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Abstract

III the eukaryotic cell nucleus, chromatin is organized into higher-order

structures through hierarchical levels of folding and coiling, Active genes are

('onlainC'd in chromatin domains with a more "open" conformation that is

pr('(l'r('nlinlly sC'ositi"e to DNase I digestion compared to inactive chromatin, The

spalial organization of chromatin is maintainl"d by the nuclear matrix, the major

s1-rucl.ural com,.,onent of the nucleus, Chromosomal DNA is organized into

supcrcoiled loops anchored at their bases to the nuclear malrix, aDd in most cases

examined, active genes are located at or Dear tbe base of tbe loops,

I have examined tbe DNase I sensitivit), of the integrated viral sequences of rour

adenovirus t}'pe S·transformed cell lines, and the orglwization of these sequences

rl"[ath'e to the nuclear matrix. DNase I sensitivity was analysed by digesting

nuclei with DNn.sl" I and monitoring the disapp('arance of virus-specific restriction

fragm('nls by Sout!l('rn blotting and hybridization, In l"arh cell line, the

intrgrtltl"d \'iral sequences were in a conlormalion typical of active chromatin, i,e,

the)' Wl'tC preferentially sensitive to DNase I compared to inactive chromatin,

The D:\'ase I s('nsith'c rE'gion included not only the actin! lransforming (EI) genes,

hut extended into the adjacent inactive viral sequenc('s. Thus, the integrated

vir'll s('(luC'nc~ were o:ontainl'd within active o:hromalin domains,

In addition 10 these extended domains, DNase I hypE'rsensitive sites were

de\.ecl('d in t.he EtA S'-f1anking sequences. Tbese sites were mapped to sequences

prl!\'iously stOWD 10 contllin tbe E1A transcriptional ('nhancers and binding sit('s

for cellular transcription fllctors, Therefore, the DNase I hypersensitive siles

likely reflect alterations in local chromatin structure associated with rcgulation or

transcription (If the integrated EIA genes.

The organization or tbe integrated viral sequences relative to the nuclear matrix

was analysed by assessing the matrix associated and non-associated DNA fractions

for their content of viral sequences by Southern blolting and hybridization, There



iii

was no enrichment or depletion of the viral sequences in eitlier of these fractions

rt']ative to total unrractionaled DNA, consistent with a random organization

relative to the nuclear mattix. Howcvl'r, control studies indicated that these

results may be due to the conditions used to isolate the nuclear matrix DNA

fractions.

(Kerwords: adenovirus type 5; chromatin domain; DNase I sensitivity;

h~'persensitivc siles; nuclear matrix.)
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Chapter 1

Introduction

1.1. Active chromatin structure

1.1.1. Introduction

The euk:H}'otic cell contains an ('Dormans length of DNA which must be

pllcknged into the Tl'latively small \"olume of the DudcllS. To achieve this, the

DNA molecule of el!.t'h chromosome is ('ond('nsM in a series of hierarchical lc\'cls

of folding iDlo a rompart and highly-ordered stru('lure. At the first level of

folding, the DNA is complexcd with hislone proteins to form ch:,omatin, which is

furlhN <,olldt'nscd by higher-order levels of coiling and folding. In addition to

bring highl)' concenscd, chromatin is also a dynamic slructure, capable of rapid

dcronJl'nsation \0 allow access to the enz)'mes and factors involved in the various

aspectoS of DNA met,abolism such as replication, repair, recombination and

trans('ription.

It. has hecome apparent. t.hat. chromatin structure is related to transcript.ional

activit.y, and that the small fraction of lhe genome which is transcribed (7-10%)

ha..~ an altered chromatin structure from lhe inactive bulk chromatin. SLudies on

polytene alld lampbrusb chromosomes have provided evidence that chromatin is

organized into looped domains, with transcriptbnally active domains in a less



condensed conformatioD than inactive domains. Evidence for a looped

organization has also come from studies with histone-depleted nuclei, which reveal

the DNA to bc organized in large, supercoiled loops attached at their bases to a

nuclcar substructure or matrix. Each loop, therefore, appears to represent a

separate chromatin domain, whose structure can be controlled as a unit

independently from adjacent domains, in order to facilitate transcription. Studies

with nucleases and cloned genes have conCirmed that chromatin is organized into

domains, and shown that the structure of active and potentially active domains is

more ·open· and sensitive to nucleases than inactive domains. The lilolecular

basis for tbis altered structure is unknown, but may involve modified or variant

histones, non-histone proteins, or modifications affecting DNA structure such as

methylation or torsional stress. The nature of these struclural changes and how

they are regulated arc important aspects of gene regulation, since the transition

from a transniptionally inactive to a traoscriptiooally competent chromatin

structure is a precondition for gene exprC'iSion, and represents the first step in

gene activation.

