of the plasma proteins are removed by

this method in the form of clots. However, this method
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of removing plasma proteins was not entirely satisfactory

for two reasons.One,it only partially removed plasma pro-

teins,and secondly,it gave a very small yield of erythro-

cytes.Later we found that addition of 0.4 ml of heparin

solution,an anticoagulant, per 10 ml of blood gave satis-

factory results.Heparin solution was made at a concentra-

tion of 10,000 units per ml (Dr.G.S.Beaudreau-personal

comunication).This rather long series of trials of differ-

ent methods finally resulted in the protocol described below.

Sources of Blood

Two methods were followed in obtaining blood for

the erythrocyte preparation. In the first method about 20

ml blood was drawn from a large bird by puncturing the

heart. This gave about 6 ml of packed erythrocytes,which

was enough for one run.The same bird was used for fresh

supply of blood every week. Once we had established our

method of obtaining clean nuclei we devised the following

method for handling the problem of blood supply. In this

second method we bled the bird completely obtaining

about 70 90 ml of blood, depending on the size of the

bird. The erythrocytes, after washing, were divided into

several aliquotes. Each aliquote, containing 5-7m1 of pac

ked cells, was suspended in about 5 ml of lysing medium

(refer table IV) and immediately frozen in liquid nitro
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en. These frozen erythrocytes were then stored at -8000,

until used For preparing chromatin one or more aliquotes

were used at a time We found this second method more

convenient.

Washing of Erythrocytes

Blood was centrifuged at 1000 g for 15 minutes.

Supernatant plasma was discarded and the top layer of whi-

te blood cells was carefully removed and discarded. The

erythrocyte pellet was resuspended in washing medium (see-

table IV) to bring the volume upto the original volume of

the blood, and centrifuged at 1000 g for 15 minutes. The

supernatant which contained plasma proteins, was discard-

ed. This process of washing was repeated four more times.

The washed cells were then stored at -80°C as described

above.

Preparation of Clean Nuclei and Pure Chromatin

Frozen cells were quickly thawed, suspended in

15 ml of lysing medium and centrifuged at 4000 rpm in

Servall SS-34 rotor for 15 minutes using corex 30 ml tubes.

The supernatant was discarded and the pellet, which still

looked reddish, was resuspended in 20 ml of lysing medium

containing 0.25 % non-ionic detergent P-40. The suspension



TABLE IV. BUFFERS USED FREQUENTLY IN THIS WORK.

Medium Sucrose CaC12 Trim. EDTA KC1 HgS00.7Hz0 Nadi Dextrose Rc.aark

Amounts in Moles per litre

Grinding medium for 0.25 0.003 0.01
calf thymus

Washing sodium for
nuclei from calf
thymus

Tris buffer 0.01 -

Phosphate buffer
for nuclease
digestion

Buffer for melting
experiments

Washing medium for

Chicken erythrocytes

Lining medium for
chicken erythrocytes 0.665

Washing medium -

Medium for washing
PS- fragments

Medium for stopping
nuclease action

0.000025

0.0018 40

pH adjusted to 7.3 with
solid cacodylic acid.

pH adujeted to 7.35 wit
with 0.1N NaOH.

pH adjusted to 8.0 with
solid .cacodylide acid.

0.00025 -

0.003 0.01

- 0.008

0.008

0.1 0.008

0.001 0.0054 0.0008 0.116 0.005

0.075

0.126

pH adjusted to 6.7 with
0.1 N NaOH.

pH adjusted to 8.0 with

0.1 N NaOH.

pH adjusted to 7.2 with
NaHCO,

pH adjusted to 7.3 with

solid cacodylic acid.

pH adjusted to 7.35
with 0.1 N NaOH.

pH adjusted to 7.3 with

0.1 N NaOH.



was allowed to stand in cold for 15 minutes with int-

ermittant stirring with a glass rod. The suspension was

then centrifuged as described above. The supernatant was

discarded and the pellet was washed four more times with

lysing medium. The clean white nuclear pellet was then

washed two more times with medium III( see table IV).The

photograph shown in fig. two was taken on a phase contrast

microscope equiped with a 35 mm camera attachment. Black

and white tri-X film(ASA 400) was used Nuclei were lysed

in 10 mP'I Tris buffer (pH 8.0) with a few strokes of a

Potter-Elvehjem hand homogeniser. The crude chromatin thus

obtained was then purified exactly as described above for

the case of calf thymus chromatin.

