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ABSTRACT 

in knowlRecent experimental work underlying the rapid increase 

The validity of theedge of chromatin ultrastructure is reviewed, 

evidence for a non-chromatin structural framework within nuclei is 

discussed. 

to containPreparations of nuclei from mouse spleen were shown 

contaminating fibers, In the presence of EDTA, nuclei and fibers ag-

gregated into dense clumps, Preparations of liver nuclei did not con-

EDTA.tain fibers and did not aggregate in the presence of 

Chromatins prepared by different methods were coji^jared using 

Intra-micrococcal nuclease as a probe for nucleosome integrity, 

in sonicatednucleosomal DNA was more susceptible to the nuclease 

with chelatnuclei than in intact nuclei. Repeated washing of nuclei 

a chromatin geling agents and buffers of low ionic strength produced 
Afterthat resisted digestion unless first dispersed by sonication. 

sonication, nucleosomes in the washed nuclei were most susceptible to 

nuclease cleavage of all preparations tested. 

liver nucleiAfter digestion with micrococcal nuclease, mouse 
in 5-65%separated into slowly and rapidly sedimenting fractions 

Fractionation was obtained after digestion periodssucrose gradients, 

to 2 hours (^50-6 ofranging from 1 minute (1% of the IWA acid soluble) 

the DNA acid soluble). The slowly sedimenting fraction contained 

After brief dichromatin fragments produced by nuclease cleavage. 

gestion, this fraction was enriched in a specific nonhistone protein. 

Residual nuclear structures were observed with the light micro 

fraction. Afterscope in unfixed wet mounts of the rapidly sedimenting 



DMA remainedcomplete digestion with the nuclease, 15% of the nuclear 
This DNA was in the form of mono-associated with these structures, 

treatments thatnucleosomes and could not be dissociated except by 

The presence of these structures indisrupted the residual nuclei, 
is furtherunfixed material prepared under relatively mild conditions 

It is sug-evidence for the existence of a nuclear matrix in vivo, 

gested that chromatin is attached to the nuclear structure through 

individual nucleosomes. Examination of stained preparations indicated 

at the level ofthat the attachment sites are uniformly distributed 

resolution of the light microscope. 

fractionationThe effects of changes in ion concentrations on the 

were not released from nuclei in 
was investigated. Digestion products 

suggesting participationthe continued presence of divalent cations, 
interacof these ions in nucleosome-nucleosome or nucleosome-matrix 

subunits of ations. In the presence of 0.06 M salt, octanucleosome 

The data indicatehigher order of chromatin structure were detected, 
not dependent onthe possibility that stability of these subunits is 

and that closepreservation of the linker DNA between core particles 

require continuityassociation between higher order subunits may not 

of the connecting DNA. 

organizaThe implications of highly ordered structure for the 

tion and regulation of nuclear activity and experimental approaches 

for future investigation of these mechanisms are discussed. 
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CHAPTER 1 

REVIEW OF RECENT LITERATURE 

Hie model of the basic chromatin subunit proposed by Komberg 

the nucleosome has been abundantly confirmed inC1974) and now known as 
on studies of theits major features. The model was originally based 

1974),interactions between histones in solution [Komberg and Thomas, 

spilling 
on electron micrographs showing strings of spherical particles 

out 1973) andof lysed nuclei [Olins and Olins, 1974, 1973; Woodcock, 
structure in 

on nuclease digestion experiments suggesting a periodic 
The model is nowchromatin [Noll, 1974; Hewish and Burgoyne, 1973). 

and ultrastruc-supported by a large body of biophysical, biochemical 

recent reviews andtural evidence described in detail in several 

1978; Felsenfeld,symposia [Botchan and Watson, 1978; Callan and KLug, 
The core of the1978; Komberg, 1977; Bradbury and Javaherian, 1977). 

DNA coilednucleosome is composed of 140 base pairs of double-stranded 

Linker DNA, variablearound an octamer of histones [H2A2H2B2H32H42). 
types but averagin length between species and between different cell 
linear array anding 45-60 base pairs, connects the nucleosomes in a 
Histone HI bindsis loosely associated with the outside of the cores, 

to linker DNA and stabilizes further coiling and condensation of the 

chromatin fiber [for references, see the reviews cited above). 

X-ray diffraction studies of crystallized core particles show 

al., 1977).them to be discs 110 A in diameter and 57 A high [Finch et 

The exact arrangement of the histones and the path followed by the DNA 

bipartiteare not yet known, but the electron density map suggests a 
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turn around thestructure with the DNA making almost one complete 

complex.periphery of each of the apposed halves of the histone It 

histonehas been suggested that the core is a dimer of heterotypic 
D’Anna and Isenberg,tetramers CH2A:H2B:H3:H4)2 (Weintraub et al., 1976; 

1974). However, studies designed to detect an equilibrium between 

tetramers and octamers of histones in solution have given contradictory 

of such anresults. Chung and coworkers (1973) report the existence 
a differentequilibrium, but Eickbush and Moudrianakis (1973) observed 

mode of core dissociation into hexamer and dimer. The concept that 

symmetry isthe core particle contains a two-fold axis of rotational 
recent models ofwidely accepted and has been incorporated into several 

et al.,nucleosome structure (Worcel and Benyajati, 1977; Richards 

assert that1977; Finch et al., 1977). Hayashi and associates (1978) 

assymmetry in the binding of histone HI to the nucleosome precludes 

they dothe existence of a dyad axis of symmetry in the nucleosome; 

of thenot, however, consider the possibility that the assymmetry 
in histone HI.association may result solely from tlie lack of symmetry 

Oudet et al.,Recently published electron micrographs (Tsanev, 1978; 
half nucleosomes1978, 1977) indicate tliat nucleosomes separate into 
tetramer equiat low ionic strength, suggesting that an octamer to 

librium is possible in chromatin irrespective of the behavior of 

indicate,histones in solution. Short range crosslinking experiments 

at least parthowever, that half nucleosomes are in very close contact 

of the time (Wyns et al., 1978). 

core histonesOne assun5)tion about nucleosome structure, that the 

interact with IMA chiefly through their highly basic N-terminal tails. 
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have shown thathas become less tenable. Whitlock and Stein C1978) 

re 
core histones deprived of N-terminal tails by trysin digestion 

Theassociate with im into particles very similar to nucleosomes. 

globular portions of the core histones therefore provide both binding 

inter-sites and sufficient energy Cfi'om mA-histone or histone-histone 

Isolated nucleo-actions) to coil the WA (see also Komberg, 1977). 

somes are able to bind additional histones (Voordouw and Eisenberg, 

the greatest(1978) so nucleosome structure is not produced by binding 

neutralization.possible amount of histone, i.e. by majcimal charge 
structure.Additional factors must enter into formation of a stable 

show that theStudies of core particles by nuclear magnetic resonance 

providingC-terminal portions of the histones occupy fixed positions, 

The fact thata rigid framework for the DMA (Lilley et al., 1977). 

evidence forcore particles can be crystallized provides further 

regularity of structure (Finch et al., 1977). 

The nature and regularity of associations between nucleosomes 

chromatin haveto achieve the degree of condensation of interphase 

thought.recently been the focus of much investigation and speculative 

sinceNucleosome cores are close together in unsheared chromatin, 

of histones,extensive crosslinking generates not only an octamer core 

but a 16-mer and a 24-mer as well (Thomas and Komberg, 1975). Neutron 

scattering patterns provided early evidence for regularity in higher 

orders of structure (Bram et al 1975), and differences in circular• 9 

dichroism spectra and dye-binding properties between chromatin and 

of intemucleo-isolated nucleosomes have been interpreted in terms 

somal associations (Lawrence et al., 1976; Mandel and Fashman, 1976). 
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fibers of severalElectron micrographs of nuclei and chromatin reveal 

different thicknesses, CThe literature on this subject is extensive, 

and discussion,extending back fifteen years or more; for references 

see Worcel andRis and Korenberg, 1978; Rattner and Hamkalo, 1978; 

Formation ofBenyajati, 1977; Franke et al., 1977; DuPraw, 1970.) 

of thethe 100 A fiber is generally believed to occur by coiling 

linker DMA on and between the cores. There is no consensus, however. 

the 250 Aon the mode of organization of the next level of structure, 

thefiber. Two models have been proposed, continuous supercoiling of 

100 A fiber ffi^ch and KLug, 1976) and discontinuous clustering of 

nucleosomes in a beaded fiber (Kozier et al., 1977). These proposals 

differentare not necessarily contradictory and may well represent 

condensation.states of a structure capable of varying degrees of 

of increasedSeveral laboratories have recently demonstrated sites 

susceptibility to micrococcal nuclease spaced approximately eight 

nucleosomes apart in a large fraction of intranuclear chromatin (Butt 

et al., 1979, Stratling et al., 1978a,b; Varshavsky et al., 1977a). 

order strucThis evidence for conformational discontinuity in higher 

250 A fiber.ture favors the beaded model as the major form of the 

Granular structures of similar diameter have also been observed in 

• fcondensed chromatin within thinly sectioned nuclei [Franke et al 

250 A fiber1977). Histone HI is required for maintaince of the 

[Worcel and Benyajati, 1977; Thoma and Roller, 1977), and changes in 

the subspecies of HI present or in post-translational modifications 

of chromatinof the HI molecule are possible mechanisms for regulation 

condensation. 
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Evidence that chromatin fibers are folded into supercoiled 

domains has been obtained from yeast (Pinon and Salts, 1977), cultured 

carcinomamammaryDrosophila cells CBenyajati and Worcel, 1976), mouse 

cells (Ide et al 1975) and HeLa cells (Cook and Brazell, 1975). The• > 

folded configuration is maintained primarily by nonhistone protein, 

and Salts, 1977;possibly in association with an RNA conponent (Pinon 

The rotational con-Benyajati and Worcel, 1976; Ide et al., 1975). 

that chromatinstraints imposed at many points in the genome indicate 

strands are fixed at many separate sites to each other and/or to a non 

chromatin supporting structure. Photomicrographs published by Warren 

chromo-and Cook (1978) show that supercoiled interphase and mitotic 

salt. 
somes are retained within a residual nuclear structure in 1 M 

matrix havePoints of association between chromatin and the nuclear 

Schatten andbeen observed in electron micrographs (Comings, 1978; 

that some relaThoman, 1978). Igo-Kemenes and Zachau (1977) report 

aftertively small chromatin fragments remain associated with nuclei 

and propose thatprolonged digestion with restriction endonucleases, 

structure andthese are sites of chromatin attachment to the nuclear 

determine the subdivision of the fiber into domains. Domains appear 

to be heterogeneous in size within the cell (Warren and Cook, 1978; 

Igo-Kemenes and Zachau, 1977) and thus are not manifestations of 

is incorporatedhigher order chromatin packing in which an entire loop 

into a structure of discrete size. A set of permissible sizes, 

multiples of the size of smaller packing units within each loop, are 

quite possible. 

The locations of the attachment sites in the chromatin may be 
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encoded in the DMA sequence anda permanent feature of the genome, 

preserved through the cell cycle. Histone-depleted metaphase chromo 

from which the DMAsomes consist of a scaffold of nonhistone proteins 

extends in loops of a size comparable to domains in interphase chro 

The DNA1977).matin CJeppesen, et al., 1978; Paulson and Laemmli, 

loops have been digestedremaining attached to the scaffold when the 

away with a restriction endonuclease is enriched in reiterated base 

nuclei withsequences (Razin et al., 1978). Digestion of interphase 
ofa different restriction endonuclease resulted in solubilization 

reiterated sequences (Igo-Kemenes et al 1977); in this case, how-• 9 

investigated.ever, the nature of the unreleased sequences was not 

Dissociated matrix protein does not bind to specific DNA sequences 

sequencesCComings, 1978), although a preference for thymidine-rich 

was detected. This finding is not conclusive, however, since the 

a minor matrix com-capacity for specific binding may be a property of 

Thus,ponent and may be destroyed by dissociation of the matrix. 

thatneither of these results directly contradicts the supposition 

the attachment sites are encoded by one or more classes of repetitive 

this featureim. Models of chromosome organization incorporating 

have recently been proposed (Bah et al 1979; Lerman and Degtyarev,• 9 

If it is true that domains are determined by base sequence.1978). 

significance,they are probably of functional as well as structural 

loops of lampbrushand may constitute units of transcription as in the 

chromosomes. This concept is admittedly speculative, and supporting 

evidence is fragmentary. It suggests, however, that large scale 

changes in chromatin condensation, as occur during the cell cycle, may 
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scaffold, thusbe accoirplished by expansion and contraction of the 

The majorchanging the relative positions of the attachment sites. 

(Campbellscaffold proteins are reportedly present in interphase nuclei 

et al • > 1979; Adolph et al., 1977b). 

more comNew evidence has recently been provided for a concept 

chromosomes, almonly held in earlier decades: that the interphase 

decondensation doesthough swollen, retain their individuality and that 

from differentnot imply extensive intermingling of chromatin fibers 

chromosomes (Murray and Davies, 1979; Stack et al., 1977, and refer 

of Sedatences therein; Brasch and Setterfield, 1974). The results 

of order in interand Manuelidas (1977), demonstrating a high degree 

This spatialphase nuclei, are consistent with this hypothesis. 

chromosomesorganization is implicit in the proposal that interphase 

mitoticremain attached at specific sites to an extended version of the 

chromosome scaffold. 

There is now considerable evidence for the existence of a pro 

The existence ofteinaceous structural framework within the nucleus. 

been known toresidual proteins in chromatin-depleted nuclei has 

. biochemists for over thirty years (for review, see Comings, 1978). The 

in electronmost prominent feature of the proposed framework seen 

micrographs is a fibrous layer, the nuclear lamina, underlying the 

Extractionnuclear membrane (Patrizi and Poger, 1967; Fawcett, 1964). 

a structure inof the lipids from isolated nuclear envelopes reveals 

which the nuclear pore complexes are connected by fibers (Agutter et 

Aaronson andal., 1978; Dwyer and Blobel, 1976; Scheer et al., 1976; 

Blobel, 1975). In cross-section, amorphous material is associated 
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Blobel and coworkerswith the inner side of this membrane skeleton. 

suggest that the(Dwyer and Blobel, 1976; Aaronson and Blobel, 1975) 
nuclear membrane

pore-connecting fibers are components of the inner 
lamina observedand the amorphous layer is the residue of the fibrous 

Scheer and co-
by Fawcett (1964) and by Patrizi and Poger (1967). 

the identification of pore-connecting fibers asworkers agree on 

for the existencemembrane components, but find no convincing evidence 
In a later paper, however.of a fibrous lamina in amphibian oocytes. 

removesthat further purification of the nuclear envelopesthey report 

to be derived from intranuclearmany polypeptides, some of whch appear 
1978).

fibers isolated with the membrane fraction (Krohne et al., 

Schatten and Thoman (1978) have published a remarkable series of 

includingine electron micrographs of Xenopus oocyte nuclei,scanning 

views of both surfaces of the inner and outer nuclear membranes. 

except the innerPore complexes are visible on all membrane surfaces 
This surface is covered by asurface of the inner nuclear membrane, 

size of thefibrous network in which are seen holes of the approximate 

nuclear pores. Numerous particles 50-60 nm in diameter and occasional 
associated with the inner surface of thisstrands of chromatin are 

Extraction of the fibers with 0.6 M KI reveals thefibrous layer, 

When the
underlying pore complexes in the inner nuclear membrane, 

which had 
inner aspect of the fibrous lamina was examined in oocytes 

been tom open and rapidly plunged into glutaraldehyde, funnel-shaped 
cytoplasm andchannels were seen leading into the lamina toward the 

as RNA, were seenchains of particles, identified by autoradiography 
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inserted into some of the channels This structure was, however, 

the laminaunstable. In oocytes prepared by less rapid methods, 

This lability of structureappeared as a flattened layer of fibers, 

of the lamina in specimens premay explain the amorphous appearance 

pared for transmission electron microscopy. 