The topics reviewed in this sectioo include the ~ciation of DNA with

histones to form chromatin, the organization of chromatin into bigher-order

structures, and the changes in chromatin structure associated with transcription.

Nuclear architecture and the spatial organization of chromatin within the nucleus

and relative to U P, nuclear matrix are discussed in more detail in section 1.2.



1.1.2. Hierarchies or chromatin atrueture

Tbe first level or cbromatin rolding is the organhation or DNA and histone

proteins into tandemly repeating arrays of nudeosomes, as proposed by Kornberg

(197.1). Tbe nucleosome core particle consists of 146 base pairs (bp) or DNA

wrapped in 1.8 superhelical turns around the surCace of an odamer oC histone

proteins· two eacb of histones H2A, H28, H3 and J-:4 (Ricbmond, Finch, Rushton,

Rhodes & Klu!, 10S4). Ooe molecule or histone HI binds to each c':)re particle at

the points where tbe DNA enters and exits the histone octa.mer, stabilizing 166 bp

of DNA in two rul! superbelical turDS (Simpson, 1978). Nucleosomes are

connected by linker DNA, which may vary in length from 0-80 bp, depending aD

the species and tissue (Kornbcrg, 1977). Nuc1eosome core particies can be isolated

h}' digest.ion oC chromatin with micrococcal nuclease (MNase), which cleaves the

linker DNA and releases histone HI. The eorc particle has becn subjected t.o

intensive analysis by a variety or physicochemical techniques, and its structure is

now understood in some detail (reviewed in Pederson, Thoma & Simpson, 10S6}.

It is a nattened disc II om in diameter and 5.7 nm thick, with rigbt-handt::d B­

Corm DNA wound into two left-handed turns around the surface of the disc,

Repeating nucleosomes arc arranged in a linear nudeorilament of 10 om diameter,

the -beads-on-a-string" stiucture observed in the electron microscope (EM) (Olins

& Olins, H)74; Oudet, Gross-Bellard &. Cbambon, 1975; Tboma, Koller &. Klug,

Hl79J, which represents a DNA packing ratio or {)'O:l relative to extended a-rorm

DNA (Suau, Bradbury &: Baldwin, l079).

In the interphase nucleus, t.he majority of chromat.in is in the Corm or a



'thick' fibre of diameter 30 11m (Davies &, Haynell, 1976; OUne &, Olins. 1970i

Langmore &: Schutt., 1080; Langmore 8l. Paulson, HI83). Thill strudure represents

tht:! second level of chromatin condensation, and is rormed by rolding or the 10 nm

nucleorilament. Chromatin isolated at low ionic strength (....... mM Na.Cl and in

the a.bsence of divalent cations) unfolds reversibly into 10 om Dudeomaments, and

with increasing ionic strength (to ......60 mM Nael or ......0.3 mM MgCI2J refolds

through a series of intermediates to form 30 om fibres {Finch &, Klug, 1976;

Thoma tI at 1070). The DNA packing ratio of this struclure is 4l}.SO:I, simil3.r to

that of bulk interphase chromatin (Finch &, Klug, 1976; Suan et al. 1070). Based

on EM observl'ltions of the 10 nm to 30 nm fibre transition, Finch 8:. Klug (1076)

proposed a model for the structure of tbe 30 Dm fibre, in which the 10 om

DucleofiJament is wound into a solenoid for contact helix) with six nuclcosomes

per turn, and n pilch of 11 om (tbe diamet('r of a nucleosome). Variations 00 the

solenoid model have been proposed (e.g. ThomlL dol. 1070; ~'lcGhee, Rau,

Charney &, Felseofeld, 10S0; Worrel, Strogatz &, Riley, 1981; McGhee, Nickol,

Fclscnrcld &. Rau, Ig83; Woodcock, FrlLdo & Rattner, jgS4; Williams, Athey,

Muglia, Schappe, Gougb &. Langmore, 1986), but they lLlI propose a continuous

solenoidal structure rormed by the superhelical coiling of the 10 om

nucleofilament, with the nat faces of the nucleosome discs arranged radially

(reviewed in Felsenfeld 8l McGhee, 1986; Pedersen tl al. 1086). The exact

locatioo of the linker DNA in the 30 om fibre is bot known, although it is thought

to be 00 the inside of the fibre. Other feMures of the 30 om fihre which have not

been determined unequivocally include whether the lioker DNA follows the

9uperhelical path of the core particle DNA, and whether the fibre diameter varies

with the length of lioker DNA.