Preparation of Nuclease Resistant Fragments

In a typical preparation sheared chromatin was

digested with micrococcal nuclease (obtained from Worthi-

ngton Biochemical Corp, Code NFCP) in five mi'I phosphate

buffer containing 2.5 x 105 P/ CaC12 at 37°C ( Rill and

Van Holde 1973, Clark and Felsenfeld 1971). Partial dige-

stion was achieved by controlling the concentration of

both the nuclease and the chromatin and also controlling

the time of digestion. The following were the optimum

conditions routinely used, which we arrived at by a series



Figure Two - Photograph of erythrocyte nuclei without

"GHOSTS ", prepared by detergent method.
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of experiments. The digestion mixture contained 72-84 units

of nuclease per ml, and the chromatin concentration was

adjusted to such a value that the absorbance at 258 nm was

always between 3.5-4.0 . At the begining the digestion mix-

ture looked transparent, but about after 10 minutes the

mixture began to appear slightly turbid.

The digestion reaction was stopped at the 12th

minute and the nuclease resistant fragments precipitated

by addition of 0.2 M NaC1 solution containing 8 mM EDTA

pH 7.3 in an amount to give a final concentration of 0.15

M NaC1, 6 mM EDTA. Since micrcoccal nuclease required dia-

valent ion for activity the addition of EDTA effectively

inactivated the enzyme. The precipitate was collected by

centrifuging at 25,000 rpm for 30 minutes (Spinco type 30

rotor). The supernatant, which consisted of a mixture of

proteins, nucleotides and oligo-nucleotides was saved and

called the S-fraction. The small pellet was scratched from

the walls of the centrifuge tubes with a glass rod and

resuspended for washing immediately in 0.126 M NaC1, 8 mM

EDTA (pH 7.35) and centrifuged as before. This washing was

repeated two more times to make sure that a minimum amount

of nuclease was left in the final precipitate. The final

pellet was then suspended in 10 mM Tris buffer(pH 8.0) and

stirred gently for two hours. The volume of this solution



was always roughly half the volume of the original chroma-

tin solution. This very slightly turbid appearing solution

was then centrifuged at 10,000 rpm for 30 minutes in Serv-

all SS-34 rotor. The supernatant was used as a solution of

low-salt-soluble nuclease resistant fragments of chromatin,

and will henceforth be referred to as the PS-fractions. The

remaining pellet is termed the PP-fractions.

When this procedure of precipitating nuclease re-

sistant fragments was reported in a recent paper (Sahasra-

buddhe and Van Holde 1974), one of the reviewers pointed

out that the case for biological significance of the PS-

fragments would be strengthened if it could be shown that

they (PS-fragments) could be obtained without NaCl precip-

itation (avoiding co-precipitation of other proteins). We

therefore tried to separate PS-fragments on sucrose gradi-

ent. This was not successful; it is probable that the res

idual nuclease destroyed every thing during the long run

of sedimentation. We then tried to change the basic condi-

tions like pH,temperature etc.,and this proved to be succ-

essful. At the end of the digestion period a cold solution

of 0.1 M Tris and 8.0 mM EDTA was added( 0.9 ml per 10 ml

of the digestion mixture) and this mixture was cooled imm-

ediately by putting it on ice. The increase in pH, the low-

ering of temperature and chelation of calcium by EDTA stops



the nuclease action effectively. After this the digestion

mixture was centrifuged at 25,000 rpm (Spinco type 30 rotor)

for 30 minutes as usual.The pellet of PS-particles looked

transparent. This pellet was converted into a white preci-

pitate as soon as a solution of 0.126 M NaCl with 8 mM EDTA

(pH 7.35) was added, for the purpose of washing the PS-fra-

gments. Table V indicates the general scheme for obtaining

S,PS and PP-fragments of chromatin.

Tryptic Digestion of Nuclease-Resistant Fragments

A solution of the PS-fractions in 0.01 M Tris pH

8.o (absorbance 3-4 at 258 nm) was allowed to come to room

temperature. Trypsin- TPCK (obtained from Worthington Bio-

chemical Corp.) was added to a concentration of 2.0 % of

the estimated protein weight(Simpson 1972). The protein

weight was estimated on the assumption that the protein/DNA

(W/W) ratio was 1.4, a value we have consistently found for

chromatin, and the DNA concentration was estimated from the

absorbance at 258 nm. Digestion was allowed to proceed for

a known amount of time at room temperature. To stop the

digestion the volume of this digestion mixture was doubled

by addition of an equal amount of ice cold 10 mM Tris buf-

fer. The sample was then dialysed for 18 hours or more in

Tris-cacodylate buffer pH 8.0. Trypsin passes out through



TABLE V - PREPARATION OF S,PS,PP AND TPS FRACTIONS

Sheared
chromatin

Nuclease digested for
12 minutes
Centrifuged.

Supernatant
S-fraction

Pellet

Washed, dissolved in
10 mM Tris and
Centrifuged.

Supernatant.
PS-fraction

Trypsinized

1TPS-fraction

Pellet
PP-fraction



20/32 dialysis tubing under these conditions and is effec-

tively removed (Craig et al 1957 ). Later for the time st-

udies on the trypsin digestion we found that it was more

efficient to add soybean trypsin inhibitor (obtained from

Sigma chemical Co.). These trypsin treated PS-fragments are

designated as TPS-fragments( see table V).