Extraction of nearly all the nucleic acid, histone and lipid from 

intact nuclei leaves residual structures which retain the shape of 

nuclei and contain internal elements as well as the pore conplex-

Such structures have been found in rat liver (Millerlamina layer. 

et al • 9 1978a; Berezney and Coffey, 1974), mouse liver (Comings and 

Tetrahymena (HerlanOkada, 1976), CHO cells (Hildebrand et al., 1975), 

Herman et al.,and Wunderlich, 1976), HeLa cells (Ghosh et al., 1978; 

(Ghosh1978, 1976; Hodge et al., 1976) and PtKl rat kangaroo cells 

for thiset al • > 1978). The term nuclear protein matrix was proposed 

structure by Berezney and Coffey (1974). 

not uniformly distributedThe internal elements of the matrix are 

of electron-At low magnification, electron micrographs show clumps 

are sometimes indense material in chromatin-depleted nuclei. These 

of thecontact with the peripheral lamina or the fibrillar residue 

nucleolus and are frequently connected by fibrous bridges (Miller et 

al • 1978a; Herman et al 1978; Hodge et al., 1977; Herlan and 

Collapsed enpty 

• 9 

Wunderlich, 1976; Berezney and Coffey, 1977, 1974). 

seen (Berezneyshells of the pore conplex-lamina layer are sometimes 

longer have theand Coffey, 1977; Comings and Okada, 1976); these no 

roughly spherical shape of the intact matrix, indicating that the 

lamina. Theinternal elements provide structural support for the 
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resemble theclumps of matrix material in the nuclear interior often 
cells (Berezneyclusters of intrachromatinic graniiLes seen in intact 

as seen in electronand Coffey, 1977) and the entire matrix structure, 

electron micrographs ofmicroscope, bears a striking resemblance to 

nuclei stained by the regressive EDTA procedure which selectively 

contrast of ribonucleoproteinbleaches chromatin, thereby enhancing the 

1969).structures (Fakan et al., 1976; Monneron and Bernhard, The 

spaces withinclim^js and bridges of the matrix define a set of open 

the nucleus reminiscent of the arrangement of condensed chromatin in 

1977; Herlanintact nuclei (Miller et al., 1978a; Berezney and Coffey, 

and Wunderlich, 1976; Comings and Okada, 1976). At higher magnifica 

the opention, fine matrix elements are sometimes seen extending into 

1978a; Berezney and Coffey, 1977; Comings and• yspaces (Miller et al 

These are smaller in size and lower in electron densityOkada, 1976). 

than the elements comprising the compact interchromatin clumps, In 

both fibers andnegatively stained or metal shadowed preparations, 

of the matrix (Comings andgranules are apparent in the internal parts 

Okada, 1976). 

withThe residual matrix obtained after extraction of nuclei 

nonionic detergent, salt, RNase and DNase is conposed largely of 

DMA and phospholipidnonhistone protein, although small amounts of RNA, 

composiare reproducibly found. Matrix proteins differ in amino acid 

tion from other fibrillar proteins, including actin, myosin and 

six majortubulin (Comings, 1978; Comings ^d Okada, 1976). Three to 

electrophoresis.protein conponents are commonly resolved by SDS gel 
been foundIn particular, three protein species of moderate size have 
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in matrices from a variety of sources; the molecular weights assigned 

to these bands are listed in Table I. Four proteins are listed for 

(68,000,CHO cells, a major band (58,000 daltons) and three minor bands 

Minor bands at 68,000 and 75,000 daltons70,500 and 71,500 daltons). 

there arewere also found in the HeLa cell nuclear matrix. While 

some similarities to be noted between the various liver preparations, 

no two matrix preparations have the same protein conposition. 

memSomewhat different resiUts were reported for the nuclear 

The highlybranes of Xenopus oocytes by Krohne and coworkers (1978). 

purified preparation contained only two detectable polypeptides of 

almost certainly components of73,000 and 150,000 daltons. These are 

contain such athe nuclear pore conplexes; because these membranes 

large number of pore conplexes, other polypeptides may have been 

obscured. Less purified preparations, in which the layer underlying 

contain adthe inner membrane is visible in electron micrographs, 

ditional protein species of which two have apparent molecular weights 

of 59,000 and 65,000 daltons (Krohne et al., 1978). 

andMatrix proteins quite possibly differ between species, 

between laboradifferences in preparative and analytical techniques 

in matrixtories may account for some of the variability observed 

protein composition, but there are two reasons why identities that may 

exist might prove difficult to demonstrate. Pederson and Bhorjee 

(1979) have shown that some nonhistone nuclear proteins are tightly 

bound to nucleic acid fragments even in 0.4 M guanidine hydrochloride-6 

M urea, and that the nucleic acid fragments comigrate with the proteins 

in SDS gels, particularly in the region where the major matrix proteins 
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of bound nucleicare found (Bhorjee and Pederson, 1976). The effect 

acids on the mobility of these nonhistone proteins in SDS gels or the 

bands has notexistence of nucleic acid fragments in matrix protein 

the matrixbeen investigated, but association of both RNA and JMA with 

that somehas been reported (^see below) and the possibility exists 

result fromapparent differences in matrix protein composition may 

differences in associated nucleic acid fragments. The presence of 

neutral sugars in the matrix and lamina has also been reported (Herlan 

and Wunderlich, 1977; Hodge et al 1976; Scheer et al., 1976;• 9 

Hildebrand et al • 1975) and matrix proteins can be labeled with9 

glucosamine (Hodge et al 1976). Glycosylation is known to alter• 9 

9 1975) and this factor may•protein mobility in SDS gels (Ohno et al 

More informa-also contribute to differences between preparations, 

tion on the chemical conposition of these proteins is required before 

valid comparisons can be made. 

A different type of residual structure has been obtained by 

(Riley and Keller,treatment of detergent-washed nuclei with 0.5 M MgCl2 

1976; Riley et al., 1975). These structures, termed nuclear ghosts, 

contain more than ten times as much DNA as the DNase-treated matrix 

rod-like elementsand appear in electron micrographs to be composed of 
annuli.connected in polygonal arrays and attached to electron-dense 

Similar images can be produced in matrix preparations by incomplete 

in mixtures of DNAremoval of the DNA (Comings, 1978) or artificially 

Olins and Olins,with basic proteins (Comings, 1978; Laemmli, 1975; 

of nuclear ghosts1971), Thus it is likely that the unusual appearance 

Thisis caused by aggregation of nuclear DNA with nuclear proteins. 
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DNase Iinterpretation is supported by the fact that digestion with 

DNase II dissociates the rods and collapses the ghosts (Riley and 

ghosts, 

or 

Keller, 1978). Matrix proteins may be present in nuclear The 

resemble anythingarrangement of ghost conponents, however, does not 

seen in whole nuclei and probably represents, at best, a significant 

alteration of nuclear structure. 

is relatedThe larger question of how closely the nuclear matrix 

to the structure of the nucleus in a living cell cannot yet be answered 

componentsunequivocally, except in the general sense that all 

fixed,separated from living cells are artifacts, especially when 

for electron microscopy.stained, dessicated and placed in a vacuum 

structure whichThere is, however, some evidence that the residual 

survives detergent and salt extraction and nuclease digestions does 

The fact that manyrepresent a structure existing in the nucleus, 

alreadynuclear components are recognizable in the isolated matrix has 

fibrousbeen mentioned: the pore conplexes, inner nuclear membrane, 

and the localamina, nucleoli, clusters of interchromatinic granules 

thetions of clunps of condensed chromatin can be identified despite 

of thefact that most of the nucleic acid and phospholipid and much 

Many different combinanuclear protein were removed before fixation. 

tions of fixative and post-fixation treatments have been employed by 

for electron microsdifferent laboratories to prepare matrix specimens 

is an artifact ofcopy, so there is little likelihood that the matrix 

a particular method, Moreover, the matrix is visible in unfixed 

few structuralpreparations by phase contrast microscopy, although 

details are discemable at such low magnification (Deppert, 1978; 
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The results of Skaer andChin and Maizel, 1977; Hodge et al., 1976). 
in nuclearWhytock (1977) on the finding of chromatin-like artifacts 

is an artifactsap are sometimes cited as evidence that the matrix 
In fact, Skaer andproduced by precipitation of soluble proteins. 

nuclei inWhytock did not use a soluble fraction but examined whole 

chromosomeswhich the chromatin was either condensed into polytene 

It is notor packed into one side of the nucleus by centrifugation, 
resemblingat all surprising that they found there fibrous structures 

artifacts,the matrix. Nor is it shown that these structures are 

Matrix-like elements canonly that they are probably not chromatin, 

also be seen in whole nuclei after the chromatin has been condensed 

naturally during prophase (Ghosh et al*, 1978) or artificially by 

1978; Ghosh etinhibition of protein synthesis (Brasch and Sinclair, 
the isolatedal., 1978; Herlan et al., 1978). The resemblance of 
EDTA method hasmatrix to the intact nucleus stained by the regressive 

salt andalready been mentioned. Thus, treatment with detergent, 
of a matrix-nucleases is not necessary to demonstrate the existence 

like network. In scanning electron micrographs of nuclei lysed 

(1975), smoothdirectly onto grids by the method of Olins et al., 

observed along with the knobby chromatinfibers of regular diameter are 

Daskal et al.,fibers which vary in diameter (Daskal and Busch, 1978; 

1977). The identity of these fibers has not been established, but 

is similar tothey do not appear to be chromatin and their diameter 

that of matrix fibers. All of these considerations taken together 

is derivedprovide some assurance that the isolated nuclear matrix 
The evidence discussedfrom a structure existing in the living cell. 
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below for changes in matrix structure and coirposition that parallel 

this interpretachanges in nuclear structure and function supports 

tion. 

chromosomeThe relationship between the nuclear matrix and the 

scaffold is not clear. The mitotic chromosome scaffold contains pro 

teins of about the same electrophoretic mobility as matrix proteins 

(Adolph et al., 1977a; protein standards were not shown with these 

authors reportgels so precise conparison is not possible). The same 

Plagens (1978)that scaffold proteins are present during interphase. 

chromosomes andhas shown that the proteins of salt-extracted polytene 

salt-extracted nuclear envelopes of Chironomus salivary glands are 

is the intra-very similar. Thus, it is possible that the scaffold 

chromosomal form of the matrix, If so, it is not well preserved in 

The entire matrix cannot become incorporatedmost matrix preparations, 

can beinto the mitotic chromosomal scaffold because chromosomes 

visualized within a matrix structure during mitosis (Warren and Cook, 

1978). 

Several lines of evidence suggest that the proposed matrix may 

All matrix preparations seems toparticipate in nuclear metabolism, 

contain small amounts of RNA and INA (e.g • Herman et al., 1978;9 

1976; HodgeBerezney and Coffey, 1978, 1976; Herlan and Wunderlich, 

et al • > 1976). Associations between matrix fibers and DMA (Comings 

1978) have beenand Okada, 1976) or chromatin (Schatten and Thoman, 

DMA is bound toobserved in electron micrographs. Newly synthesized 

the matrix (Berezney and Coffey, 1975). 

are alsoSignificant amounts of heterogeneous nuclear RNA (hnRNA) 
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•associated with the matrix (Herman et al > 1976; Faiferman and Pogo, 

(1978)1975). With no ribonuclease treatment, Heiman and coworkers 
that 54% o£ the hnRNA remains in chromatin depleted nuclei. 

report 

Miller et al •» (1978a) found that 100% of the hnRNA was retained if 

protease inhibitors were present during the isolation procedures, but 

a sucrose gradient.only 30% of this sedimented with the nuclei through 
reThus, much of this RNA appears to be loosely associated with the 

Aftersidual structure and a smaller fraction more tightly bound. 

of the originalribonuclease digestion. Miller and coworkers found 12% 

RNA still associated with the nuclear framework in acid-precipitable 

form. According to Heiman et al., (1978) the double-stranded regions 

resistant toand poly(A) tails of matrix-bound hnRNA are particularly 

segmentsRNase and are probably protected by protein. Possibly these 

alternative explanaof hnRNA are sites of attachment to the matrix; an 

astion, that these protected regions are bound to non-matrix proteins 

from the residualfree RNP, does not explain why they resist extraction 

structure. 

the matrix (HermanNewly synthesized RNA becomes rapidly bound to 
studieset al., 1978, 1976; Miller et al., 1978a). Autoradiographic 

regressive EDTAof RNA synthesis in intact liver cells stained by the 
in thetechnique show newly synthesized RNA initially localized 

The label laterperichromatin fibers which surround the chromatin, 

becomes more evenly distributed throughout the interchromatinic 

cytoplasm at a fewribonucleoprotein and can be seen passing into the 

The number of perisites (Fakan et al., 1976; Nash et al., 1975). 

with thechromatin fibers increases and decreases in parallel 
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al • > 1978; Petrovtranscriptional activity of the cell (Derenzini et 

arrangement ofand Bernhard, 1971; Pretrov and Sekeris, 1971). The 

is verythe perichroraatin fibers in nomally active liver nuclei 

similar to the network of ribonucleoprotein fibers observed by Miller 

of liver nuclei.and coworkers C1978a) after DNase and salt treatment 

The autoradio-The exact function of these fibers is not certain. 