The linker histone Hl plays an important role in higber-order structure,

since in its ,absence the 30 (1m ribre does not torm (Finch & Klug, 1976; Renz,

Nehls & Hozier, 11)77; Thoma et ill, ]970), The cxact location of histone HI is not

known, as lor the linker DNA, However, the observations that anti·HI antibodies

bind histone HI ill unfolded chromatin, but not in tbe 30 om fibre (Takahashi &

Tashiro, 11179), nnd tbd histone HI is digested by chymotrypsin in unfolded

chroma.tin, but is resistant in the 30 nm fibre (Losa, Thoma & Koller, 11184),

suggest tbl1t histone HI is located 00 the inside of the fibre. In crosslinldng

sludies, HI nomopolymers are crosslinked in a bead.to-tail arrangmeot in both

folded and unfolded chromatin (Lennard &. Thomas, 1985), However, more HI

crosslinks are (armed in the folded Corm than the unfolded form, suggesting

grC':lt!!r HI·HI interactions in the 30 om fibre, These r'!sults support th!!

h)'pothesis that histone HI stabilizes the 30 om fibre by (orming a continuous

solenoidal homopolymer on the inside of thc ribre, as proposed by Thoma tl al.

(11)79). TIle role of histone HI in the structure of the 30 nm fibre has also heen

examined in relation 10 transcriptional rcgu[aUon, since the formation o(

transcriptionally acti\·e chromatin appears to involve decondensation of thc 30 om

fibre (seescction 1.1.5).

At the third level of chromatin folding, the 30 nm fibres appear to be

organized into 8 series of loops anchored at their bases to a nuclear substructure

or matrix (see section 1.2,3), Evidence for a loop organization first came from

observations of tbe lateral loops of lampbrusb chromosomes, These greatly

enlarged chromosomes are present at. the diplotcne stage of meiosis in the oocytes



of most animals (reviewed in Callan, UI82). They are visible in tbe light

microscope, witb Il;ltcral loops or DNA extending perpendicul&r1y from the central

chromosomal axis. A loop organization has also been demonstrated for

chromosomal DNA ill somatic cells. When cells are lysed in non-ionic detergent

and extracted with 2M NaCl to remove bistoncs, the chromosomal DNA remains

highly folded and constrained, and attached to a residual structure that resembll!S

the orig-inal nucleus (Cook, Brazell &, Jost, W76; Vogelstein, Pardoll & Coffey,

1980). The rate of sedimentation in sucrose gradients of tbese histone-depleted

nuclei, or Mnucleoids", reneets the conformation of the DNA, and is modified by

DNA-intercalating agents such as ethidium bromide and actinomycin D in a

manner characteristic of sllpercoiled, circular DNA (Cook & Brazell, 1975, Ig76;

Ide, Nnkane, Anzai to: Aodoh, 19;5; Iknyajali & \Vorcd, 1016). The lincar DNA

molecules, therefore, appear to be organized into topologically constrained,

supercoiled loops by aUachment to the rcsiduDI nuclear matrix. The size of these

loops has been estimated by a variety of techniques, including -,-irradiation and

deoxyribonuclease I (DNase I) target size, the length of chromatin fragments

r{'!t'ased by DNase I digestion, the diameter of the fluorescent "halo· in et.bidium

bromide-stained nucleoids, and direct measurement in the EM, and ranges from

20-180 kilohases (kb), with most estima.tes between 5O-8S kb (reviewed in

Hancock, 1982; Nelson, Pienta, Barrack &. Correy, 1986b).

At. mitosis, chromatin is further condensed to form the characteristic

compact. mitotic chromosomes visible in the light microscope. Mitolic

chromosomes are on average .......5 pm in length and .......0.7 pm in diamet.er, llnd



represent a packing: ratio oC .......10,000:1. Laemmli and ~""orkers have presented

evidence that the DNA loop organization seen in interphase nuclei is maintained

during mitosis by attachment to a non-histone protein chromosome ·scafCold·,

Treatment of HeLa cell metaphasc chromosomes with the polyanioDs dextran

sulphate and heparin, or with 2 M NaCI, removes all of the hislones a~d JIlost of

the Don-histonc proteins, leaving a residual protein scaffold, which contains only a

few non-bistone proteins but retains many of the morphological reatures or

metaphase chromosomes (Adolph, Cheng & Laemmli, 1977; Paulson & Laemmli,

H177J. The DNA remains attached to the scaffold in a highly rolded

conformation, forming a • halo· of DNA around a central strudure (Adolph et ai.

1977). In the EM, the chromosome scaffold is surrounded by loops of DNA 3()..90

kb in length (about the length of interphase DNA loops), anchored at their bases

to the scaffold (Paulson & Laemmli, 1977). In cross-sections of uDl'xtradcd

mct:aphase chromosomes, the chromatin loops appear to be organized in a radial

fashion, with their bBSes attached at the central axis or the chromatid (Marsden &

Lacmmli, 1970; Earnsha..... & Laemmli, 1083).