DNA Extraction

DNA was extracted from different samples by the

use of a combination of detergent treatment, pronase diges-

tion, and phenol extraction.Samples were suspended in 0.2M

NaCl solution containing 0.5 % sodium dodecylsulphate and

0.01 % pronase and allowed to stand at room temperature,

with

then

very gentle stirring, for 4-6 hours. This solution was

extracted three times with an equal voluMe of buffer

saturated phenol, in the following manner. The solution was

shaken with buffer-saturated phenol for 30 minutes and then

centrifuged at 1500 rpm.The aqueous phase was pipetted out

and used for further extraction. Phenol, after final extr

action, was removed by exhastive dialysis against several

changes of 10 mM Tris buffer pH 8.0 at 4°C. All the exper-

iments and preparations described above were done in cold,

except otherwise mentioned.



Sedimentation Experiments

Samples were thoroughly dialysed against 10 mM

Tris-cacodylate (pH 8.0) before using them for sedimentaion

experiments. For sedimentation velocity experiments samples

with absorbance of 0.7-0.9 at 258 nm were used, and for

sedimentation equillibrium runs sampleiabsorbance was kept

between

scanner

control

0.4-0.6 at 258 nm.

A Beckman model E ultracentrifuge equipped

optics, an

with

electronic speed control and temperature

was used in all sedimentation studies.

Sedimentation velocity experiments were usually

done at 52,000 rpm and at 400. Absorbance was read at 265

nm. For calculating the s-value the half absorbance point

was chosen as the moving reference point. S-values were

calculated by using a computer program which uses the

equation

dr = srw
2

dt
The low speed method was used in sedimentation

equillibrium experiments ( Van Holde 1967 ). Runs were

made at 5,200 rpm and absorbance was read at 265 nm.The

absorbance profile at equillibrium was read by a centimeter

scale. The weight average molecular weight was calculated

from



where AA is the absorbance difference between cell bottom

(b) and meniscus(a) and Ao is the initial absorbance. For

the partial specific volume v, a value of 0.69 ml per gram

was estimated for PS-fractions on the basis of composition

(Rill and Van Holde 1973, Zubay and Doty 1959 and Edward

and Shooter 1969). The density! was taken to be one gram

per ml and co is the angular velocity.

Melting Experiments

All samples were dialysed against 2.5 x 10
- M

EDTA ( di-sodium salt) pH 8.0 (Li and Bonner 1971) Samples

were stored in the cold at 4°C until used Beckman stopper-

ed cuvettes were used. Cuvettes were cleaned with dichrom-

ate solution followed by 1.0 % sodium-bi-carbonate solution

and then rinsed thoroughly with glass distilled water and

dried before use. Just before use samples were allowed to

come to room temperature. A special precaution was taken

to dry the neck of the cuvette and the stopper before sto-

ppering. This prevented completely any overflow or evapor-

ation of the sample or the buffer during the experiment.

Absorbance changes were followed at 260 nm using Beckman

Acta III spectrophotometer. This instrument was equipped

with a digitizer, a pen recorder, thermal jacket for cuve-
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ttes and a transistor probe for measuring temperature.We

found that the temperature in the cuvette equillibrited

very quickly to that of the chamber. Absorbance and tempe-

rature were digitized and printed out at every two minutes

interval. The heating was controlled so as to give 0.5-0.7

C rise per minute. These readings were also plotted on a

chart by a pen recorder. Absorbance at 2500 was taken as

reference absorbance for calculating the % change in abso-

rbance. Percent change in absorbance was plotted against

temperature to obtain the melting profile for the sample.

Circular Dichroism Measurments

Circular dichroism spectra were recorded at room

temperature with a Durrum Jasco CD-SP .recorder.The instru-

ment had been recently recalibrated with camphor sulfonic

acid (Cassim and Yang 1969 ). The samples were always in

10 mM Tris buffer pH 8.0. All samples were dialysed against

10 mM Tris buffer in the cold before recording C.D. spectra.

The wave length region scanned was limited to 320-250 nm;

in this region there is negligible contribution by proteins

at the concentrations used. Spectra were read manually from

the scans at the intervals of two nm and the molar ellipt-

icities were calculated from



where = Ellipticity in degrees

C = Concentration in moles per liter

1 = Path length in centimeters

ZkE ER , where el, is molar extinction coef-

ficient for left-handed circularly polarized

light and eR is molar extinction coefficient

for right-handed circularly polarized light.