RNA boundgraphic experiments indicate that they are newly synthesized 

directto or part of the interchromatinic structure, However, a 

fibers of theidentification of perichromatin fibers with the diffuse 

available. Morematrix cannot be made on the basis of the information 

for DNA transcription orover, localization of the enzyme complexes 

Thus,replication on the nuclear framework has not been demonstrated, 
in DNA and RNAthe suggestion that the matrix is actively involved 

metabolism (Herman et al 1978; Comings, 1978; Berezney and Coffey,• 9 

for the organization1977, 1976), \diile presenting attractive prospects 

as anand control of these processes, must presently be regarded 

interesting possibility. 

the interThe fact that pulse-labeled RNA remains associated with 

chromatinic structures during a four hour chase (Fakan et al., 1976) 

occur insuggests that processing and transport of nuclear RNA may 

this network. Supporting evidence for this proposal is still frag-

The labeled RNA is reduced in size after a four hour chase.mentary. 

away from theconpared to newly synthesized RNA and has migrated 

chromatin masses into the interchromatinic material (Fakan et al.. 

fibers and1976). Several authors have suggested that perichromatin 

contain RNAperichromatin granules, both ribonucleoprotein in nature, 



19 

in transit to the cytoplasm, the fibers possibly becoming packaged into 

granules for storage or transport (Cervera, 1979; Risuefio et al., 1979; 

the nuclearNash et al., 1975; Monneron and Bernhard, 1969). Near 

fibers beforeperiphery, granules have been observed unfolding into 

passage through the nuclear pores Ofonneron and Bernhard, 1969). This 

and Thomansuggests the view of the nuclear periphery shown by Schatten 

lamina andC1978) with particles on the inner surface of the fibrous 

lamina, If aRNA-containing fibers inserted into channels in the 

framework of structural fibers does permeate the nucleoplasm, obviously 

RNA must pass through it en route to the cytoplasm. The relationship 

strucbetween hnKNA, perichromatin fibers and other interchromatinic 

tures and the exact role of a structural framework, whether active or 

be determined, Onpassive, in RNA processing and transport remains to 

the basis of current evidence, it is probable that some relationship 

does exist. 

RNAIn addition to rapidly metabolized RNA, stable nuclear 

nuclear struc-species are found in association with chromatin-depleted 

tures. Within the nucleus they are bound to the residual ribonucleo-

protein framework (Miller et al., 1978b), but some small RNA species 

also occur in the cytoplasm, associated with the endoplasmic reticulum, 

frameworkwhere they may be conponents of a cytoplasmic skeletal 

(Miller et. al., 1978b; Lenk et al., 1977; Sonenshein and Brawerman, 

Ihree small1977; Brahes and Pogo, 1975; Shiokawa and Pogo, 1974). 

nuclear RNA species appear to be unique to the nuclear matrix; they do 

not appear in the cytoplasm and are not involved in the processing of 

ribosomal RNA or assembly of ribosomes (Miller et al., 1978b). 
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basis of autoradioGoldstein and coworkers C1977) have reported, on the 

RNAs of the nucleusgraphic experiments with amobae, that small stable 

become concentrated in chromosomes during prophase and anaphase when 

[these RNAsthe degree of chromatin condensation is rapidly changing 

were In similar experiments,found in the cytoplasm during metaphase). 

the small nuclear RNAs became localized in chromatin condensed by 

•treatment with actinomycin D [Goldstein et al > 1978). In normal 

over theinterphase nuclei, these RNA species were evenly distributed 
or de-nucleus. This affinity of small nuclear RNAs for condensing 

of nonhistonecondensing chromatin may result from a passive replacement 

[1978,proteins, the interpretation favored by Goldstein and coworkers 

active role for small RNA species,1977), or it may reflect a more 

in regulationpossibly as con^onents of a ribonucleoprotein structure, 

of chromatin structure. Pederson and Bhorjee [1979) have recently re-

can be isolatedported that three of the small nuclear RNA species 
of double-from EeLa cells in a form covalently linked to fragments 

nor interstranded DNA. Tliese molecules are not RNA-DNA hybrids 

mediates in DNA synthesis, but it has not been shown that they are at 

One of these RNA speciesany time integrated into chromosomal Mk. 
to the nuclearis probably the same as one of the three species unique 

et al., 1978b).matrix [SnG' in EeLa cells, 5Sa in rat liver; Miller 

in liver)The other two [SnC and SnD in EeLa cells, N3 and N4 rat are 

among the most abundant species in nuclei but are also represented in 

of these RNAthe cytoplasm. Only a fraction of the nuclear complement 

aspecies is found linked to DNA in a random population of EeLa cells, 

takenfraction similar to the proportion of the cell cycle up by 
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mitosis. The evidence presented by Pederson and Bhorjee (1979; re 

in which theseviewed here only in part) is conpatible with a model 

RNA species become integrated into chromosomal EWA at widely distribut 

and areed sites during mitosis (when the chromosomes are condensed) 

extrachromosomally located during the rest of the cell cycle, This 

far proproposal is highly speculative, and none of the evidence thus 

duced is unequivocal. Convincing evidence of chromosomal integration 

will be difficult to obtain and evidence of temporary integration at a 

The combinedspecific stage of the cell cycle even more difficult, 

chromatin andfindings of matrix localization, affinity for condensed 

small nuclear RNAscovalent linkage to DMA do indicate, however, that 

chromatinare probably structural conponents of nuclei involved in 

condensation. 

to beThe protein conponents of the nuclear matrix also appear 

metabolically active, They incorporated labeled amino acids more 

1977), sugrapidly than other nuclear protein fractions (Hemminki, 

structures, Phos-gesting rapid turnover uncharacteristic of passive 

(Allenphorylation of matrix proteins has also been reported et al.. 

1977; BOhm et al., 1977), with elevated levels of matrix phosphoryla 

tion occurring shortly before the onset of DNA synthesis (Allen.et 

al., 1977). This also suggests that the matrix is metabolically 

active, but interpretation of protein phosphorylation is con^licated 

by the possibility that part of the labeled phosphate may be in associ 

ated nucleic acid fragments (Bhorjee and Pederson, 1976). In adeno 

virus-infected HeLa cells, viral IM\ and certain virus-specific poly 

1978; Chin andpeptides become associated with the matrix (Deppert, 

https://Allen.et


22 

The matrix of Tetrahymena macro-Maizel, 1977; Hodge et al., 1976). 

to changes innuclei is reportedly reversibly contractile in response 

divalent cation concentration (Wunderlich and Herlan, 1977); this con 

and thustraction is not dependent on ATP nor inhibited by salyrgan 

In macro-does not appear to be caused by an actin-myosin reaction, 

nuclei with intact membranes contraction is acconpanied by changes in 

lipid fluidity and in the distribution of lipid molecules within the 

the membranemembrane (Wunderlich et al., 1978). The magnitude of 

at which it occurslipid thermal phase transition and the temperature 

decrease on contraction of the macronucleus. The authors propose that 

is modified bythe intermolecular organization of the membrane lipids 

the nucleus.interaction with the underlying structural framework of 

dimensionsThe relevance of the reversible alterations in matrix 

in vivo is notobserved in vitro to changes in nuclear size occurring 

from otherclear, nor have these observations been extended to nuclei 

cells. 

a reasonableIn summary, there is sufficient evidence to support 

exists in nuclei,assumption that a structural framework, the matrix, 

on the combut there is not conclusive proof. Additional information 

to determineposition of different matrix preparations is necessary 

or differentif some components are common to different cell types 

acidThe evidence for imvolvement of the matrix in nucleicspecies. 

acid speciesmetabolism is largely based on the association of nucleic 

must bewith the residual structure. The nature of these associations 

factors ondemonstrated and the presence of enzymes and/or regulatory 

Thethe matrix demonstrated if this proposal is to be confirmed. 
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exposure tomethods currently in use to isolate the matrix, employing 

high concentrations of salt and extensive digestion with nucleases, 

since they arewill probably not be suitable for such experiments 

The factlikely to remove the structures and activities in question, 
conditionsthat chromatin can be released from nuclei under fairly mild 

et al., 1975) sugfollowing digestion with micrococcal nuclease (Noll 

gests that this method might be adapted for preparation of chromatin-

depleted nuclei. This approach has been utilized in the experiments 

described in this dissertation. Mouse liver nuclei digested with 

micrococcal nuclease were separated by density gradient centrifugation 

into a slowly sedimenting fraction containing chromatin fragments re 

released by digestion and a rapidly sedimenting fraction containing 

The nature of thesidual nuclei with associated chromatin fragments. 

chromatin associated with the residual nuclei and the stability of the 

cations wereassociation was investigated. Ionic strength and divalent 

done in thefound to affect the fractionation. Two of the experiments 

theypreliminary stages of this research have been included because 

contain some previously unreported observations and because they in 

fluenced the design of later experiments. 

ofThe results are discussed in the context of current models 

nuclear structure and chromatin packing. The proposal of a dynamic 

structural framework within the nucleus raises the possibility of com 

Theplex supramolecular mechanisms for regulation of nuclear activity. 

method described in this dissertation for preparation of nuclear 

with someskeletons under relatively mild conditions may be suitable, 

modifications, for analysis of such mechanisms. 
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CHAPTER 2 

CONTAMINATING FIBERS IN PREPARATIONS OF SPLEEN NUCLEI 

A. INTRODUCTION 

During the course of experiments on the sedimentation properties 

stained nucleiof mouse cell nuclei digested with micrococcal nuclease, 

Fibrous contaminantswere examined under the light microscope, were 

absent from prepara-observed in preparations of spleen nuclei but were 

tions of liver nuclei, In the presence of EDTA, these fibers aggre-

gelatinous mass.gated with the spleen nuclei to form an intractable, 

B. METHODS AND MATERIALS 

and forThe procedures for preparation of liver and spleen nuclei 

photomicroscopy are described in the appendix. 

C. RESULTS 

Nuclei of liver or spleen cells formed a turbid suspension when 

dispersed at 750 yg DNA/ml in 0.25 M sucrose, 1 mM CaCl2, 1 niM Tris-
On the addition of neutralized EDTA to a final concen-HCl, pH 8.0. 

tration of 2.5 mM, the suspension of spleen nuclei became translucent, 

with visible aggregates which coalesced upon mixing or standing until 

mass, Thisthe entire san^^le was incorporated into a clear gelatinous 

was incompletelygel could not be dispersed by vigorous agitation and 

of liversolubilized by sonication for 45 seconds. The appearance 

of EDTA.nuclei suspensions did not change appreciably on addition 

Turbidity decreased slightly, no visible aggregates appeared and the 
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nuclei could be uniformly suspended by gentle shaking after they had 

completely settled. 

FibersFigure 1 shows spleen nuclei before addition of EDTA. 

similar to that shown (arrow) were present throughout the preparation. 

wereThese fibers were not detectable when unstained preparations 

examined under phase contrast. Figure 2 shows the changes caused by 

sinceaddition of EDTA. The aggregates shown are relatively small 

to permit resolarger aggregates, though more numerous, were too dense 

lution of individual nuclei. Fibers are seen in and around the ag-

No fibers(arrows).gregates, adhering to each other and to the nuclei 

were observed in any preparation of liver nuclei. 

elements fromSeveral attempts were made to separate the fibrous 

Triton X-100 inthe spleen nuclei by increasing the concentration of 

the wash buffer to 1^, by increasing the number of washes and by 

None ofsedimenting the nuclei through a layer of 2.3 M sucrose, 

these procedures reduced the number of fibers observed or prevented 

aggregation of spleen nuclei in the presence of EDTA. 

D. DISCUSSION 

The fibrous contaminants in preparations of spleen nuclei prob 

a scaffold ofably derive from the reticular network of the spleen, 

fibrous material supporting the reticular cells of the white pulp. 

Elements similar in appearance are seen in histological specimens of 

(Weiss, 1966;spleen tissue, particularly in silver-stained sections 

von Herrath, 1966; Rhodin, 1963). No references to the presence of 

be found in thesuch fibers in preparations of spleen nuclei could 

literature. 
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* 

Figure 2. Spleen nuclei in the presence of EDTA. Two photographs of 
the same preparation of nuclei as shown in Figure 1. EDTA has been 

added to the nuclear suspension to a final concentration of 2.5 nM. 

Arrows indicate fibers in the clunps of nuclei (x 938). 
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in theThe fibers contribute to formation of nuclear aggregates 

presence of EDTA. However, differences in the surfaces of Triton-

washed nuclei from liver and spleen could also be important in ag-

Differences in the methods for preparing nucleigregate formation, 

observed differencefrom the two tissues cannot be responsible for the 

used for liverin behavior since spleen nuclei prepared by the methods 

nuclei still aggregated on addition of EDTA. 

The presence of contaminating fibers does not affect digestion 

in theof nuclei by micrococcal nuclease (of necessity occurring 

to whichpresence of calcium ions), nor does it affect the position 

describednuclei ultimately sediment in sucrose gradients (procedures 

Information on the rate of sedimentation was notin Chapter 4). 

thatobtained. The existence of large aggregates indicates, however, 

in theall measurements obtained with spleen nuclei or chromatin 

presence of EDTA, particularly measurements of hydrodynamic parameters, 

should be interpreted with caution. 
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CHAPTER 3 

OFTHE EFFECTS OF PREPARATIVE METHODS ON THE SENSITIVITY 

CHROMATIN TO MICROCOCCAL NUCLEASE 

A. INTRODUCTION 

been shown toProcedures connnonly used to prepare chromatin have 

alter chromatin structure. Noll, Thomas and Komberg ^1975) first 

increasedreported that shearing of chromatin in a Virtis homogenizer 

the sensitivity of nucleosomes to micrococcal nuclease, broadening the 

characteristic pattern of DNA bands and increasing the background 

between the bands in comparison with digests of nuclei, This is prob-

ably the result of changes in the arrangement of chromosomal proteins. 

results withSollner-Webb and Felsenfeld C1975) obtained the same 

chromatin sheared by sonication. Shearing of chromatin increases its 

ability to bind ethidium bromide (Nicolini et al., 1976), but decreases 

the cooperativity of the binding (Paoletti et al., 1977), converts 

nuclease intosome DNA sites previously accessible to micrococcal 

the "coil ofnuclease-resistant form CBlock and Cedar, 1976), destroys 

•beads" superstructure (de Murcia et al > 1978) and blurs the x-ray 

ofdiffraction pattern CSperling and KLug, 1977). Rearrangement 

chromatin proteins by shearing has been observed (Maciewicz and Li, 

1978; Doenecke and McCarthy, 1976), but the rate of digestion of 

histones in chromatin is reportedly not affected (Marks and Keller, 

1977). 

on theThere are conflicting reports on the effects of shearing 

and Lithermal stability and CD spectra of chromatins. Maciewicz 
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(1978) found only minor effects, except at very high settings, Other 

investigators report decreases in and increases in molar ellipticity 

at 276-280 nm (de Murcia et al • > 1978; Nicolini et al., 1976; Miller 

reported by Nicolini and coet al., 1976). While the ellipticities 

effectworkers for sheared chromatin are abnormally high, some of 

chromatin isshearing on the CD spectra and melting properties of 

indicated. On the whole, the evidence demonstrates significant 

structure at theeffects of mechanical shearing forces on chromatin 

level of the nucleosome. 