The scaffold is compos~d prcdomin8nlly nf two proteins, ScI and 8c2, or

relative molecular mass (At/r) 170,000 and 135,000, respectively (Lewis & Laemmli,

1982), and Sci has been identified as DNA topoisomerase n by the use of specific

anti-Sci aDd anti-topoisomerBSe n antibodies (Earnshaw, Halligan, Cook, Heck &.

Liu, lOSS). In intact metaphase chromosomes, topoisomerase D is localized to the

cenlral axial region or tbe chromatid, at the base of the radial chromatin loops

(Earnshaw & Heck, 1985; GllSSer, Laroche, Falquet, Boy de 18 Tour & Laemmli,



Ig86). This is the expected locatioD Cor topoisomerase n if it were to playa role

in the topological cooCormatiOD 01 the DNA loops, as has beeD suggested (see

sections 1.1.5 and 1.2.3.).

While these EM observations support the radial loop model for chromatin

organization in metaphase chromosomes, other models have been proposed,

including successive higher-order helical coiling (Seda.t & MaDuelidis, 19781. In

the light and electron micrographs presented by Rattner It Lin (lgS5), there is

evidence for both radial loops and helical coiling in metaphase chromosomes.

They suggest a model in which the 30 nm chromatin fibres form radial loops

attached to the central axial region, resulting in a fibre or diameter 2~300 Dm.

This fibre is then helically coiled about the central axis, resulting in a further

rompaetinn ralio or Q;!, to form the native rhrornatid of 700 nm diameter

(Rattner & Lin, lQS5).

1.1.3. Morphology or active chromatin

Although many studies h:l\"e indicated that the struc\ure or trnDscriptionally

arlin chromatin dirCers hoth morphologically and biochemically from bulk

inactive chromatir., a detailed structure for tranccribing chromatin has not been

determin\!d. At the le\'el of the light microscope, interphase chromosomes

generally appear too dirruse and tangled to detect morphological changes

associated with transcription. However, such changes can be detected at the level

or the light microscope in the giant lampbrush and polytene chromosomes.

Lampbrush chromosomes are present during meiosis in tbe oocytes of most

animals, and have been studied mostly in Amphibians, as these contain some or



the largest lampbrusb chromosomes (Callao, 1082). The lateral loops have been

sbown to be the sites or active transcription, and during oocyte development the

loops are extended and retracted in a speeific sequence, reneeting their order or

transcription (Scheer, Spring &; Trendelenburg, 107gb). The laLeral loops are

maximally extended in the developing oocyte, at sites where the rate of

transcription is highest. M the transcription rate decreases, either due to oocyte

maturation or the addition of actinomycin D, the loops retract and become

condensed. The lateral loop, therefore, appears to define .. chromatin domain,

whose structure is regulated as a unit, either to facilitate transcription, or as a

consequence of it.

rolltenc chromosomes ate prescnt in many cell types, and have been

studied mostly in tbe salivary gland cells or the larue or dipteran insects such as

Dro.!ophila and CMronamUI (re\'icwed in Korge, 1087). These giant

chromosomes result from multiple cycles o~ DNA replication witbout cell division

or seplllation or homolo&ou5 chromatids. In the light microscope, stained polytene

chromosomes have a specie:·speC'ific pattern of alternating dark bands

(('hromomeres) and light interbands (inter('hromomeres), wbich reneet dirrcrences

in DNA packing. During larval development, this banding pattern is alt.ered by

the appearance and disappearance or chromosome "purrs·, or local rep;ions of

chromatin decoodcDsatioD, in a stage- aod tissue-specific pattern (Asbhurner,

1072). The purrs baye been ~hown by 3H-uridine incorporation to be ~ites or

active transcription (Pelling, 1964), and puffing bas been int.erpreted as a local

modification or chromatin structure associated with traoscriptional activit1

(Beerman, 1052).
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Studies with Dro8ophila melanogaster mutants have demonstrated that

purring and transcription can be uncoupled. For example, in the larval salivary

gland, eight genes (Sgs-l·S) coding for secrelioD proteins are expressed at specific

stages during larval development. Expression of the 5g8 genes correlates with

purring at their oorresponding gene loci (Karge, 1077). In a temperature sensitive

mutant, tbe secretion proteins sgs.3, -4, -7 and -8 aDd their messenger RNA"

(mRNAs) are not synthesized at the Doo-permissive temperature (J00C) (Hansson

&. Lambertsson, }QS3). However, chromosome puffs form at the corresponding

gene loci, despite the absence of transcription (Hanssob, Uneruth & Lambertsson,

IgSI), suggesting that purr formation is not merely a consequence or transcription,

but represents a modificatioD of chromatin structure that precedes and facilitates

Irans('riplion.