Protein Determination

The total protein in any sample was determined

by the Lowry method ( Lowry et al 1951 ) using folin phenol

regeant. It was found convenient to keep solutions of one

percent copper sulphate and two percent sodium-tartrate

separate and add them in equal volumes just before use

This avoided precipitation ( Dr. D.Lohar personal communi-

cation ). Bovine serum albumin was used as a standard. Whi

le this is known to give slightly low values for histones,

( Dr. G. Felsenfeldjprivate communication ) this was of

little concern, since we were interested in relative prot-

ein content of different samples.

Chemical Determination of DNA

The amount of DNA in different samples was deter-



44

mined chemically by Burton's modified method using diphen-

ylamine as regeant ( Burton 1968 ). Standards were made

with calf-thymus DNA from Worthington.

Preparation of Dialysis Bags

All dialysis bags were prepared in the following

manner. Bags were boiled first in a two percent sodium-bi-

carbonate solution three times and then were boiled three

times in glass distilled water. These were then stored in

cold at 0-4°C in glass distilled water.



RESULTS

Studies on Calf Thymus Chromatin

Chromatin from calf thymus was prepared as descr-

ibed in the Materials and Methods. For characterization of

chromatin itself chromatin solutions were prepared in 10

mM Tris buffer ( pH 8.0 ). The sheared chromatin was util-

ized in all experiments. As a quick check on whether there

is any unusual aggregation, for whatsoever reason, the rat-

io of A3
20

to A
258

was taken as a measure. As suggested by

Bonner et al ( 1963 ) only those preparations were used for

further experimentation for which the ratio (A320/A258) was

less than 0.05 (refer table VI). A rough check of the pro-

tein / DNA ratio is given by A258/A230. A typical absorba-

nce spectrum for chromatin is shown in fig. three. The

average ratio A258/A230 in our preparations was 1.39, in

good agreement with other workers. The sedimentation velo-

city experiments were done on the Beckman Model E ultrace-

ntifuge and boundary movements were monitored by scanner

optics; fig. four shows a typical sedimenting boundary for

chromatin. An average s-value of 35s was obtained ( refer

table VII) . The C.D. spectrum shown in fig, seven is also

typical of chromatin.

The PS-fractions were prepared from sheared calf

thymus chromatin by the method described in Materials and



Methods. The yield of PS-fraction, from calf thymus chrom-

atin, ( column three, table VII ) was seen to be , on an

average, about 50 % of the whole chromatin ( on a DNA basis

- DNA was estimated from PS-fractions and not from S-frac-

tion ). This is considerably higher than what was reported

earlier by Rill and Van Holde ( 1973 ), and more nearly

approaches the fraction of chromatin, reported by Clark and

Felsenfeld (1971) to resist nuclease attack in prolonged

digestion. Some what similar results were reported by

Billing and Bonner (1972) using liver and ascite cell tumor

chromatin. These authors have done limited digestion stud-

ies, with periods of observation extending from five minu-

tes to sixty minutes, and found that there are two phases

of digestion, a rapid phase and a slow phase. They have

calculated percentage of digested DNA from A260 f S-frac-

tion . This would seem likely to give results that are too

high for the S-fraction, since S-fraction contains degrad-

ation products of DNA ncleotides and pieces of DNA - wh-

ich would seem to have A260
higher by 0-40 percent than

that for double stranded DNA. They find that about 23 %

DNA is digested from liver chromatin during thefast phase.

In prolonged digestion experiment ( 22 hours ) they find

that about 80 % DNA is digested. We have essentially chosen

a time of digestion such that the initial phase of rapid
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Figure Three- Absorption spectrum of chromatin.
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TABLE VI - ABSORBANCE PROPERTIES

Sample A
320

/A
258

58/A230

Chromatin 0.03 1.39

PS 0.00 1.23

TPS 0.00 1.49

DNA 0.00 2.4



TABLE VII - YIELD AND HYDRODYNAMIC PROPERTIES OF SAMPLES

Chromatin S value PS particles DNA S value

Sample No. of(a)
Chromatin

IV

35.9

35.9

3

V 34.7

Yield(b) S

%
TPS particles
Time of S
digestion
(min.)

from PS from TPS

43 10.2 10 6.0 4.8 4.8

48 10.4 5 7.2
10 6.7

56 12.2 8 6.3 5.4

16 6.5 5.0
24 6.3

30 6.4

12.9 25 5.5 _

48 12.1 30 6.6 4.8d

a. All sedimentation coefficients are expressed in Svedbergs, in water at 2000.

b. Based on DNA content in PS and Whole chromatin. c. Four pooled TPS samples.

d. PS and TPS samples pooled,
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digestion is just about complete and the slow digestion

phase has barely begun.

As discussed earlier it was shown by Furlan and

Jericijo (1967) that a histone splitting protease, which

has a peak of activity at pH 7.8 is present in calf thymus

nuclei. This neutral protease hydrolyzes all the three main

histone fractions of thymus chromatin; F-1 being consider-

ably more susceptible than the other two Panyim, Jensen

and Chalkley ( 1968 ) have used the decrease in precipita-

bility of nucleohistones in 0.15 M NaCl solution for moni-

toring proteolysis in the chromatin. The solubility of ch-

romatin in 0.15 M NaCl is significantly increased even by

the loss of a small amount of positively charged histone.