EDTA areBuffers of low ionic strength and buffers containing 

formation offrequently used in preparation of chromatin. They cause 

chromatin gels which expand dramatically as the ionic strength is 

lowered. This process is frequently called "lysis" of the nuclei, but 

the term is misused, especially in the case of detergent-washed nuclei. 

of the conThis phenomenon is more accurately described as swelling 

densed chromatin and nuclear matrix as counterions are removed. The 

with effectschromatin fibers may be stretched during this expansion, 

Sollner-Webbsimilar to those produced by mechanical shearing forces. 

and Felsenfeld (1975) and Lishanskaya and Mosevitsky (1975) report 

distinct afterthat the electrophoretic pattern of DNA bands is less 

Block and Cedarmicrococcal nuclease digestion at low ionic strength. 

to micrococcal(1976) found that 12% of the sites previously accessible 

nuclease became resistant after reduction of ionic strength, indicating 

demonstrated arearrangement of proteins. Renz and coworkers (1977) 

to non-change in the mode of binding of histone HI from cooperative 

loss ofcooperative with decreasing ionic strength, and concurrent 

associations between nucleosomes in electron micrographs. 
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Exposure to EDTA causes unfolding of the coiled superstructure 

of chromatin according to some reports (Vengerov and Popenko, 1977; 

Finch and Klug, 1976). Coiled superstructure in the presence of EDTA 

chromatinwas observed by de Murcia and coworkers (1978), provided the 

in thermalhad not been sheared. Appearance of low melting transitions 

been reportedmelting curves of chromatin exposed to EDTA has also 

(Vengerov and Popenko, 1977). 

of chromatinsIn light of these reports, the nuclease sensitivity 

prepared by different procedures was compared by electrophoretic 

analysis of DNA on polyacrylamide gels. 

B. METHODS AND MATERIALS 

Nuclei were prepared from mouse spleen as described in the ap 

in three difpendix. The nuclei were resuspended at 750 yg ENA/ml 

ferent media. Type A nuclei were resiispended in 1 ttM CaCl2, 1 
nuclei were reTris-HCl, pH 8.0, containing 0.25 M sucrose. Type B 

C nuclei weresuspended in the same buffer without sucrose. Type 

washed twice in each of the following buffers: 75 ttM NaCl, 25 nM EDTA, 

pH 8.0 Csaline-EDTA); 50 jiM Tris-HCl, pH 8.0; 10 mM Tris-HCl, pH 8.0; 

1 iiM Tris-HCl, pH 8.0. This is a modification of the procedure of Shaw 

and Huang Q-97Q). The swollen gel was brought to 750 yg DNA/ml by ad 

to a final condition of 1 mM Tris-HCl, pH 8.0, and CaCl2 was added 
centration of 1 mM. 

Each type of nuclear suspension was prepared in triplicate and 

three methods were vised to solubilize the chromatin. In the first 

was carriedcase, digestion with micrococcal nuclease for 5 minutes 
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were sonicated forout as described in the appendix. Secondly, nuclei 

45 seconds at low power as described in the appendix. The third sample 

was first sonicated and then digested. 

The procedures for DMA extraction and analysis on 5% polyacryl 

amide gels are described in the appendix. 

C. RESULTS 

Nine chromatin samples were prepared as described in I^thods 

and Materials. Nuclei of Type A or Type B formed a turbid suspension; 

required for thedigestion or sonication increased the amount of time 

suspensions to settle, but did not much alter their appearance. When 

nuclei were resuspended in saline-EDTA and collected by centrifugation, 

a clear gel layer was found coating the inside of the centrifuge tube. 

On further resuspension in either saline-EDTA or 50 Tris-HCl, a 

large aggregate formed which could not be dispersed by vigorous mixing 

reductionor homogenization with a hand-held homogenizer. Stepwise 

of the buffer concentration to 1 nW caused marked swelling of the gel, 

but it still could not be disaggregated. The gel became opaque and 

Sonication and micrococcalsomeviiat condensed on addition of CaCl2. 

nuclease digestion under the conditions described did not completely 

solubilize Type C nuclei. Digestion without prior sonication had very 

little effect and the extracted DNA had a very high viscosity. 

DNA extractedThe results of electrophoretic analysis of the 

are shown infrom the nine different preparations of spleen nuclei 

of EWA bandsFigure 3. Digestion of unwashed nuclei produced a set 

corresponding to nucleosome monomers, dimers and trimers (Al, Bl), 
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Figure 3. Polyacrylamide gel electrophoresis of DMA extracted from 
nuclei inchromatin samples prepared by different methods. (A) 

sucrose buffer; (B) nuclei in buffer without sucrose; (Q washed 
nuclei. (1) digested; (2) sonicated; (3) sonicated and digested. 

is marked by a verticalThe position of mononucleosome n^IA in the gels 
arrow in frames A1 and A3. The direction of migration of DMA in the 

Cl-3.gels is indicated by horizontal arrows under frames 
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were producedregardless of the presence of sucrose. No similar bands 

in washed nuclei (Cl). In fact, only a small fraction of the DNA from 

the top of thethis sample even entered the gel; accumulated DNA on 

detached duringgel was frequently observed during staining but became 

destaining. 

Sonication did not produce discrete sizes of DNA in any prepara 

in thetion. Fragmentation of DNA by sonication was more effective 
and most effectiveabsence of sucrose (^2) than in its presence (A2), 

sonicationin the washed chromatin sample (C2). Digestion after 

preparaproduced monomer, dimer and trimer bands in both unwashed 

is high comparedtions (A3, B3), but the background between the bands 

to the unsonicated nuclei (A1, Bl). Digestion after sonication of 

the washed chromatin further reduced the size of the DNA fragments, 

but did not produce discrete bands (C3). 

D. DISCUSSION 

The results demonstrate that both sonication and washing pro 

cedures alter chromatin structure as monitored by sensitivity to 

micrococcal nuclease. These effects are cumulative, since chromatin 

than sonicatedsubjected to both treatments is more severely damaged 

chromatin. 

aThe washing procedure removes divalent cations, yielding 

after
VISCOUS gel which resists digestion with micrococcal nuclease 

readdition of calcium ions, If the added calcium ions were largely 

anbound to sites on the divalent-cation-depleted chromatin so that 

insufficient amount remained free for use by the enzyme, digestion 
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would be largely inhibited. In one experiment, additional CaCl2 was 

added to the washed nuclei to a final concentration of 5 nW without 

altering the results. Therefore it seems likely that the comparative 

resistance of the washed chromatin is due to its highly aggregated 

state. If the gel is not permeable to the enzyme, digestion will be 

and coconfined to the chromatin exposed at the surface. Burgoyne 

workers (1978) have shown that in isolated chromatin 871 of the pene 

size of micrococcaltrable space is not accessible to molecules of the 

nuclease, in contrast to nuclei where only 581 of the penetrable space 

is not accessible to the enzyme. This indicates that gross features of 

nuclear structure are destroyed by the extraction procedure, resulting 

in tighter packing of the chromatin fibers. Sonication fragments the 

the structuregel, increasing the area available to the enzyme. But 

that nucleo-is sufficiently altered by the combination of treatments 

somal core DMA is also accessible. 

sonication
Thisjexperiment demonstrates modest effects of brief 

of chromatin.and marked effects of extensive washing on the structure 

in theThe greater effectiveness of sonication in disrupting nuclei 

absence of sucrose is probably a consequence of the increased viscosity 

of the sucrose solution. Dissolution of the nuclear membrane by 

of osmoticTriton X-100 during preparation eliminates the possibility 

the saline-EDTAeffects. The washing procedure has two components, 

Since allextraction and the stepwise reduction in ionic strength. 

the preparations were suspended at the same low ionic strength prior 

C nuclei cannotto digestion, the difference between Type A and Type 

Thebe attributed solely to reduction of ionic strength. most obvious 
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but stretchchange in physical state occurs on exposure to saline-EDTA, 

produceing of the chromatin fibers during subsequent swelling may 

Furthersignificant changes in structure at the molecular level, 

cations areexperiments on the effects of ionic strength and divalent 

reported in Chapter 5. 
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CHAPTER 4 

SEDIMENTATION OF NUCLEI DIGESTED WITH MICROCOCCAL NUCLEASE 

IHRDUGH STEEP SUCROSE GRADIENTS 

A. INTRODUCTION 

ofFrenster and coworkers (1963) first described fractionation 

Association ofsheared chromatin by differential sedimentation, 

and itsrapidly labeled RNA with the slowly sedimenting fraction 

euchromatic, fibrillar character, in comparison with the condensed, 

heterochromatic masses seen in the rapidly sedimenting fraction, led 

them to conclude that transcriptionally active chromatin segments were 

contained in the more slowly sedimenting fraction. 

used forSedimentation in sucrose density gradients was first 

chromatin fractionation by Chalkley and Jensen (1968). They did not 

of extensiveachieve separation into distinct peaks, probably because 

they did findshearing of the nuclei with a Virtis homogenizer, but 

that fractions from the upper part of the gradient had higher template 

from the loweractivity with bacterial RNA polymerase than fractions 

using a varietypart of the gradient. Milder shearing of chromatin, 

of methods, has increased the resolution of density gradient frac 

tionation, and many investigators have reported separation of chromatin 

et al • 9 1976;into two distinct peaks (Paul and Duerksen, 1976; Webster 

1975; Berkowitz and Doty,• 9Rodriguez and Becker, 1976; Anderson et al 

• 91975; Charles et al., 1975; Magee et al 1975; Murphy et al., 1973; 

Minor difDuerksen and McCarthy, 1971; Dolbeare and Koenig, 1970). 

of chromatinferences in the degree of resolution and distribution 
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between the peaks are attributable to variations in procedures for 

preparation and sedimentation of the chromatin. 
activeCommon to all these reports is the conclusion that 

chromatin is preferentially released into the slowly sedimenting 

chromatinfraction. In all but two cases, the criteria for determining 

RNA and/or (2)activity were (1) association with labeled nascent 

Duerksentenplate activity with bacterial or mammalian polymerases, 

used deficiency ofand McCarthy (1971) and Dolbeare and Koenig (1970) 

satellite DNA sequences as their criterion and are consequently less 

Seriousdefinite regarding the localization of active sequences, 

criteria. Arti-doubt has been cast on the validity of the first two 

factual association of labeled exogenous RNA with slowly sedimenting 

chromatin has been demonstrated by Seidman and Cole (1977), and the 

endogenous RNAcapacity of bacterial RNA polymerase to transcribe 

obscures the teirplate activity of the chromatin MA (Zasloff and 

Felsenfeld, 1977a,b; Giesecke et al., 1977). Moreover, hybridization 

failed to detectexperiments using probes for expressed sequences have 
fractionsenrichment of active genes in slowly sedimenting chromatin 

(Krieg and Wells, 1976; Howk et al • 1975).9 

activeThus, identification of slowly sedimenting chromatin with 

chromatin is doubtful, The basis for fractionation of chromatin in 

sucrose gradients is an open question, This chapter describes a clean 

fractionation of chromatin from micrococcal nuclease digested liver 

nuclei into two distinct peaks by sedimentation through steep sucrose 

gradients, and provides evidence that the rapidly sedimenting chromatin 

it is attached.cosediments with dense nuclear structures to which 
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B. METHODS AND MATERIALS 

The following procedures are described in the appendix: 

1. Isolation of nuclei from mouse liver. 

measure2, Digestion of nuclei with micrococcal nuclease and 

ment of the acid-soluble products of digestion. 

3. Sucrose density gradient centrifugation and gradient frac 

tion. 

4. Sonication of nuclei. 

5. Determination of the DMA and protein concentrations in 

chromatin fractions. 

6. Extraction of DMA from chromatin fractions and estimation 

of DMA size on 5% polyacrylamidegels. 

7. Photomicroscopy. 

pro8. Polyacrylamide slab gel electrophoresis of chromatin 

teins. 

C. RESULTS 

The conversion of DNA to acid-soluble products by micrococcal 

nuclease is shown in Figure 4. The reaction is complete after two 

The shape ofhours, when half of the DNA has become acid soluble. 

the curve is similar to those published for reactions at much higher 

1975).ratios of enzyme to DNA (Noll and Komberg, 1976; Axel, 

were centriNuclei digested for 1, 5, 10, 30, 60, or 120 minutes 

results are shownfuged through 5-65% linear sucrose gradients and the 
at allin Figure 5. Two distinct peaks of chromatin were resolved 

stages of digestion, in addition to the small digestion products 
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Figure 4. Kinetics of digestion of mouse liver nuclei by micrococcal 
nuclease. Digestions were performed as described in the appendix for 
periods of 1-180 minutes. Each point represents the average of two 
digestions in the same experiment; the total volume of each digestion 
mixture was 1.0 ml. The method for determination of acid soluble DMA 

is described in the appendix. 
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containingFigure 5. Absorbance profiles of 5-65% sucrose gradients 
nuclei digested for different intervals. Digestion and centrifugation 

times arewas carried out as described in the appendix. Digestion 
indicated for each gradient. The position of the slowly sedimenting 

the toppeak (1) and the rapidly sedimenting peak (2) are indicated at 

of the figure. 
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remaining at the top of the gradient. The slowly sedimenting peak 

not observed in(Peak 1) was clearly a product of digestion. It was 

as seen in Figuregradients containing untreated or sonicated nuclei, 

6. After one minute of reaction, Peak 1 contained two conponents, la 

and lb. With continuing digestion, coirponent lb increased more rapidly 

in amount but decreased gradually in sedimentation rate until, when 

digestion was complete, all of Peak 1 was found at the position of 

component la. This peak contained nucleosome monomers (vide infra). 

The position of the rapidly sedimenting Peak 2 did not change through 

out the course of the reaction. 

visible inThe material in Peak 2 was not in solution. It was 

betweenthe gradient tube as a sharp, opaque band at the interface 

Consequently,the gradient and the underlying cushion of 70% sucrose, 

relative amountsthe absorbance tracings do not accurately reflect the 

of DNA in the two peaks. To quantitate the fractionation, therefore, 

fractions under each peak were pooled, and the DMA and protein con 

The results arecentrations were determined spectrophotometrically. 

Peak 2 after oneshown in Table II. The total amount of material in 

Peak 2 fromor five minutes of digestion was underestimated because 

siliconizedbrief digestions adhered tenaciously to the sides of 

centrifuge tubes. Recovery of one minute digests from the gradients 

minutewas 61-65% of units applied, compared to 77-80% for ten 

The Peak 1 fractiondigests and 85-96% for longer digestion times, 

from the one minute digestion contained a higher proportion of protein 

than the same fraction after longer digestion. When digestion was 

complete, 15% of the nuclear DNA and 40% of the nuclear protein re 

mained in the rapidly sedimenting peak. 



45 

I ■ untreated 

o 
'O 
cs 

< 

2 ■ 
sonicated 

o 

'o I 
< 

sedimentation 

nuclei andFigure 6. Sucrose gradient profiles of untreated control 
37° for 10sonicated nuclei. Untreated nuclei were incubated at 

minutes without micrococcal nuclease. The sonication procedure is 
used weredescribed in the appendix. The 5-65^ sucrose gradients 

identical to those used with digested nuclei. 
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to removeThe fractions under each peak were pooled, dialyzed 

sucrose and resedimented through 5-651 sucrose gradients to verify the 

As shown indifference in sedimentation rate between the two peaks. 

Figure 7, Peak 1 chromatin resedimented to its original position. 

afterMost of the Peak 2 chromatin remained rapidly sedimenting 

dialysis, but a minor fraction was found at the position of Peak 1. 