The morpbology of active chroma.tin bas been analysed at tbe

ultrastructural Icyel in tbe EM, and many workers bave examined how the

nudeosomal organization of active genes might be altered or disrupted during

transcription. The nucleosome would appear to pose 8 steric ba.rrier to the

passage of an RNA polymerase molecule along tbe DNA axis, but it is still unclear

bow the structure of the lIueleosome is altered to accomodste tbis. EM sections of

nuclci fixed I'n ,ilu reveal regions of condensed chromatin (heterocbromatin)

mostly associated with tbe nuclear membrane and around the nucleolus, and

regions of more diffuse chromAtin (eucbromatin) dispersed tbrou&hout tbe

remainder of tbe nucleoplasm (Heumann, 1974; Olins &, Olins, 1079; Derenzini,

Hernandez-Verdun & Bouteille, 10SI), The euchromatin regions at the border
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with betero~hromatiQ have been shown to he the sites or active transcription by

3H·uridine incorporation, whereas the heterochromatin is transcriptionally

inactive (Yakan, 1918). Individual Dueleosomes can be seen in the EM at bigher

magnifications, but detailed strudurs! differenc'c?S in the Dueleosomal organization

of aetive aud inactive regions arc difficult to deled due to the compactness of

cbromlltin wit-hin the confines of the iotad nucleus.

This problem was partially overeome with the development of the -Miller

sptellding- technique (Miller & Beatty, 1969i Hamble &. Miller, 197:l), in which

nuclei arc lysed in a low ionic strength burrer (0.5 mM Na-boratei pH 8-9),

resulting in extensive chromatin unfolding. The spread chromatin is then

prepared iot EM observation by centrifugation through sucrose ooto an EM ~rid.

Chromatin prepared in t.his way is unral'elled to the lowest level of chromatin

organization, and hulk ioadive chromatin from a wide variety of eukaryotic

species displays the t.ypical beaded morphology of repeating nucJeosomes

conn~;.ed by linker DNA (Scheer, 10S7). Also, ribonucleoprotein (RNP) fibrils,

rolfesponding to nasceot trallstripls, remain 1SSOCiatcd witb tbe extended

nucleofiJament, so tbat regions or cbromatin in the process of active transcription

can be identiried. AJtbougb inactive cbromatin has a headed morpbology whcn

sprcad by the Miller technique, it commonly has a packing ratio of ......2 (Foe,

Wilkinson & Laird, 1076; Lamb & Daneholt, 1070), whereas the native 10 om

filament bas a packing ratio of .......,6. Thus it is obvious tha~ Lhis treatment Dot

only unravels the bigher·order levels of cbromatin folding, but also disrupts to

some degree the nucleosome strudure of the native 10 Dm filament 5in~e the
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nucleosom&1 orgaoi18tioD observed in Miller spreads does Dot necessarily refieet

the situation in trillO, interpretations of their morphology must be made with

nution. Nevertheless, the; technique has revealed dirrerences betwf'eo active and

inadive chromatin, and between ribosomal and oon-ribosomal chromatin.

The ribosomal RNA (rRNA) genes DC amphibian oocytes were the first genes

to he seeD in the ad DC transcription in the EM (Miller &. Beatty, 1969), and these

geOf.$ have subsequently been studied in Miller spreads or chromatin (tom a wide

variety of organisms (Scheer, 19S7). The rRNA genes are located in the

nucleolus, and in most organisms arc arn.lIgcd in tandem repeats separated by

Ilon-transcribed spacers. Each adive transcription unit has a series or RNP

ribril~, corresponding to nascent pre-rRNA transcripts, extending laterally from

thr rhromalin axis. The latcral fibrils increase in length in the direction or

transcription, resulting in the characteristic "Christmas tree" appearance (Miller

&. Beatt)·, 1069). Highly transcribed rRNA genes are densely packed with RNP

fibrils, obscuring the morphology of the underlying chromatin axis. However, the

compaction ratio of the transcribed chromatin indicates tbat it is in the form or

fully-extendcd ~form DNA, and so not organized inlo nucleosomes (Miller &.

Hamkalo, 1072; Foe et al. HI76). Under conditions of reduced transcriptional

activity, the chromatin axis can be seen between the more sparsely distributed

RNP fibrils, and exhibits a smooth, non-beaded morphology (Foe d al. 1076; Foe,

1978; Scheer, 1978) similar to that or pure DNA (Labhart &. Koller, 1082;

Labhart, Ness, Banz, Parish &. Koller, 11:183). The apparently non-transcribed

spacers are also devoid of nucleosomes (Labbart &. Koller, 1082; Labhart d al.