Their results show that in 44.0 hours more than 60 % of the

chromatin becomes soluble in 0.15 M NaCl. Hence, in order

to obtain maximum yield of PS-fragments, it was obviously

necessary to utilyze a more rapid handling of the chromatin.

The yield of PS-fraction, under rapid handling of chromatin,

indeed increased and was 50 % of the whole chromatin, as

compared to 20 % yield reported in the preliminary studies

( Rill and Van Holde 1973 )

The sedimentation coefficient of the PS-particles,

prepared from calf thymus chromatin, have an average value

of 12 S ( column four, table VII ), which is some what low-



er than the values reported by Rill and Van Holde(1973)

for PS-fragments from unsheared chromatin. The sedimenting

boundaries for these particles (see fig. four) indicate

reasonable homogeneity. The reproducibility of the propert-

ies of these particles ( yield, sedimentation coefficient

and melting point (refer table IX) ) appears to be quite

satisfactory. The protein content as measured by the Lowry

method (Lowry et al 1951 ) was found to be 1.52 grams of

protein per gram of DNA. This is substantially lower than

the 1.85 grams of protein per gram of DNA estimated earlier

from A
258 230

/A values( Rill and Van Ho lde 1973 ). The dis-

crepancy probably arises from inadequacies of both the

A258/A230 method at high protein concentrations and the

Lowry method , when applied to histones. The A258/A230 val-

ue of our preparations average about 1.23 ( table VI ) very

close to the value 1.27 reported by Rill and Van Holde

(1973). A typical absorbance spectrum for PS-particles is

shown in fig five. The protein content, as estimated by

Lowry method, is higher than the corresponding results on

whole chromatin prepared by our procedures, which averages

about 1.4 gram of protein per gram of DNA.

The conditions described in the Materials and Met-

hods for tryptic digestion appear to lead strictly to lim

ited digestion of the PS-particles. The sedimentation coeff-
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Figure Five- Absorption spectra of PS- & TPS particles.
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icient drops from 10-12 to about 6 S on tryptic digestion

within a period of eight minutes. Increasing the period

upto 30 minutes appears to cause no further change in sedi-

mentation coefficient ( table VII column five and six ).

The TPS-particles obtained from PS-particles by

tryptic digestion contain 1.25 grams of protein per gram

of DNA ( refer table VIII Column one ). There is thus an

over all loss of about 20 % of the protein from PS-fragme-

nts. This is much less than the 50 % loss reported by

Simpson ( 1972 ) upon tryptic digestion of the whole chro

matin from calf thymus, and indicates that the proteins

remaining in the TPS-fragments are selectively protected

against tryptic digestion.

The sedimentation coefficient of the DNA samples

prepared from PS and TPS each has a value of 4.9 S. Figure

four shows the sedimenting boundary for this DNA and fig.

eight shows a typical absorbance spectrum of DNA. The same

value of sedimentation coefficient for DNA from PS and TPS

implies that there are equal number of uniform pieces of

DNA in both PS and TPS. The molecular weight of the DNA

with sedimentation coefficient 4.9 S, when calculated from

the relation given by Prunell and Bernardi(1973) comes to

72,000 daltons ( refer table VIII,column two ). the weight

average molecular weights of PS and TPS determined experi-
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mentally from low speed sedimentation equillibrium experi-

ments are also listed in column two of table VIII. Using

the chemical composition of PS and TPS given in column one

of table VIII and the molecular weight of DNA we may calcu-

late the corresponding molecular weights of PS and TPS fra-

gments. We see that these calculated molecular weights are

in excellent agreement with those experimentally measured.

The calculation is of course, approximate since we do not

have the weight average molecular weight for DNA, and the

molecular weight given by the median sedimentation coeffi

cient of a heterogeneous DNA is not well defined. Secondly

as mentioned above there is a possibility of error in the

determination of protein content of each of the PS and TPS

fragments. This agreement even though approximate, provides

us with an important information. It tells us that each PS

fragment and each TPS-fragment obtained from it, contains

one and only one piece of DNA double helix. There is no

aggregation nor are the pieces of DNA, already fragmented

by nuclease, held together by proteins in the PS-fragments.

Both PS and TPS-fragments yield a 4.9 S DNA, and only one

piece per particle is present.

We may calculate the frictional coefficient,f,of

the PS-particles, using the sedimentation coefficient value

of 12 S and the molecular weight of 1 .8 x 105. This may be
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0.2

I

250 2.60 27o2_36 24,0 2.80 3b0

Figure Eight- Aborption spetrum of DNA from PS-fragments.