1 and 2The sizes of the DNA fragments extracted from Peaks 

Scanswere estimated by electrophoresis in 5% polyacrylamide gels. 

and inof stained gels are shown in Figure 8 for Peak 1 fractions 

the DNA inFigure 9 for Peak 2 fractions. A significant fraction of 

was toothe Peak 2 fractions from 1 minute and 5 minute digestions 

large to enter the gels. Mononucleosome- and oligonucleosome-size JMk 

appeared more rapidly in Peak 1 than in Peak 2. Few fragments of the 

size of dimers and trimers were seen in Peak 2 at any stage. At the 

was monomerend of digestion, nearly all the DNA in both fractions 

size or smaller. Thus, the difference in sedinientation rate did not 

inresult from difference in the size of the mA fragments the two 

fractions. 

Photomicrographs of unfixed wet mounts of Peak 2 fractions 

stained with crystal violet are shown in Figure 10. Undigested nuclei 

After one minute(shown in Figure 11) have sharply defined perimeter. 

of digestion they have begun to ravel at the edges (Figure lOA, ar 

seen extending outrows) and after five minutes, fibrous material was 

This extrudedward from the surface in a profuse tangle (Figure lOB). 

material disappeared as digestion continued (Figure lOC-D), but the 

nuclei remained intact and, except that they stained less intensely. 
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•5‘ peak ? 

Ih 

peak 2 

5 .5 
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sedimentation 

Hie Peak 1Figure 7. Resedimentation of Peak 1 and Peak 2 fractions.
5 minutes withand Peak 2 gradient fractions of nuclei digested for 

mM EDTA, 1 mMmicrococcal nuclease were dialyzed for 6 hours against 1 
gradients.Tris-HCl, pH 8.0, and recentrifuged through 5-651 sucrose 
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I 

1 5 min JO min 

30 min 60 min 

—> -> 

of DMA from Peak 1Figure 8. Polyacrylamide gel electrophoresis 
fractions. Digestion time is indicated for each gel tracing. The 
position of mononucleosome DMA in the 1 minute digest is shown by a 
vertical arrow. The size of the mononucleosome DNA decreases during 

of DNA in thethe course of digestion. Tlie direction of migration 
gels is indicated by the horizontal arrows. 
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1 10 min 

30 min 60 min 

of DNA from Peak 2Figure 9. Polyacrylamide gel electrophoresis 
fractions. Digestion time is indicated for each gel tracing. The 

is indicatedposition of mononucleosome DNA in the 5 minute digest 
DNA decreasesby a vertical arrow. The size of the mononucleosome 

of DNAduring the course of digestion. The direction of migration 
in the gels is shown by the horizontal arrows. 
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Wet mountsFigure 10. Photomicrographs of unfixed Peak 2 fractions. 
of Peak 2 fractions were prepared and stained with crystal violet as 

indicatedescribed in the appendix. (A) 1 minute digest. Arrows 
resolvedpoints where the nuclear periphery is no longer clearly 

(x 1094);(x 1027); CB) 5 minute digest (x 1094); (C) 10 minute digest 
Cx 1094); C?) 120CD) 30 minute digest (x 1146); (E) 60 minute digest 

minute digest (x 1000). 



52 

e 

c 

♦ 

«•« 

D * 

m 

E 
F 

Figure 10. 



53 

Figure 11. Photomicrographs of Peak 2 fractions stained with May 
Grunwald-Giemsa stain. Slides were prepared and stained as described 
in the appendix, (A) undigested; (B) 1 minute digest; (C) 5 minute 
digest; (D) 10 minute digest; (E) and [F) 120 minute digest. All 

X 1000. 
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It should be enphasized thatunchanged in appearance (Figure lOE-F). 
that the possibil-these preparations were neither dried nor fixed, so 

Peak 1 contained no structures visibleity of artifacts was reduced, 

in the light microscope at any stage of digestion. 

Color photomicrographs of dried and fixed Peak 2 fractions 

stained with May Grunwald-Giemsa stain are shown in Figure 11. This 

pink.procedure stains ribonucleoproteins blue, deoxyribonucleoproteins 

is clearlyThe halo of fibrous material produced after brief digestion 

seen After conplete digestion,to be largely deoxyribonucleoprotein. 

the nucleoplasm stains faintly, but the stain is clearly pink and 

sections,uniformly distributed. Although these are whole mounts, not 

or around thelocalization of the residual chromatin at the periphery 

in stainnucleoli woiiLd be noticeable if present. No differences 

intensity were detected. 

The nature of the association of DMA with the residual nuclei 

in Peak 2 after complete digestion was investigated by atteirpting to 

dissociate the DNA from the nuclei. Digested nuclei were dialyzed 

for 48 hours against 1 mM EDTA, 1 mM Tris-HCl, pH 8.0 (EDTA-Tris) to 

diffuse out. Theallow free nucleosomes within the nuclear matrix to 

sucrose gradients.dialyzed nuclei were then sedimented through 5-65% 

of the unThe resulting gradient profile is very similar to that 

of the total DNAdialyzed digest (Figure 12). Peak 2 contains 12.5% 

in the dialyzed digest, 15% of the DNA in the undialyzed digest. 

urea wasPhysical dissociation of the residual DNA by NaCl or 

investigated in the same manner, Nuclei digested for 120 minutes were 

5 M urea indialyzed 48 hours against 2 M NaCl in EDTA-Tris, against 
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Figure 12. Sucrose gradient profiles of dialyzed and undialyzed 
for 120 minutessanples of digested nuclei. The nuclei were digested 

as described in the appendix and then dialyzed for 48 hours against 
1000 volumes of 1 nM Tris-HCl, 1 mM EDTA, pH 8.0. The dialyzed 
digestion mixture was centrifuged through a 5-651 sucrose gradient 

undialyzed 120as previously described. Tlie gradient profile of the 
minute digest from Figure 5 (p 43) is shown for comparison. 
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beforeEDTA-Tris or against 2 MNaCl, 5 M urea in EDTA-Tris, 

dissociatingsedimentation through gradients containing the same 
Either 2 Magents. The gradient profiles are shown in Figure 13. 

and ureasalt or 5 M urea caused Peak 1 to disappear, but both salt 

were Peak 2 contained 10.4% ofnecessary for dissociation of Peak 2. 

total DMA in thethe total Wk in the salt gradient and 12.4% of the 

urea gradient, Cornplete dissociation of DNA from Peak 2 was also 

for 120 minutesobtained with SDS. A suspension of nuclei digested 

0.5%made 0.5% SDS and sedimented through a gradient containing 

SDS. The gradient profile is shown in Figure 14. 

stages of 

was 

The protein coin)Osition of Peaks 1 and 2 at different 

digestion was investigated by electrophoresis in 15% polyacrylamide 

Nucleosome core histones were the major proteinmicroslab gels, 

constituents of Peak 1 fractions except at the shortest time sampled 

early samples(Figure 15j. A trace of histone HI was present in the 

but disappeared as digestion continued. A nonhistone protein band 

of the oneof 70,000 daltons was the most prominent protein component 

minute digest, but was not detectable at later times. 
the Peak 2Core histones were also the predominant proteins in 

The histone content of this fraction, however.fractions (Figure 16). 

of faint, nondecreased during digestion. Concurrently, a series 

histone bands became evident, two migrating between 43,000 and 50,000 

daltons and adaltons, another two or three between 60,000 and 70,000 

daltons. Asthird set of at least three bands of greater than 155,000 

nuclei whenwas found for DNA, some core histones remained in the 

digestion was conplete. 
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Figure 13. Absorbance profiles of digested nuclei sedimented through 
were dialyzeddissociating gradients. Nuclei digested for 120 minutes 
2 M NaCl orfor 48 hours against 1000 volumes of EDTA-Tris containing 

5 M urea or the combination of 2 M NaCl and 5 M urea. The dialyzed 
sucrosedigestion mixtures were then centrifuged as described through 

The small peakgradients containing the same dissociating agents. 
contained brokenappearing just above Peak 2 in the 5 M urea gradient 

nuclei. 
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Figure 13. 
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0.5 % SDS 

S' 
CN 

sedimentation —> 

treated withFigure 14. Sucrose gradient profile of digested nuclei 
0.5% SDS. Nuclei were digested as described in the appendix. The 

SDS and incubateddigestion mixture was then made 0.5% with respect to 
a 5-65% sucroseon ice for 30 minutes before centrifugation through 

gradient containing 0.5% SDS. 
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Figure 15. Electrophoresis of Peak 1 fractions on a 15% polyacry-lamide 
SDS microslab gel. (A) 120 minute digest; (B) protein standards; (C) 
calf thymus histones; CD) 60 minute digest; (E) 30 minute digest; 
(F) 10 minute digest; (G) 5 minute digest; CH) 1 minute digest; 
(I) calf thymus histones; (J) protein standards. The molecular 

weights of the standards are listed at the side of the gel; from top 
to bottom, E. coli RNA polymerase 3 and 3' subunits, phosphorylase A, 
bovine serum albumin, E. coli RNA polymerase a subunit, ovalbumin, 
3-lactoglobulin, and lysozyme. 
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Figure 16, Electrophoresis of Peak 2 fractions on a 151 polyacrylamide 
SDS microslab gel. [A) protein standards; (B) calf thymus histones; 
CC) 120 minute digest; (D) 60 minute digest; (E) 30 minute digest; 
CF) 10 minute digest; fG) 5 minute digest; (H) 1 minute digest; (I) calf 
thymus histones; (J) protein standards. Molecular weights of the 

standards are listed at the side of the gel; from top to bottom, E. 
coli RNA polymerase g and g' subunits, phosphorylase A, bovine serum 
albumin, E. coli RNA polymerase a subunit, ovalbumin, g-lactoglobulin 
and lysozyme. 
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D. DISCUSSION 

In contrast to mechanically sheared nuclei, nuclei digested with 

in steepmicrococcal nuclease separated cleanly into two fractions 

sucrose gradients, Other investigators have reported somewhat better 

resolution of sonicated chromatin in gradients than reported in this 

1975; Mirphy etwork (Rodriguez and Becker, 1976; Anderson et al., 

shown foral • 1973), but none have achieved the degree of resolution> 

digested nuclei. Moreover, this fractionation was not dependent on 

the extent of treatment as with mechanically sheared preparations. 

Peaks 1 and 2 were easily separable after one minute of digestion 

(11 of the DMA acid soluble) and after digestion was complete (50% of 

the DNA acid soluble). The fractionation was not due to aggregation/ 

dissociation phenomena as shown in the resedimentation experiments, 

show thatnor to separation based on DNA size. The photomicrographs 

Peak 2 chromatin is associated with a rapidly sedimenting structure; 

It is not intrinsically larger or more dense than slowly sedimenting 

chromatinchromatin. At early stages of digestion, the matrix-bound 

This halowas visible, spilling out of the nuclei but still attached. 

fibers folwas probably formed by unwinding of supercoiled chromatin 

inlowing cleavage by the nuclease. Evidence will be presented 

divalent cationsChapter 5 that this imwinding does not occur until 

of EDTA. Afterin the digestion mixture are sequestered by addition 

longer digestion, most of the chromatin was trimmed away from the 

of attachnuclei, but small fragments remained bound at the points 

ment when digestion was conplete. 

isThe observation that DNA remains with digested nuclei not 
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small
novel. Preparations of nuclear matrix generally contain a 

of the DMA,amount of DNA. Using DNase I and salt to remove most 

Berezney and Coffey (1974) report 1% of the DNA remaining with the 

and coworkersmatrix. Comings and Okada found less than 1%, Miller 

nucleosomes are(1978a) 1% and Heman and coworkers (1976) 4%. Since 
the amountnot stable under these digestion conditions (high salt), 

than the 15%of residual DNA is expected to be substantially smaller 

found in the present work with micrococcal nuclease. Only one value 

Hermanfor micrococcal nuclease has been reported in the literature; 

the nucleusand coworkers (1976) found 20% of the DNA remaining with 

after digestion. Hemminki (1977) found 16% remaining after digestion 

with DNase II under conditions where nucleosomes are not cleaved. 

These two values agree well with that reported here. 

The residual DNA observed by Herman and coworkers (1978, 1976) 

at the nuclearafter micrococcal nuclease digestion was localized 

have foundperiphery. Comings (1978) and Comings and Okada (1976) 

of the nuclearDNA attached to both peripheral and internal elements 

stainmatrix. No localization of the deoxyribonucleoprotein was 

observed in this work (Figure 11, p 54), in contrast to the report of 

was freHerman and associates. Crystal violet staining, however, 

quently localized at later stages of digestion (Figure lOE-F, p 51), 

channelsbut not at the periphery of the nuclei. There appear to be 

extending from the nuclear surface to the interior. The nonspecificity 

of crystal violet staining makes interpretation of this phenomenon 

difficult. Large open spaces and a spongy structure resembling the 

have beenappearance of crystal violet-stained digested nuclei 
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I andobserved in electron micrographs of nuclei extracted with DNase 

1976), with thehigh salt (Miller et al., 1978a; Comings and Okada, 

occupied theinterpretation that masses of heterochromatin might have 

spaces. Electron microscopic examination of the residual structures 

at low salt,in Peak 2, produced by micrococcal nuclease digestion 

might well reveal non-uniform distribution of the associated chromatin 

at a level of resolution below that of light microscopy. 

The DMA remaining in the residual nuclei after complete diges-

This conclusiontion was primarily in the form of mononucleosomes. 

is based on the size of the residual DMA fragments and on the presence 

Association of chromatinof core histones in the residual structures, 

largely through mononucleosomes.with the nuclear skeleton is therefore 

in most cases theIf adjacent nucleosomes are attached to the matrix, 

linker DNA is not protected against cleavage. 

struc-The nucleosomes are quite firmly bound to the residual 

littleture. Resedimentation, even after prolonged dialysis, removed 

MA from the Peak 2 fraction; this loss was probably due to degrada 

releasetion of the material during further handling as well as to 

Trapping of large numbers of mononucleosomesof trapped chromatin. 

within the residual nuclei is unlikely for several reasons. Oligo-

nucleosomes were not found in Peak 2 during the early stages of di 

intermediatesgestion in amounts that would indicate that they were 

in the production of trapped monomers. Inspection of the gel tracings 

in Figure 8 (p 49) shows that fragments considerably larger than 

mononucleosomes were readily released from the nuclei. In fact, large 

in themasses of chromatin escaped from the nuclei, as seen 
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of the nuclearphotomicrographs. Retention of monomers by remnants 
that U Tritonmembrane is also unlikely. There is airple evidence 

X-100 removes almost all nuclear phospholipid, leaving only tiny shreds 

of trilaminar membrane on a few nuclei (Miller et al., 1978b; Berezney 

and Coffey, 1977; Scheer et al > 1976; Faiferman and Pogo, 1975;• 

Aaronson and Blobel, 1974). Thus it is improbable that large numbers 

of the residualof free nucleosomes were prevented from diffusing out 

nuclei. 

wasComplete dissociation of DNA from the residual nuclei 

M salt and 5 Machieved only with SDS or with the combination of 2 

aloneurea. Urea alone removed only 25% of the residual DNA; salt 

removed 33%. Since either 2 M salt or 5 M urea causes unfolding of 

dissociationthe nucleosomes, it is possible that more extensive 

DNA wasoccurred but was not detected because much of the extended 

trapped. Alternatively, the DNA may be attached through tightly-bound 

and urea. Thesenonhistone proteins which are not dissociated by salt 

The combinatwo possibilities are not experimentally distinguishable. 

tion of salt and urea dissociates the entire residual structure; micro 

scopic examination revealed nothing resembling a nucleus in the lower 

two-tliirds of the salt-urea gradient. 