1083).
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Foe (1078) examined the morphology 01 the ribosomal chromatin or the

milkweed bug Oncopt.ltu, fa,cialu, during embryonic development. The rRNA

genes are not traoscribed in the early embryonic stages (up to 32 b) and the

ribosomal chromatin is in a beaded eonformatioD indistinguishable hom bulk

inadive chromal-in. At later stages, when the rRNA genes are highly transcribed,

the ribosomal chromatin adopts a smooth, Don-beaded morphology. However, in

38··14 h embryos, just belate the onset or lRNA transcription, extended, noo·

beaded ribosomal chromatin can be seen with DO associated lateral RNP fibrils.

The absence 01 nucleosomes is therefore not merely a consequence of

tn.ascription, but appears to represent a conformational cbange in ribosomal

chroffialin structure that precedes rRNA transcription.

The fart lhat the MiIIl!r technique results in some dl!gree of disruption of tbe

nuclrosom:t! organiution of the native JO nm nucloomament raises the possibilit.y

that active rRNA genes are in fact. associated with Ducleosomcs, but these are

somehow altered from bulk inadive oucleosomes, and are preferentially extractt!d

3t low ionic strength. However, studies with in lJitu-nxed and in vilJl) chromatin

support the idea that nue1eosomes are absent from active rRNA genes.

Antibodies against caU thymus histone H2B injected into Pfeurodelu walfii

oocyte nuclei cross-reaet with active non-ribosomal cbromatin, but oat with active

ribosomal chromatin (Scheer, Sommerville & Bustin, lQ7Qa). Also, anti-core

histone antibodies fail to bind to ribosomal chromatiD in in silu·rlXed human

lymphocytes, suggesting that hisloncs are absent :~nm tbe rRNA genes (Derenzini,

PessioD, Licastro & Novello, lQS5). In EM sections of in situ-rued rat. aDd
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humllD nuclei, the ribosomal chromatin appears to be Doo-oucleosomal, and in the

form or Cully-extended B-Corm DNA (Derenzini, Hernandez-Verdun & Bouteille,

JDS2i DercDzini, Hernandez-Verdun, Farabegoli, Pession &, Novello, 1987).

Although only a small proportion of the lRNA geDes are traoscriptionaliy active

in human lymphocytes, all the ribosomal chromatin is in the extended, non­

nucleo:-omal configuration (Dereozini et al. 1987). Thus, ribosomal chromatin,

including botb active and ioactive rRNA genes, appears to form a chromatin

domain whicb is devoid or nucleosomes.

In Miller spreads, highly transcribed non-ribosomal chromatin, like

ribosomal chromatin, is densely covered with nascent RNP fibrils, with few, if

any, otlclcosome-sizcd particles associated with the chromatin axis (Franke,

Seheer, Trendelenhurg, Spring &, Zeotgrar, IQ76; Scheer, 1078; Lamb &. Dancbolt,

107Q). Howe\'er, the majority or non-ribosomal genes are transcribed at a. more

moderate TAte, and nudeosorne-sized partieles can be ,letected between the RNP

fibrils of these genes (Foe et al. 1076; Laird, Wilkinson, Foe & Chooi, 1016;

MeKnight, Bustin & Miller, IQ78; Scheer, 1078; Wurtz &. Fal:an, H!83), in

contrasl to the unbeaded morphology of sparsely transcribed ribosomal

chromatin. Scbeer (HI78) examined nuclcosomal orgAoization in states of reduced

transcriptional activity in tbe retracting loops of Xenopu8 oocyte lampbrush

chromosomes. Highly transcribed loops ~ave a fully-extended, n~n:beaded

morphology, but as the rate of transcription decreases, nucleosome-sized particles

appear between the more sparsely distributed RNP fibrils. Thus, in tbe case of

non-ribosomal cbromatin, but not ribosomal chromatin, nuc1eosomes appear to



15

reform immediately afler the passtlge of an RNA polymerase complex, provided

sufficient time elapses before the next transcription event. Evidence from

immunological studies suggests that histones remain associated with even highly

transcribed gcnes. Anti·histone H2B antibodies injected into the nuclei of P.

wattil' oocytes cross-react with the highly transcribed and extended Jampbrush

chromosome loops, demonstrating that histone H2B remains associated with

highly transcribed chromatin in vivo (Scbeer et (II, HJ7ga).

The non·nucleosomal morphology of Miller spreads of highly active non-

ribosomal chromatin may he an artifad of the spreading technique. Lamb &

Daneho\l (lg7Qj examined the highly active Balbiani ring (BR) purrs in polytene

ehromosoml:'S (rom the salivary gland eells of Chironom1.l8 tenlans. In chromatin

spreads, the nrlh'e DR gl:'ncs are sparsely beaded aDd have a packing ratio or 1.6,

compared to the regularly beaded morphclogy and packing ratio of U) for

inactive chromatin. However, Olins and co-workers estimated the compaction

ratio in the active BR region to be ........8 from thn,'l-dimeDsional reconstructions of

E~'l sl:'ctions of in situ-fixed nuclei (Olins, Olins, Levy, Durfee, Margie, Tinnel Nt

Dover, HISJ}. This value is similar to 'the packing ratio of tb'e '10 nm

nucleofiklment, implying tbat even these highly transcribed genes are organized

into nucleosomes. These nucleosomcs may be somewhat modified compared to

inactive nuc1eosomes, since they appear to be preferentially susceptible to

disruption by the Miller spreading technique.