TABLE VIII- COMPOSITION AND MOLECULAR WEIGHTS OF

FRACTIONS.

Average Molecular Weight

gm Protein b
gm DNA Observed Calculated

PS 1.53 176,000c 182,000

TPS 1.25 158,000c 161,000

DNA - 72,0004

a. From Lowry analysis (see Methods and Materials)

b. Calculated weight average, using the ( gm protein/gmDNA)

values in the second column, and assuming the weight

average molecular weight of the DNA to be 72,000.

c. Weight average; sedimentation equillibrium.

d. From median value of DNA ( 4.9 S) using equation of

Prunell and Bernardi ( 1973)



compared with the value of fo, the frictional coefficient

for an unhydrated spherical particle of the same mass. The

result is found to be surprisingly low; f/f0=1.1. Even tho-

ugh the values of.f14 and S. used are approximate it is clear

that this value of f/f is very close to the values usually

observed for globular proteins. This reflects the fact that

PS-particles are very compact. Considered from asymmetry

alone (neglecting hydration) this value of f/f corresponds

to a prolate of an axial ratio of about four; and the con-

sideration of hydration will surely yield a lesser value.

Similar calculations for TPS-particles yield a

value of about 2.2 for f/f ,
using a value of six S for

sedimentation coefficient, and 1.6 x 105 daltons for its

average molecular weight. This large value is comparable

to that of myosin and other fibrous particles. This implies

that TPS-particles must be highly extended. The axial ratio,

estimated from f/f =2.2, is approximately 20; this is of

the order of magnitude expected for the extended B-form

DNA chain with protein.

The unfolding has marked effects on the properties

of the DNA. There is a dramatic change in melting behavior.

Figure six compares melting curves for whole chromatin,PS-

fragments and TPS-fragments under the same conditions.Und-

er these conditions we find that the calf thymus DNA melts

quite sharply at 42 °C. Evidently, the PS-fragments melt



slightly higher than the average of whole chromatin
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but

this stability is critically dependent on the integrity

of the proteins involved in PS-fragments.The melting cur-

ves of these particles shift abruptly to lower temperatu-

res upon trypsin treatment. This change is much greater

than that reported by Simpson (1972) in the case of tryp

sin digestion of the whole chromatin. It is noteworthy

that while TPS-particles still contain almost as much pro-

tein as the average content of the whole chromatin, they

melt much more like DNA. These results have been duplica-

ted with a number of samples. The only difference observ-

ed is in the overall percent hyperchromicity, which varies

from sample to sample from about 27 to 33 percent.The hy-

perchromicity appears to be significantly lower than that

of the whole chromatin which in turn is slightly less than

that of DNA ( table IX ).

Accompanying the marked change in melting behav-

ior upon trypsin digestion there is a dramatic effect on

the circular dichroism spectrum. Figure seven compares

C.D. spectra of DNA, whole chromatin, PS- and TPS- fragm-

ents. While the TPS-fragments show a C.D. spectrum closer

to DNA than does even whole chromatin, it is still consi

derably less intense.





TABLE IX

Sample

-

PS

MELTING AND HYPERCHROMICITY DATA

Hyperchromicity

TPS

I 84 56 30

II 84 62 30

III 83 58 33

IV 84 60 27

Chromatin 83 38

DNA 42 40

Hyperchromicity values were the same within experimental

error ) for PS and TPS.
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Studies of Avian Erythrocyte Chromatin

We have established a method for isolating clean

nuclei from chicken erythrocytes. Phase contrast pictures

of clean nuclei are shown in fig. two. On lysing these

nuclei the chromatin which we obtain appears more compact

than the chromatin from calf thymus nuclei. When the pur-

ified chromatin is sheared for 90 seconds and then centr-

ifuged for 30 minutes at 10,000 rpm in Servall SS-34 rotor

most of it comes down as a pellet; but when it is sheared

for five minutes most of the chromatin stays in the super-

natant after centrifugation for 30 minutes at 10,000 rpm

in Servall SS-34 rotor. This sheared chromatin has a S

value of more than 100 S and from scanner tracing it app-

ears to be quite inhomogeneous (see fig four).

The procedure described in the Materials and Me-

thods was followed for obtaining the nuclease resistant

fragments from this chromatin. The pel]et which is obtai-

ned when the digestion mixture is centrifuged at 25,000

rpm for 30 minutes, after stopping the reaction, is inso-

luble in 10 mM Tris buffer pH 8.0; thus it corresponds

more closely to the PP- fraction of calf thymus chromatin

titan to the PS-fraction. This experiment was repeated .e-

veral times. When the turbid suspension of this insoluble

pellet is treated with trypsin it goes into solution. This



solution contains particles which have s dimentation coe-

fficient of 11 S when trypsinization is allowed to proce-

ed only for less than one minute. Normally trypsinization

is stopped by adding soybean trypsin inhibitor. When the

trypsinization is allowed to go to completion the sedime

ntation coefficient goes to six S . The sedimentation co-

efficient of the DNA extracted from this trypsinized sol-

ution is again 4.9 S which agrees with that of DNA from

PS-fragments from calf thymus chromatin. All results on

chicken chromatin are summarized in table X.