120 minutesThe nonhistone proteins of the Peak 2 fraction after 

matrix of mouseof digestion are similar to those reported for the 

of the bandsliver nuclei (Comings and Okada, 1976), although none 

channels containare prominent. The level of background stain in the 

of additionaling Peak 2 fractions probably indicates the presence 

proteins not resolved in these small gels. A more complex protein 
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in matrix fracconposition would be expected in Peak 2 fractions than 
tions that have been extracted with 2 M salt. 

aThe Peak 1 fraction of the one minute digest contained 

At later timesprominent nonhistone protein of 68-70,000 daltons, 
The increased histone conthis protein is not observed in Peak 1. 

the nonhistone
tent of this fraction after longer digestion may dilute 

associacomponent so that it is no longer detectable. Alternatively, 
unstable, retion of this protein with the chromatin of Peak 1 may be 

course ofsulting in loss of the protein from Peak 1 early in the 

The Peak 1 fraction from the one minute digest alsodigestion, 
con-

tained two distinct components in the sucrose gradient profile, the 

lighter coirponent sedimenting at the position of mononucleosome s. 

are moreThere have been several reports that transcribed sequences 

sequences (Levy-readily released by micrococcal nuclease than inactive 

Tata and Baker, 1978;Wilson and Dixon, 1979; LeA^y W et al., 1979; 

Johnson et al • 1978; Reeves et al > 1978, 1977; Bellard et al., 1977).•9 

Recently, Bloom and Anderson (1978) have reported fractionation of 

similarmicrococcal nuclease-digested nuclei by a sedimentation method 

The minor fractionto that used by Frenster and coworkers (1963). 

of EDTA wasreleased after very brief digestion and before addition 

sequences.conposed of mononucleosomes and enriched in transcribed 

ItThe protein conposition of this fraction was not reported. is sug 

similar method andgestive, however, that fractions derived by a very 
should becontaining mononucleosomes generated by brief digestion 

enriched in active gene sequences on one hand and in a specific non 

histone protein in the other. 
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on comThe molecular weight estimate for this protein is based 

with that of bovineparison of its mobility in SDS-polyacrylamide gels 

serum A nonhistone protein ofalbumin CBSA, molecular weight 68,000). 

very similar mobility in relation to BSA has been identified in a 

It can be seen in nuclear matrixvariety of nuclear fractions, 

rat lungpreparations from rat liver (Berezney and Coffey, 1974), 

Hodge et al.,(Hemminki, 1977) and HeLa cells CHerman et al., 1978; 
nuclear

(1976). A protein of 68,000 daltons has been reported in the 

of 70,000 daltonsmatrix of mouse liver (Comings and Okada, 1976), one 

1976) ofin Tetrahymena nuclear matrix (Herlan and Wunderlich, and one 

but in these70,500 daltons in CHO cells (Hildebrand et al., 1976), 

three cases a BSA marker was not shown. Proteins of similar mobility 

relative to BSA are seen in the salt-extracted nuclear envelopes of 

nuclear poreChironomus salvary glands (Plagens, 1978) and in the 

none wasconplex-lamina of rat liver (Aaronson and Blobel, 1975); 

found in the envelope of Xenopus oocytes, although it was present in 

1978). Salt-extracted• 9the gelled nuclear contents (Krohne et al 

(Plagens, 1978) andpolytene chromosomes of Chironomus salivary glands 
et al • 9 1977)detergent-extracted nuclei of Krebs ascites cells (BOhm 

The folded super-also contain a protein which comigrates with BSA. 

in SDS alsocoiled DMA coirplexes from mouse carcinoma cells lysed 

very closecontain a tightly bound nonhistone protein with a mobility 

et al., 1975).to that of BSA (reported molecular weight 70,000; Ide 

The mitotic chromosome scaffold may contain a protein of this mobility 

estimate oras well (Adolph et al., 1977a), but a molecular weight 

protein standard was not given. A very rough estimate of 70,000 
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was madedaltons for the apparent molecular weight of this protein 
this band andby this writer, based on the relative mobilities of 

assignedothers in the same gel to which molecular weights were 

C53,000 and 35,000 daltons) and careful conparison with other published 

standards.gel patterns containing a range of molecular weight 
(apThus, protein species of similar electrophoretic mobility 

found in nuclearparent molecular weight range from 68,000-70,500) are 

amatrix, polytene chromosomes, folded supercoiled DMA complexes, 

mononucleosome fraction released by brief micrococcal nuclease diges 

Electrophoretiction and, possibly, in mitotic chromosome scaffolds. 

in any case,mobility is a poor criterion for protein identity and, 

70,500a protein of 68,000 daltons is not identical to a protein of 

daltons. However, the range covered by the estimates is not large 

considering the inprecision of molecular weight determinations in 

polythis range by electrophoresis in SDS gels containing 10-15% 

also be causedacrylamide. Some variation between preparations may 

as discussed inby non-protein groups associated with the proteins, 
these differentChapter 1 (p 12). It is tenpting to speculate that 

70,000 daltonspreparations may all contain a protein species of about 

involved in the maintainance and packaging of chromatin domains in 

activedifferent functional states: total interphase chromatin, 

and mitotic Association of such a proteinchromatin, chromosomes. 

with other conponents of the matrix, scaffold or transcription ap 

or baseparatus could be modulated by cell cycle phase-specific 
of thesequence-specific modifications to regulate the conformation 

Further characterizationentire genome or a particular set of domains. 



70 

on the strucof these proteins should, in any case, yield information 

tural role of nonhistone nuclear proteins. 
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CHAPTER 5 

DIGESTION AND SEDIMENTATION OF NUaEI UNDER 

DIFFERENT IONIC CONDITIONS 

A. INTRODUCTION 

ionicThe physical properties of chromatin vary appreciably with 

in saltstrength. There are numerous reports correlating changes 

concentration with changes in solubility, sedimentation coefficient, 

microdegree of condensation or conformation observed in electron 

the startinggraphs. But variations in the methods used to prepare 

of salt conmaterial, the conposition of the buffers, and the range 

of the results.centrations employed conplicate detailed comparisons 

Only the most general conclusions can be drawn. 

chromatinAt very low ionic strength, between 1 and 10 NaCl, 

undergoes a conformational transition resulting in increased viscosity 

and decreased sedimentation coefficient (Li et al 1977). A similar• 9 

in the sametransition is observed with nucleosomal core particles 

•concentration range (Gordon et al 9 1978; Zama et al., 1977), indicat-

Specificing alteration in the basic structure of the nucleosome. 
in thispoints of contact between histones H2B and H4 are broken 

transition (Martinson and True, 1979; Martinson et al., 1979). 

is solubleQiromatin prepared at physiological ionic strength 

Itat that salt concentration (Renz et al., 1977; Rees et al., 1974). 

is fully reexpands as the ionic strength is reduced but this process 

the salt conversible, and the chromatin does not precipitate until 

centration approaches 0.3 M (Lewis et al., 1976). In contrast. 
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the saltchromatin prepared at low ionic strength precipitates when 

0.12-0.15 M NaClconcentration is raised into the physiological range, 

Smart and Bonner, 1971b;(Bradbury et al., 1973; Leake et al., 1972; 

Jensen and Chalkley, 1968; Ohlenbusch et al., 1967; Atchley et al., 

strength1964). Oligonucleosomes also precipitate at this ionic 

1977). However,(Caji5)bell and Cotter, 1977; Gaubatz and Chalkley, 

are soluble bechromatin or oligonucleosomes depleted o£ histone HI 

tween 0.05 and 0.3 M NaCl (Campbell and Cotter, 1977; Bradbury et al., 

have been ob1975, 1973; Smart and Bonner, 1971a). Similar results 

tained with the SV40 minichromosome. When isolated at physiological 

ionic strength, this conplex contains HI and has a compact, rapidly 

Removal of HIsedimenting conformation (Varshavsky et al., 1976a). 

minior reduction of the salt concentration converts the spherical 

on returnchromosome particle to an extended circle of nucleosomes; 

to physiological ionic strength in the presence of HI, the compact 

andconformation is regained (Muller et al., 1978; Christiansen 

Griffith, 1977). The condensation of chromatin with increasing salt 

associationsconcentration, therefore, involves intemucleosomal 

fact conmediated by histone HI. This view is supported by the that 

tinued increase in salt concentration over the range 0.3-0.6 M re 

sults in simultaneous dissociation of histone HI and reexpansion of 

the chromatin (Lewis et al., 1976; Bradbury et al., 1975; Smart and 

Bonner, 1971a). 

The nature of histone HI binding to oligonucleosomes changes 

from noncooperative to cooperative between 10 and 60 nW NaCl (Renz and 

dramatic increaseDay, 1976), and this transition is accompanied by a 

https://0.12-0.15
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in the sedimentation coefficient of the Hl-bound oligonucleosomes 

Renz et al., 1977). However, this transition occurs below the con 

is observed.centration at which the maximum condensation of chromatin 

minichromosomesMoreover, Hl-depleted chromatin and Hl-depleted SV40 
not to thedo condense as the salt concentration is raised, although 

extent observed with intact chromatin (Renz et al • 1977; Christiansen9 

Removal of histone HI fromand Griffith, 1977; Lewis et al., 1976). 

chromatin does not increase the susceptibility of linker DMA to 

of the N-terminalSerratia marcescens endonuclease, but after digestion 

rapidly de-regions of the core histone with trypsin, linker DMA is 

1977, 1979). Thus the• 9graded by this nuclease (Pospelov et al 

intrinsic inter-cooperative binding of histone HI probably stabilizes 
ionicnucleosomal and linker-core interactions at physiological 

at lowstrength. Salt-induced precipitation of chromatin isolated 
chromatin strucionic strength may be due to subtle alterations in 

Chapter 2).ture during repeated exposure to low salt buffers (see If 

such alterations interfere with the cooperative intrastrand binding of 

increased, pro-histone HI, formation of interstrand linkages could be 

Changes in themoting aggregation and precipitation of the chromatin, 

effect,nucleosome spacing, for instance, might produce this 

The effects of divalent cations. Mg
++ 

and Ca"^"^, on chromatin 

but much lower conconformation parallel those observed with NaCl, 

transition incentrations of the divalent cations are required. The 

occurs at 
core particle conformation observed between 1 and 10 NaCl 

Condensation and aggregation of10 yMMgCl2 (Li et al., 1977). 
et al • 1975;9chromatin occur between 1 and 10 nW MgCl2 (Bradbury 
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Pooley et al 1974; Leake et al 1972; Atchley and Bhagavan, 1964).• 9• 9 

Similar effects have been observed with SV40 minichromosomes 

Christiansen and Griffith, 1977) and with oligonucleosomes (Campbell 

and Cotter, 1977). In all cases, the presence of histone HI is re-

Removal of divalent cations causesquired for condensation to occur, 

destabilizationunfolding of thick (200-250 A) chromatin fibers and 

al., 1977).of nucleosomes (Vengerov and Popenko, 1977; Kiryanov et 

wasThe supercoil of polynucleosomes observed by Finch and Klug (1976) 

formed on addition of Mg 
++ 

; however, de Murcia and coworkers (1978) 

of EDTA provided thereport supercoils in chromatin in the presence 

preparation had not been sheared. The greater effectiveness of 

divalent compared with monovalent ions is only partly explained by 

their greater charge density (Pooley et al., 1974), suggesting that 

chromatin strucdivalent ions may have a specific role in maintaining 

ture in addition to nonspecific charge neutralization. 

Two conformations have been proposed for condensed polynucleo-

some fibers, the supercoil (Finch and Klug, 1976) and the superbead 

is somewhat(Hozier et al., 1977). The distinction between them 

whereas a kinkedarbitrary; closely packed beads might resemble a coil 

coil might appear to be beaded. Both structures appear frequently in 

electron micrographs, sometimes coexisting in the same photograph 

(de Murcia et al • 1978; Vengerov and Popenko, 1977; Olins, 1977;9 

associatesFranke et al., 1976; Kiryanov, 1976). Varshavsky and 

micrococcal(1977a) noted preferential cleavage of chromatin by 

nuclease at intervals of seven to eight nucleosomes. Recently, 

Stratling and coworkers (1978a,b) reported isolation of particles of 
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nuclei withthe size expected for superbeads after mild digestion of 

were detected,micrococcal nuclease. Monomer, dimer and trainer species 

unfold tocontaining multiples of eight nucleosomes. The particles 
or abovechains of polynucleosomes at salt concentrations below 0.03 M 

of the total0.2 M, as does the 250 A chromatin fiber. Up to 75% 
That thechromatin could be obtained in the form of these particles. 

as increasedperiodicity of the higher order structure is manifested 
aresusceptibility to the nuclease suggests that the repeating units 

lattice.physically distinct, not continuous as in a crystal 
the concenThis chapter describes the effects of variation in 

the digestion of nuclei by micrococcaltrations of CaCl2 and NaCl on 
nuclease and on the sedimentation of digested nuclei through steep 

confirm thesucrose gradients. Results from preliminary experiments 

on the occurrenceobservations of Strdtling and associates (1978a,b) 

of monomers and dimers of particles composed of approximately eight 

nucleosomes. 

B. METHODS AND MATERIALS 

The procedures for preparation and micrococcal nuclease digestion 

of mouse liver nuclei, and for analysis of the digestion products by 

are 
sucrose density gradient centrifugation and gel electrophoresis 

described in the appendix. Digestion times are indicated in the 

text. Where the experiments required the continuous presence of 

EDTA to inhibitcalcium ions after digestion, pTp was used instead of 

micrococcal nuclease in the digestion mixtures and sucrose gradients 

(Skup and Millward, 1977). 
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C. RESULTS 

the releaseThe effect of continued presence of calcium ions on 

of chromatin fragments from digested nuclei was investigated by 

5-65% sucrosesedimenting nuclei digested for two minutes through 

or 1 nM EDTAgradients containing either 1 arM CaCl2 and 1.8 yM pTp, 

Absorbance scans of the gradients areand 1 mM pTp or 1 nM EDTA. 