The nueleosome structure of in vivo-transcribing chromatin bas been

examined in psoralin crosslinking studies in the DNA tumour virus simian virus 40
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(SV40) {DeBernardio, Koller & SegO, 1086). In infected cells, the circular, double­

stranded DNA genome of SV40 i~ complexed with cellular hj~tones and organized

into a ·minichromosome· of .......,27 nucleosomes, and is transcribed by RNA

polymcr3se n (Griffith, 1975; Gariglio, Llopis, Qude! & Cbambon, 1070). Psoralin

induces crosslinks between the strands of the DNA double helix. In chromatin,

crosslinks are induced primarily in linker DNA, wberetl~ nucleosomal DNA is

proteded. When traoscribing SV40 minichromosomes ate crosslinked and

deprotcinized, and the DNA denatured aod viewed in the EM, single-stranded

-hubbies- of length 135--140 bp corresponding to Ducleosomal DNA cao he seen,

separated by crosslinked regions corresponding to linker DNA. Also, nascent

RNA trans('ripts are crosslinked to the DNA at their points of attachment,

identifying siles in the process of aclive transcr;ption. DeBernardin et al. (1986)

found that if! vivo-transcribing and non-transcribing minicbromosomes contain

the same number of nucleosomal bubbles, indicating that traDscription does not

lead to a loss of nuclcosomes. They also found nascent RNA transcripts

cros~ljnked to both nucleosomal bubbles and linker DNA, suggesting that a

transcribing RNA polymerase D molecule can form a complex with a nucleosome,

or a nuclcosome-Rized particle. These p&rticles contain iJistones, since the

nuclcosomal bubbles, both with and without crosslinked RNA, disappear if the

histones are extracted with 1.2 M NaCI before crossJinking. These results suggest

that RNA polymerase II caD transcribe through a histone-containing nuckosome­

sized particle, and that physical displacement of the nucleosome core from the

DNA axis is not required.
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1.1.4. Nucleaae sEnsitivity or active chromatin

Chromatin s~ruelure bas been analysed by ib sensitivity to relatively Don-

specific Iludeases sucb as pancreatic DNase I (deoxyribonuclease I) and MNase

(micrococcal Duclease). Numerous studies have showD that. transc.riptionally

active chrom'1tin bas an altered structure (rom bulk inadive chromatin, which

renders the DNA preferentially sensitive to nuclease digestion (reviewed in Ig~

Kemencs, Horz &. Zachau, 1082j Weisbrod, lOS2aj Reeves, 1084).

MNasc digestion studies have analysed three propl!rties of chromatin: a)

accessibility to the enzyme, hJ disruption of tb,e Ducleosomo.l repeat pattern! and c)

solubility in Mg2+. and EDTA-containing burrers. MNase preferentially cleaves

the linker DN:. between nudoosomes, while the intranudeosomal DNA rem:lins

protected. A light ~INase dig!'Slion generates A series of nudeosomal particles

corresponding to monomers, dimers, trimers and bigbt'r oligomers. The DNA

fragmenls purified from these particles are multiples or -200 bp in lengtb,

reneeling tbe nucll'OSOmal repeat length. InitiAl studies demonstraled tbat MNase

digestion dOl.'5 not result in preferential degradation or the transcriptionally active

globin genl's or avian er)'tbrocytes (Lacy Ill. Axel, 1975; Weintraub &. Croudine,

1976) or ovalbumin genes or ben oviduct cells (Garel &; Axel, 1976). This implies

that active genes are packaged in Ducleosomes, in agreement with tbe EM

observations of otber RNA polymerasen·transcribed genes. However, analysis of

the MNase digestion products suggests tbat MNase preferentially cleaves

transcriptionally active sequences into mono- and dinuc:leosomes, rather than

higher oligomers.
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MN2Se digested chromatin can be fractiooaki by sucrose density

sedimentation, and the DNA fragments extracted from the separated monomer.