TABLE X - RESULTS ON CHICKEN ERYTHROCYTE CHROMATIN

Chromatin S-value of Yield of nuclease Trypsinization S-value

sample No Time of a
resistant fragments Time of S-value of DNA

shearing chromatin (%) (b) digestion from
nuclease
resistant
fragments.

TI

III

90 sec. 400 48 1 min. 11.8 4.6

5 min. 129

5 min. 168 50

5 min. 127 52

1 min. 11.5 5.1

1 min. 10.9 4.8

30 min. 6.9

A. All sedimentation coefficients are expressed in Svedbergs, in water at 20°C.

b. Based on DNA content in PS and whole chromatin.



DISCUSSION

Results presented in previous section clearly

indicate that we have isolated from calf thymus chromatin,

a significantly large portion ( about 50 % ) of the chro-

mosomal DNA, in the PS-particles. The DNA in these parti-

cles appears to be in a very tight association with the

proteins ( see below ). That there is no aggregation is

established by the absence of light scattering above 300nm,

and the combined results of hydrodynamic and molecular

weight measurments.

That there is very little , if any , protein

exchange or migration of the proteins from one part of

the chromatin to the other, under the conditions employed

for the digestion of chromatin has been shown by Clark &

Felsenfeld (1971). Furthermore,

that we need not go through the

it should be pointed out

step of precipitation of

these fragments by 0.15 M NaCl, but can separate them by

centrifugation from the

fact that the molecular

composition agree quite

digest.

weights

These results and the

calculated from chemical

well with those experimentally

observed, lead us to believe that these particles repre-

sent real portions of the chromatin structure.



The PS-fragments melt over a somewhat narrower

range of temperature than does whole chromatin. This imp-

lies that in the process of isolation of PS-particles we

have selectively removed a portion of chromatin that melts

at low temperatures. The DNA in these PS-particles is of

the order of 100 nucleotide pairs in average length, ref-

lecting the small size of the particles. These DNA pieces

found in PS- particles correspond rather well to those

reported by Clark and Felsenfeld (1971) in the precipita-

te obtained on prolonged nuclease digestion of chromatin.

However, unlike the product of prolonged digestion our PS-

fragments are not associated in 10 mM Tris buffer pH 8.0.

As a matter of fact they exist as compact individual par-

ticles, each containing a single piece of DNA.

The C.D. spectrum of PS-particles in the region

250 to 320 nm is much different from that of B or A form

of DNA and resembles more closely that of the C form of

DNA. It is also certain that this anomalous C.D. spectrum

is not a result of aggregation or scattering. There could

be two possible explainations : 1) Either DNA does actua-

lly exist in a C form ( or other special conformation),

or 2) That the C.D. spectrum of DNA is modified by a par-

ticularly strong electronic interaction between proteins

and DNA.
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have pointed out that the C.D.

spectrum of whole calf thymus chromatin can be accurately

described by a mixture of about 30-50 % B form DNA and the

remainder in the C form. In a later paper ( Johnson,Clan

and Hanlon (1972) ) these workers show that a nuclease

digest of the chromatin leads to a spectrum similar to

that we find for the PS-particles. Thus, while neither our

researches, nor those of Hanlon's group prove the existe-

nce of C form DNA in chromatin, the results are generally

consistant.

Trypsin hydrolysis of PS-fragments leads to dra

matic unfolding of these particles. Hydrodynamic behavior

of TPS- particles approximates that expected for an exten-

ded, rod like DNA covered with 80 % of the protein from

PS-particles. Considering the molecular weight which TPS

has and its extended form it seems reasonable to estimate

the length of such a particle to be about 300 to 400 A° &

the diameter to be about 30 to 40 A This axial ratio of

about 10 is in reasonable agreement with the value (<20)

which we obtain from M andS (see results).

The unfolding of the PS-particles upon trypsin

treatment also leads to reversion of the C.D. spectrum to

one even more like that of the B form DNA than that of na-

tive chromatin.There is also a drastic lowering of the me-

lting temperature from about 83°C to about 60°C.Both these
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observations suggest that the protein molecules in the

complex exert a special constraint upon the conformation

of the DNA.

Very recently, strong confirmation of the biolo-

gical significance of the PS-particles has appeared. While

many electron micrographs have shown particulate matter

in chromatin, some specially clear images of linear arrays

of spherical chromatin particles have now been obtained

by Olins and Olins (1974). Using a very mild technique for

lysis of rat thymus nuclei, they find strings of linear

particles of a nearly uniform ( unhydrated ) diameter of

80-100 A°. These objects, which they have termed "P-bodies"

almost surely correspond to the PS-particles we have obs-

erved.