In the absence of EDTA, very little chromatin isshown in Figure 17. 

found in Peak 1. Addition of pTp along with EDTA does not prevent, in 

seems to anplify, Removal of most of thefact the formation of Peak 1. 

of chromatindivalent cations is therefore necessary for the release 

was repeatedfragments from the digested nuclei. This experiment 

since EGTA sequesusing EGTA in place of EDTA with identical results; 

alone does notters only calcium ions, removal of chromatin-bound Mg 
++ 

account for the results observed. 

and nucleiAbsorbance scans of gradients containing pTp, Ca
++ 

18. Electro-digested for different intervals are shown in Figure 

phoretic analysis of DNA from the peak fractions of these gradients 

is shown in Figure 19. In the presence of Ca
++ 

, Peak 1 does not ap-

chromatin hadpear at any stage of the digestion. Even when all the 

been reduced to mononucleosomes (Figure 19F), the bulk of the 

chromatin wassedimented with the nuclei. A small peak of released 

found near the top of the gradient only after very brief periods of 

digestion (Figure 17A and 18 top). This peak contained primarily 

the DMAmonomer-size DMA (Figure 19A). At later stages of digestion 

19B,C).at the top of the gradient was largely degraded (Figure 

on theIn an attenpt to assess the effects of ionic strength 
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A 
1.0 
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1.0 
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1.0 

sedimentation —> 

The effects of divalent cations and of pTp on the sedimenta-Figure 17. 
The nuclei were digested for 2 minutestion of briefly digested nuclei, 

5-65% sucroseas described in the appendix. Sedimentation through 
1.8 yM pTp, (C)gradients containing (A) 1 JiM EDTA, (B) 1 nM EDTA and 
described. The1 mM CaCl2 and 1.8 yM pTp was carried out as previously 

an arrow.smaTl peak at the top of gradient C is marked with 
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5 min 

1.0 
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30 min 

1.0 
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>0 
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120 min 

sedimentation —> 

Figure 18. Sedijnentation in tlie presence of CaCl2 of nuclei digested 
for different intervals, Digestion was carried out as described in the 

5-65% sucroseappendix using pTp to stop the nuclease reaction, 
gradients contained pTp and 1 nM CaCl2. The small peak near the top 

an arrow.of the gradient in the 5 minute digest is marked with 
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and Peak 2 fractionsFigure 19. Electrophoresis of DNA from top fractions 
top fractions; (B) 30of gradients containing CaCl2. CA) 5 minute digest, 
top fractions; (D) 5minute digest, top fractions; CQ 120 minute digest, 
(F) 120 minuteminute digest. Peak 2; (E) 30 minute digest. Peak 2; 
indicated by andigest. Peak 2. The position of mononucleosome DNA is 

DNA decreased witharrow in frame D. The size of the mononucleosome 
isdigestion. Tlie direction of migration of DNA migration in the gels 

indicated by arrows below the figure. 
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in buffers confractionation procedure, nuclei prepared and digested 

taining 0.06 M NaCl were compared with nuclei prepared and digested 

was sediin the absence of salt. Each of the nuclear preparations 

salt, 0.06 M NaClmented through 5-651 sucrose gradients containing no 

or 0.6 M NaCl. Results are shown in Figure 20. When all steps were 

the heaviercarried out in 0.06 M NaCl, Peak 1 was shifted toward 

betweenregions of the gradient and two additional peaks appeared 
These newPeaks 1 and 2 {2k in Figure 20D, compare with Figure 20A). 

centrifuged inpeaks were much reduced when the 0.06 M NaCl digest was 

the absence of salt (Figure 20B) and disappeared entirely in gradients 

containing 0.6 M NaCl (Figure 20F). 

the 0.06 MNuclei prepared in the absence of salt aggregated in 

NaCl gradient, beginning as soon as the sanple was layered onto the 

gradient, and very little material was found in the Peak 1 region 

after centrifugation (Figure 20C). In the high salt gradient, the 

saltamount of chromatin released from nuclei prepared without was 

markedly increased (Figure 20E). 

onfrom the peak fractions of these gradients was analyzed 

additional5% polyacrylamide gels. Fractions containing the two 

fraction 2k.peaks shown in Figure 20D were combined and designated 

was insufficientRecovery of DNA from the Peak 1 region of Figure 20C 

for analysis. Scans of the stained gels are shown in Figure 21 for 

nuclei prepared in 0.06 M NaCl and in Figure 22 for nuclei prepared 

in the absence of salt. The principle feature of all these gels is a 

the modal size inpeak of hexamer- to octamer-size DNA, with octamer 

all Ccises. A scale showing the locations of the inflections 
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and sedimentationFigure 20. The effects of ionic strength on digestion 
in theof nuclei. Nuclei were digested for 5 minutes as described 

containing no salt;appendix. (A) nuclei prepared without salt, gradient 
no salt;CB) nuclei prepared in 0.06 M NaCl, gradient containing 

CC) nuclei prepared without salt, gradient containing 0.06 M NaCl; 

CD) nuclei prepared in 0.06 M NaCl, gradient containing O.OF M NaCl; 
M NaCl;(E) nuclei prepared without salt, gradient containing 0.6

O.F M NaCl.CF) nuclei prepared in 0.06 M NaQ, gradient containing 
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extracted fromFigure 21. Polyacrylamide gel electrophoresis o£ DMA 
in 0.06 M NaCl.Peak 1, Peak 2A and Peak 2 fractions of nuclei prepared 
without salt;CA) Peak 1, gradient without salt; (B) Peak 2, gradient 
0.06 M NaCl;rc) Peak 1, gradient 0.06 M NaCl; (D) Peak 2A, gradient 

0.6 M NaCl;CE) Peak 2, gradient 0.06 M NaCl; (F) Peak 1, gradient 
locations of the(G) Peak 2, gradient 0.6 M NaCl. A scale showing the 

given in frameinflections corresponding to monomer through octamer is 
D. 
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Figure 21. 
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of DNA extracted fromFigure 22. Polyacrylamide gel electrophoresis 
Peak 1 and Peak 2 fractions of nuclei prepared without salt. (A) Peak 
1, gradient without salt; (B) Peak 2 gradient without salt; (C) Peak 
2, gradient 0.06 M NaCl (Peak 1 in this gradient contained very little 
ENA); (D) Peak 1, gradient 0.6 M NaCl; (E) Peak 2, gradient 0.6 M NaCl. 
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Figure 22. 
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21D.corresponding to monomer through octamer is included in Figure 

amount of DMA droppedAt the upper edge of the octamer peak, the 
at the

sharply, In all the gels except 21C, a narrow band was seen 

The absence of small chromatin fragments fromvery top of the gel. 

is puzzling. Thisboth peaks of the high salt gradient [Figure 21F,G) 

the others, andsanple of nuclei was digested to the same extent as 

amount, Thissmall digestion products should be present in the same 

although aggregation ofgradient did contain a substantial pellet and, 

chromatin was not expected in 0.6 M salt, the small products of di 

gestion were presumably located there. 

The rate of the nuclease reaction in 0.06 M salt was not 

sizes of Peak 1 onmeasured, but it is evident from conparison of the 

with those onthe left side of Figure 20 (digestion without salt) 

chromatin wasthe right side (digestion in 0.06 M NaCl) that more 

of salt.released after 5 five minutes of digestion in the presence 

of release of digesThis might result from differences in the extent 

tion products at the two salt concentrations, but the possibility of a 

in mind whendifference in the kinetics of digestion should be kept 

conparing the two preparations. 

D. DISCUSSION 

nucleus inRetention of digested chromatin fragments within the 

the presence of divalent cations has been noted by other investigators 

1978). Bloom(Sanders, 1978; Bloom and Anderson, 1978; Bemstine, 

of a minor fracand Anderson report release, after brief digestion, 

tion of nucleosomes enriched in transcribed sequences prior to release 
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isolatedwith EDTA of the bulk of the digested chromatin. Using 

mononucleosomeschromatin, Varshavsky and coworkers C1976b) found that 

in histone HI.released before the addition of EDTA were deficient 

The small peak of released chromatin observed in the Ca’^'^-containing 

containedgradients after two or five minutes of digestion also 

mononucleosomes; this peak disappeared with longer digestion. This 

seen when nuclei werepeak may be the same as the mononucleosome peak 

one minute of diges-centrifuged in an EDTA-containing gradient after 

tion (Peak la in Figure 5, p 43)• A nonhistone protein, detected in 

was not seenthat Peak 1 fraction after one minute of digestion, 

associated withafter longer digestion. Conceivably, this protein is 

a subset of rapidly digested mononucleosomes. 

Considering the low concentration of divalent cations required 

to condense chromatin, it is not surprising that chromatin fragments 

It seems probable that divalentsedimented with nuclei in 1 nM CaCl2. 
cations are involved in the maintainance of chromatin packing. The 

level of tightly-bound Mg
++ 

retained by the nuclei, on the other hand, 

was removedwas not sufficient to maintain the association when Ca
++ 

with EGTA. In the continued presence of Ca
++ 

, the state of the nuclei 

in the gradient should not be much altered from that in the digestion 

mixture, and it is reasonable to assume that the chromatin remaining 

in structure.after brief disgestion is not dramatically altered 

to 0.06Since increasing the ionic strength of the digestion mixture 

from theM appeared to facilitate the release of chromatin fragments 

cationnuclei, investigation of the interaction between divalent 

foreffects and overall ionic strength might identify conditions 
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selective release of part of the chromatin. One such experiment has 

been reported (Sanders, 1978), in which selective extraction of 

and DMA size waschromatin fractions differing in protein coii5)osition 

achieved. It seems likely that this fractionation method discriminates 

of condensationbetween regions of different accessibility and degree 

of these differwithin the nucleus, but the functional significance 

ences remain to be demonstrated. 

22 that briefIt is evident from the gels shown in Figures 21 and 

irdigestion of nuclei produces primarily hepta- and octanucleosomes, 

respective of the salt concentration, ^^parently the periodic struc 

the nucleiture producing this preferential cleavage is stable within 

at low ionic strength, while released oligonucleosomes unfold. The 

DMA fromnarrow band at the top of most of the gels probably contains 

from the onedimers of the higher order subunit. This band is missing 

the Peak 1 fracfraction where these dimers would not be expected, 

of 0.06 Mtion from nuclei digested and sedimented in the presence 

since anNaCl. The amount of this putative dimer cannot be estimated 

undetermined fraction has not entered the gel. 

When 0.06 M NaCl was present during digestion and centrifugation , 

two additional peaks were found between Peaks 1 and 2. The presence of 

1 fraction froma large amount of octanucleosome-size DMA in the Peak 

this gradient, and conparison with the gradient profiles shown by 

Stratling and coworkers (1978a,b) indicates that these new peaks con 

and the monomertain dimers and trimers of the higher order subunit 

conprises the leading edge of Peak 1. The presence of DMA correspond 

ing to nucleosome monomers through pentamers in fraction 2A suggests 
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that the intemucleosomal interactions within the superbead may be 

maintained despite cleavage of the linker between component 

nucleosomes. The possibility of aggregation of smaller fragments 

but aggregawith the higher order subunits has not been ruled out, 
chromatin betweention should produce a more uniform distribution of 

Peaks 1 and 2. Thus, it appears that the integrity of the higher 

the DMA betweenorder subunit is not dependent on the continuity of 

connucleosomes. The existence of octamer DNA in fraction 2A may be 

tamination from Peak 1 since resolution in the gradient was incomplete. 

the possibilIt is present in sufficient amount, however, to suggest 

connecting DNAity that superbeads may remain associated when the 

This is consistent with thestrand between them has been cleaved. 

compact structure of the dimer observed in electron micrographsvery 

CStratling et al., 1978a). Since no traces of higher order monomers. 

the absence ofdimers or trimers were seen when nuclei digested in 

salt were sedimented through a gradient containing 0.06 M salt, these 

order subunits.considerations do not hold for reassociation of higher 

In these experiments, EDTA was used to stop the nuclease diges-

tion, and the gradients also contained EDTA. Thus, divalent cations 

subunits.
are evidently not required for stability of the superbead 

for stillThe presence of divalent cations may therefore be necessary 

for associationhigher levels of chromatin packing or, conceivably, 

between the bulk of the chromatin and the nuclear framework. 

These conclusions are based on a reproducible preliminary experi 

coworkersment. They su^jport the observations of Stratling and 

on multiples(1978a,b) of a higher order of chromatin structure based 
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of eight nucleosomes. The experijnent was designed, however, to assess 

rate ofthe effects of changes in ionic strength on the sedimentation 
The resultsPeak 1 and Peak 2 fractions, not to detect superbeads. 

The existence of 16-merare therefore inconplete and inconclusive, 

of DMA in agaroseand 24-mer particles should be confirmed by analysis 
between 0.06gels. The use of somewhat higher salt concentrations, 

and 0.15 M NaCl, and more gradual density gradients might iinprove 

resolution of the higher order subunits. The protein con5)osition of 

monomers and oligomers of the superbeads should also be investigated. 
250 A fiber is aThe presence of scaffold or matrix proteins in the 

order subunitsdistinct possibility. The relationship between higher 

and the nucleosomes remaining in the residual nucleus after prolonged 

interest. Thedigestion (described in Chapter 4) would also be of 

after two hours of digestion isproportion of MA remaining Peak 2 

strikingly close to 1/8. But the release of significant numbers of 

dimer and trimerhigher order subunits, especially their release in 

isform, is inconsistent with the interpretation that each superbead 

Some subattached to the nuclear matrix through a single nucleosome. 

units may be attached at several points, If coirplete digestion were 

the intemucleo-carried out at sufficient ionic strength to maintain 

somal interactions, the entire octanucleosome subunit might remain 

microattached to the nucleus, and might be discemable in electron 

attached to thegraphs. It is also quite possible that nucleosomes 

a different highernuclear matrix belong to a chromatin fraction with 

order structure. None of the evidence presented here or elsewhere pre 

order structures includes the existence of supercoils or other higher 
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chromatinaddition to superbeads. The current understanding o£ 

architecture and its relation to chromatin function leaves ajmple 

scope for speculation and experimentation. 



93 

EPILOGUE 

extendThe results reported in this dissertation support and 

framework ofthe hypothesis that the nucleus contains a structural 

observed in unnonhistone protein. Residual nuclear structures were 

Althoughfixed preparations after 85% of the DNA had been removed. 

these structures were prepared in the absence of salt, they did not 

dissociate in 2 M NaCl. Mjnonucleosomes remain associated with the 

nuclease andresidual nuclei after conq^lete digestion by micrococcal 

The distribution of attachment sites.appear to be firmly attached, 

if not uniform, is not highly localized. 

shows thatA survey of the literature, presented in Chapter 1, 

from aevidence for the existence of a nuclear matrix is accumulating 

variety of sources. The evidence suggests, but does not prove, that 

in severalthe matrix is a dynamic structure and may participate 

aspects of nuclear metabolism, particularly in synthesis and processing 

seems to beof RNA and replication of DNA. The fact that chromatin 

attached to the matrix raises the possibility that matrix proteins 

chromatin structure.may be involved in the maintainance and control of 

are to beHowever, much remains to be done if these possibilities 

has beendeveloped into a convincing body of evidence. A method 

nucleardescribed in this dissertation for preparation of residual 

structures under mild conditions. The existence of nucleosomes and 

superbeads in these structures demonstrates that at least some aspects 

of native chromatin structure are retained and thus it seems possible 

that other intermolecular associations, perhaps enzymes complexes, 

might be retained as well. 
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Some limitations of the method have become apparent during the 

for full 
course of the experiments and modifications will be necessary 

cells as a sourceexploitation of this approach. Ihe use of cultured 

of nuclei in future experiments is recommended because they can be 

the useconveniently labeled with radioactive precursors, permitting 
the metabolicof more sensitive analytical techniques. Iforeover, 

activity of the matrix fraction could then be analyzed in pulse-chase 

Cultured cells can also be manipulated to provide eitherexperiments. 

synchronizedproliferating or quiescent cell populations and, losing 

for investigationcell populations, specific stages of the cell cycle 

states.of matrix structure and activity in different metabolic 

ofMicrococcal nuclease is appropriate for some investigations 

arechromatin-matrix interactions, but restriction endonucleases 

needed for determination of the role of repeated ENA sequences as 

could also beattachment sites for matrix proteins. These enzymes 

chromatinutilized to obtain matrix preparations containing larger 

RNA precludesfragments. The activity of micrococcal nuclease against 

its use in investigations of matrix-bound RNA species and here, again, 

restriction endonucleases or ENase II might be used. The ability of 

Olase I to degrade nucleosomes is a disadvantage for most purposes but 

structure ormight be utilized to detect possible changes in matrix 

coiqposition when chromatin attachment sites are destroyed. 
to whichIt is difficult to predict at this stage the extent 

matrix fractions will be useful in the study of RNA and ENA synthesis. 

matrix-associThe development of isolation procedures which preserve 

ated enzyme activities could be time consuming and might lead to the 
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conclusion that such activities do not exist, It is certainly within 

the realm of possibility, however, that DMA and RNA polymerases do 

function in a matrix-boiind state in vivo and that factors required for 

are isolated intheir native activity are left behind when the enzymes 

soluble form. If so, it may eventually be possible, by combining 

thesesoluble, matrix-bound and chromatin fractions, to reconstitute 

activities in a form approaching their in vivo state. 

The emerging concept of a highly ordered nuclear structure, in 

awash inplace of the concept of the nucleus as a sack of chromatin 

nuclearthe nucleoplasm, has profound implications for understanding 

function. Molecules attached to a framework do not take random walks, 

thus surface chemistry is regulated by mass transport to a far greater 

extent than solution chemistry. Delivery of reagents, e.g. polymerases, 

reactive sites inhistone acetylases, hormone-receptor complexes, to 

of channels in thethe nucleus may be regulated by the number and size 

matrix. Processing and transport of transcription products may be 

similarly regulated. Since these functions are ultimately under 

genetic control, matrix structure might conceivably be responsive to 

genetic signals, This raises the possibility that some of the regula-

intertory sequences in the genome could be sites for matrix-chromatin 

action, capable under appropriate conditions, perhaps in conjunction 

with signal molecules, of initiating changes in the organization of 

both chromatin and matrix elements. For this reason, nuclei or systems 

useful for investireconstituted from matrix fractions may prove more 

than isolatedgation of genetic regulatory mechanisms in eukaryotes 

chromatin. 
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APPENDIX 

MEIHODS 

A. GENERAL 

were obtainedAnimals. Balb/c CCum) mice, male, 8-10 weeks of age, 

from Cumberland Farms Laboratoiy, Clinton, Tennessee 

Nuclease. Micrococcal nuclease was obtained from Sigma Chemicals, 

reportedSt. Louis, Missouri. The activity of this preparation is 

by' the supplier in units of pmoles acid-soluble nucleotides produced 

per minute. Micrococcal nuclease activity is generally reported in 

in 30 minutes.the literature in units of acid-soluble produced 

concentraTo facilitate comparison with published reports, enzyme 

units basedtions recorded in this work have been converted to on 

absorbance change. 

were carriedTemperature. Unless otherwise specified, all procedures 

out at 4° Celsius. 

Protease inhibitor. All solutions which came in contact with the 

nuclei contained 0.2 yM PMSF to inhibit proteases, except for the 

PMSF was omitted from themicrococcal nuclease digestion mixtures, 

enzyme.digestion mixture to avoid possible interference with the 

ISOLATION OF NUCLEI 

Spleen nuclei, Nuclei were isolated from mouse spleen by a modifica-

Mincedtion of the procedure described by Hymer and Kuff (1964). 
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in 9 volumes oftissue was disrupted in a hand-held Bounce homogenizer 

10 nM Tris-HCl,homogenization buffer (0*25 M sucrose, 3 nM CaCl2, 

pH 8.0), filtered through 8 layers of cheesecloth and centrifuged for 

10 minutes at 750 x g. The pellet was resuspended in homogenization 

abuffer containing 0,5% Triton X-100, agitated vigorously with 

The Triton X-100 wash wasVortex mixer and recentrifuged as above, 

repeated two more times. 

Liver nuclei. Nuclei from mouse liver were isolated by a modification 

for spleenof the procedure of Hymer and Kiiff C1964) as described above 

a discontinuousnuclei, and further purified by sedimentation through 

detergent washes,sucrose gradient (Blobel and Potter, 1970). After 5 

usingthe pelleted nuclei were resuspended in homogenization buffer, 

of 2.3 M1 ml for every 4 livers, and mixed with an equal volume 

sucrose, 1 iiM CaCl 2’ 1 mM Tris-HCl, pH 8.0, and layered onto dis-

continuous gradients con^osed of 5 ml of 2.3 M sucrose, 1 iiM CaCl2, 1 

mM Tris-HCl, pH 8.0, over 2 ml of 70% sucrose, 1 iiM CaCl2, 1 mM 
The i^perTris-HCl, ph 8.0, in siliconized 12.5 ml polyallomer tubes. 

half of the contents of each tube was stirred and the gradients were 

rotor.centrifuged at 30,000 rpm for 30 minutes in a Beckman SW41 

and theAfter the overlying portion of the gradient had been removed 

on the 70%walls of the tube wiped, the layer of nuclei resting 

sucrose cushion was removed carefully with a pipette, dispersed in 

filteredapproximately 5 volumes of 1 mM CaCl2, 1 mM Tris-HCl, pH 8.0, 

through 2 layers of cheesecloth and collected by centrifugation at 

750 X g for 10 minutes. 
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B. SONICATION OF NUCLEI 

wasThe Branson Model W185 Sonifier equipped with a microtip 

tared on acalibrated by immersing the tip in a beaker of water 

the force exertedMettler P1200 balance and adjusting the output until 

on The setting obtainedthe balance produced a reading of 1.09 grams. 

but varied somewhat from usein this way was always slightly above 2, 

to use. Small volumes C3-5 ml) of nuclei at 750 yg DNA/ml were 

second burstsimmersed in an ice bath and sonicated for three 15 at 

this setting. Cooling periods of 15 seconds were allowed between 

bursts. 

C. MICROCOCCAL NUCLEASE DIGESTION 

Digestion mixtures contained 0.25% sucrose, 1 irM CaCl2, 1 mM 

15 units/mlTris-HCl, pH 8.0, nuclei equivalent to 750 yg DNA/ml and 

of micrococcal nuclease, In some experiments reported in Chapter 2, 

Reactions weresucrose was omitted from the digestion mixture, 

incubated in a 37° water bath; the digestion was started by addition 

of enzyme to the prewarmed mixture and stopped by addition of 

neutralized EDTA to a final concentration of 2.5 ir^ and chilling the 

bubes in an ice bath. Where the presence of calcium ions after termina 

tion of digestion was required, pTp at a final concentration of 1.8 

1977).yM was used to inhibit the nuclease CSkup and Millward, 

D. DETERMINATION OF ACID SOLUBLE DNA . 

digestionSamples of known volume from the micrococcal nuclease 
and 0.4 M NaCl.mixtures were precipitated at 4° with 1% perchloric acid 
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Hie precipitate was removed by filtration through a glass fiber pre-

filtrate wasfilter and an 0.45 y membrane filter, and the of the 

measured. The acid soluble DNA content was calculated from the A2gQ 

after corrections for hyperchromicity CNoll et al., 1975) and dilution, 

using 20 A2^q units per mg DNA. 

E. SUCROSE DENSITY GRADIENTS 

minutes inPolyallomer tubes for gradients were boiled for 10 

rinsed with5 nM EDTA, pH 7.0, submerged in a II solution of Siliclad, 

reduced thedistilled water and allowed to dry. This pretreatment 

of 5-651amount of chromatin adhering to the tubes. Linear gradients 

nM EDTA or 1 nM CaClsucrose in 1 nM Tris-HCl, pH 8.0, with either 1 2» 

were formed on cushions of 701 sucrose using an ISCO Model 570 gradient 

Former. The contents of a single digestion mixture (1 ml) were layered 

onto a gradient and centrifuged for 14-18 hours at 25,000 rpm in a 

Beckman SW27.1 rotor at 4°. Gradients were fractionated with the ISCO 

forceModel 183 Gradient Fractionator, using Fluorinert (ISGO) to the 

angradients out of tube. Absorbance at 254 nm was monitored with 

ISGO Type 4 UV absorbance monitor. Fractions of 12 or 15 drops were 

collected, and the fractions under the absorbance peaks were pooled 

for further analysis. 

F. ENA AND PROTEIN DETERMINATIONS 

usedFractions from sucrose density gradients could not be 

directly for ENA determination by the diphenylamine reaction because 

sucrose interferes with color development in this test. Conplete 
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elimination of sucrose by acid precipitation or by extensive dialysis 

the variabil-
was acconpanied by losses of DMA, which, greatly increased 

To circumvent this difficulty, the spec-ity of the measurements, 

(1972) wastrophotometric method described by Raynaud and Ohlenbusch 
fractions obtainedused to estimate the amounts of IKA and protein in 

from gradients. Using mixtures of known composition of calf thymus 

mk and boAdne serum albumin, the measured values for ENA and protein 

less
were within 5% of the known values and the standard deviation 

in 4 M NaClthan 10% of the mean. Chromatin samples were dispersed 

The 400 nm readand the absorbance measured at 400, 260 and 230 nm. 

ing was used to correct for turbidity; in practice this was required 

only for Peak 2 sanples and the correction was never greater than 201 

of the recorded A
260’ The weight of DMA in the sample was calculated 

nofrom the corrected A2^q, using 20 units/mg DMA and assuming 

Since bothcontribution by protein to absorbance at this wavelength. 

to theDNA and protein absorb 230 nm light, the DNA contribution 

was^30 calculated using ^^260^^50 = ^.07 (measured for calf thymus 

DNA), and the protein contribution obtained by substraction. The 

amount of protein in the sample was calculated using 6 A22Q units per 

mg protein (measured for bovine serum albumin). 

G. DNA EXTRACTION 

to 5 nMSatiples containing at least 100 yg DNA were adjusted 

Proteinase K (E. M.EDTA, 0.5% SDS, and 50 iiM Tris-HCl, pH 8.0. 

Laboratories) was added to a final concentration of 50 yg/ml and the 

the chromosomalmixtures were incubated 3-4 hours at 37® to digest 
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After addition of NaCl to 0.2 M, the digested samplesproteins. 
were 

extracted twice at room temperature with an equal volume of phenol: 

once with chloroform:isoamylchloroform:isoamyl alcohol (50:50:1) and 

of coldalcohol (50:1), and precipitated by addition of two volumes 

95^ ethanol. After standing overnight at -20°, the precipitated DNA 

SW41 rotor 
was collected by centrifugation at 41,000 rpm in a Beckman 

at -5° for 90 minutes. 

H. ELECTROPHORETIC ANALYSIS OF DNA 

followedThe procedure described by Maniatis et al. (1975) was 

with modification of the gel size and conposition. Cylindrical gels 

0.4 cm inof 5% polyacrylamide (acrylamide:bis-acrylamide 19:1), 

diameter and 7.5 cm long, were pre-electrophoresed on reversed polarity 

until the voltage reached 75 volts at a current of 1 mA per gel. The 

buffer used in the gels and reservoirs was 0.09 M Tris-borate, 2.5 

of DNA and 2S%mM EDTA, pH 8.3 (TBE). Samples containing 50-75 \ig 

applied and electrophoresedglycerol in a 1:10 dilution of TBE were 

on a separate gelnormal polarity until the bronphenol blue marker on 

had reached the end of the tube. DNA extracted from chicken erythrocyte 

stained withmononucleosomes was used to calibrate the gels, Gels were 

distilledtoluidine blue (40 mg/ml in distilled water) and destained in 

water. Transparencies were made by photographing the stained gels with 

an E. C.a Polaroid MP4 camera using Type 46L film, and scanned with 

T^paratus Corporation densitometer. 
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I. PHOTOMICROSCOPY 

with 5Wet mounts were prepared by mixing 50 yl of the saii5)le 

clean microscope slide.pi of an 0.1% solution of crystal violet on a 

A coverslip was applied and sealed with clear nail polish. 

For dried and stained preparations, a drop of the sample was 

mixed with 1-2 drops of distilled water on a subbed microscope slide 

and dried at 30°. The water was added to facilitate spreading of the 

Slides were fixed in absolute methanolviscous samples on the slide, 

20 minutes inand stained 10 minutes in May-Grunwald solution and 

dilute Giemsa solution. Stained slides were rinsed in distilled water, 

thendehydrated in acetone, cleared in acetone-xylol and then in xylol, 

dried and mounted. The Zeiss photomicroscope used was equipped with 

Black and vdiite photogreen filter and automatic exposure control, 

color photomicrographs were taken with Kodak Panatomic X film and 

film.micrographs with Kodak Ektachrome 160 Tungsten Professional 

J. ELECTROPHORETIC ANALYSIS OF PROTEINS 

The microslab gel apparatus used was designed by Matsudaira and 

wide x 0.5 mmBurgess (1978). Separation gels (75 mm high x 10 mm 

the spacer gelsthick) were 15% acrylamide-O.2% bis-acrylamide and 

The Tris-6% acrylamide-0.08% bis-acrylamide (Joffe et al., 1977). 

used. Buffers andglycine buffer formulations of Laemmli (1970) were 

500 volumes ofgels contained 0.1% SDS. Sanples were dialyzed against 

1 nW ammonium acetate to remove sucrose, lyophilized to dryness and 

redissolved at 0.1-1.0 yg protein/ml in 2% SDS, 10% glycerol, 5% 2-

were heated formercaptoethanol in 0.125 M Tris-HCl, pH 6.8. Samples 

https://acrylamide-0.08
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the sample1 minute in a boiling water bath and 1-5 yl was layered into 

layered into thewell. Bron5)henol blue CO.0011) in san^Jle buffer was 
was carriedwells at either side of the sample wells and electrophoresis 

blue had run off theout at 200 V in a 6® cold room until the bron^jhenol 

Gels were stained with 1% Coomassie brilliant bluebottom of the gel. 

at room temperain methanol:water:acetic acid (5:5:1) for 15 minutes 

and then in 7.51ture, destained in the same solvent for 10 minutes 

methanol, 10% acetic acid for 50 minutes. 
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