In order to investigate which proteins are invo

lved in PS-particles, electrophoresis has been carried out

on 15 % polyacrylamide gels in both urea ( Panyim and

Chalkley 1969 ) and SDS ( Laemmli 1970 ) by -Dr. Shaw in

our laboratory. She has found that all histones are pres-

ent except F-1 ( Dr. Barbara R.Shaw , personal communica-

tion ). F-1 is known to be the most susceptible of all

histones to proteolysis by neutral protease present in

the chromatin ( Furlan and Jericijo 1967) and might have

been partially lost in procedure we have used ( Maurer &
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Chalkley 1969 ). Therefore we tried the following experi-

ment. After purifying the calf thymus nuclei in the usual

manner, instead of lysing these nuclei in 10 mM Tris pH

8.0 we lysed them in five mM phosphate buffer, pH 6.7,

containing 2.5 x 10-5 M CaC12. We then purified the chro-

matin on a sucrose step gradient also prepared with the

same buffer. This purified chromatin on 90 second shearing

followed by centrifugation for 30 minutes at 10,000 rpm

in Servall SS-34 rotor pellets down to the bottom. But

three minutes shearing breaks it to size where the sedim-

entation coefficient is 129 S. After nuclease treatment

and centrifugation we obtain the usual pellet. However,

unlike the pellet prepared by our usual technique, this

pellet is insoluble in 10 mM Tris buffer pH 8.0. But it

is soluble in 0.5 M NaC1 solution. The same result was

observed in case of chicken erythrocyte chromatin. The

conditions of this experiment should prevent or greatly

reduce any proteolysis of F-1 histone. The result implies

that in the presence of appreciable amounts of F-lhistone,

PS is insoluble in low salt. To confirm this further, we

took a solution of PS-particles ( prepared in the usual

way ) in low salt and added a solution of F-1 histone

( approximately 22 micro grams of histone were added to

one ml of PS-solution of A 258-
0.7 ). We obtained a white



precipitate, which was soluble in 0.5 M NaCl. Histone F-1

was also observed in PP-fragments from chicken erythrocy-

tes chromatin ( Dr. Barbara Shaw , personal communication).

Since the erythrocyte is genetically inactive it would

not be surprising if there is no neutral protease in the

chromatin from erythrocytes. This would then explain why

we did not get any PS-fragments from chicken erythrocyte

chromatin. We do not yet fully know the role played by F-1

and we are continuing work on that aspect.
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CONCLUSIONS

Conclusions and Suggestions for Further Work

From our studies we conclude that about 50 % of

the chromotomal DNA, in the interphase of at least some

eukaryotic cells exists in the form of PS-particles, which

are very likely the 21-bodies recently observed by Olins

and Olins (1974). These PS-particles have a very compact

structure. The DNA in these fragments is at least mostly

in the form of a double helix, must'be highly folded and

is relatively resistant to nuclease digestion. Four out

of five histones play an important role in maintainance

of the structure of DNA. Histone F-1, though not directly

involved in maintainance of the structure of PS-particles,

might have an important role in performing e super struc-

ture of several PS-fragments. This possibility needs more

detailed and careful investigation. However, our observa-

tions raise serious questions about the significance of

the superhelical model of nucleohistone that has been of

general acceptance for many years.

Our studies have been limited, almost entirely,

to the physical structure and properties of the PS-parti-

cles. Of even greater significance is the question of th-

eir biological function. Do they represent repressed re

gions of the chromatin, as one might except? Do they inv-



olve control elements, or repititious sequences of DNA?

Such fragments are clearly too small to contain even one

gene, and their relationship to genetically significant

units is therefore obscure Much remains to be done with

these problems. A most specific kind of experiment would

be to look for particular genetic elements, or rather po-

rtions there of, in PS-particles. One possibility is to

use the C-DNA technique with the globin gene in eryhtro-

cytes. Another possibility is described below.

It has been well established that " normal " ch-

ick cells contain in their genome sufficient information

for spontaneous RNA tumor virus synthesis ( Hanafusa et

al 1972, Payne and Chubb 1968, Vogt and Friis 1970, Weiss

et al 1971, Hayward and Hanafusa 1973, Varmus et al 1972).

However, this DNA information must be strongly repressed

because at best virus synthesis in uninfected cells occurs

at only low frequencies. It would , therefore, be intere-

sting to examine the possibility that the PS-particles,

which contain DNA tightly bound by histones, have virus

specific DNA pieces. The technique of Varmus et al (1972)

is sensitive enough to detect doubling of the number of

copies of virus specific DNA pieces in a given sample.

Amplification of this order might well be expected in

going from cellular DNA to P S-DNA.
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