and bigher oligomer-size particles. Ahernatively, the DNA fragments can be

purified from MNase digesteJ but unfractionated chromatin, and separated by gel

electrophoresis. The distribution of specific sequences between these lractions can

then be assayed by hybridization. In hen oviduct cells, the chromatin fractioD

released as mono- and dinudeosomes is enriched in the active ovalbumin genes

relative to the inactive globin genes and bulk DNA, whereas there is DO

enrichment in mature erythrocytes, where both genes are inactive (Bellard,

GannOD &, Cbambon, Ig78; Bloom &, Anderson, 1078). Also, Bloom & Anderson

{HJ70, I082j showed that the enriehment of active genes in the monomer fraction

is greatest at the early st.ages of MNase digestion (1-3% acid solubility),

demonstrating tha~ a.ctive chromatin is cleaved into monomers Caster than bulk

chromatin. It is important to note that in these studies active chromatin is not

preferentially !iegraded, i.e, digested to non·hybridizable fragments, but is cleaved

into nucleosomc-size particles faster than inactive cbromatin, and so is more

accessible to the enzyme.

The increased accessibility or active chromatin to MNase is related to

transcriptional activity, since the enrichment DC ovalbumin genes in the monomer

fraction of chromatin trom estrogen-stimulated immature chick oviduct cells is

progressively lost when the bormone is withdrawn and the ovalbumiD geDe

becomes inactive (Bloom &. Anderson, 1070). Also, tbe globin genes of chick

immature er}'tbrocytes are no longer selectively cleaved into nucleosomes in
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transcriptionally inactive ffi9ture erythrocytes (Bloom &. Anderson, HI7g). MNase

can also distinguish between geoes transcribed at dirrerent rat.es, since the

ovalbumin-related X aod Y genes, which are transcribed at low rates compared to

the ovalbumin gene, are oot preferentially accessible to MNase (Anderson,

Vanderbilt, Lawson, Tsai &. O'Malley, HI83). The sequences nanking the 5' aod

3' termini are also not enriched in the mono- and dioucleosomc traction,

indicating t!Hl.t the region of chromatin that is preferentially accessible to MNase

is restricted to the transcribed sequences (Anderson eI al. 1983).

Several groups have reported tbat the nucleosomal repeat pattern 01 highly

transcribed genes is smeared or blurred, renecting a disruption of the nucleosomal

organiza\.ion of these genes. The typital nucleosomal repeat pattern of bulk

('hromatin is seen by gel electrophoresis of DNA purine<! from MNase digested

nuclei. This DNA forms a ladder of discrete fragments in multiples of

nucle<lsomal-Iengtb DNA (........200 bp). The nucleosomal organization of specific

genes can be analysed by transfer of tbis DNA to filters by Soutbern (JQ75)

blotting and hybridization with gene-speciric probes. The coding region of the

Drosophila 70K heat shock protein gene (HSP70), wbich is inactive in normal

cells, has a discrete nucleosomal repeat pattern similar to that of bulk inactive

chromatin. On heat shock, this pattern becomes increasingly blurred, suggesting

that the nucleosomal organization is disrupted during transcription (Wu, Wong &

Elgin, IG7Gb; Levy & Noll, 19SI). The Duc1eQsomal repeat pattern or the

transcriptionally active ovalbumin genCll of hen and estrogen-stimulated chick

oviduct cells is smeared and Jess distinct thaD that or the inactive globin genes in
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these cells, or the ovalbumin gene in erythro.::ytes (Bellard, Dretzco, Bellard,

Oudf!t &. Chamboo, lQ82; Bloom &. Anderson, 1982). The discrete nuc1eosomal

repeat pattern of the ovalbumin gene returns when estrogen is withdrawn from

the chick oviduct cells and the gene becomes ioaclive (Bloom &. And(!r~on, 1982).

The smearing 01 the MNasc cleavage pattern of the active ovalbumin

sequences is not due to the loss of nucleosomes, as discussed above, but could be

due to increased MNase cleavage of either the nucleosomal or linker DNA. Bloom

& Anderson (1982) analysed the MNase cleavage sites in the chromatin of

transcriptionally active and inactive ovalbumin genes after exteosive MNasc

digestion of hen oviduct and liver chromatin. The DNA W/13 purified, denatured,

and the resulting monomer (140-160 bpj and submoDomer «140 bp) fragments

separated by electrophoresis. The concentration of ovalbumin sequences in each

of these fractions was found to be the same in hen oviduct and liver chromatin,

indicating that the active ovalbumin gene is not cleaved into submooomer

fragmeots more orten than the inactive gene. AJso, the lengths or the single­

stranded DNA fragments generated by MNase cleavage are the same in the active

and inactin genes. These results suggest that the smearing of the nuclcosomal

repeat pattern is not due to an increase in the number or internal MNase cleavage

sites in nucleosomal DNA, but ratber to an expansion of the region 01 MNase

cleavage in the linker DNA, and possibly reOects unfolding of thr iJ.igher.order

chromatin structure (Bloom &, Anderson, 1982).

Chromatin structure has alsc. been analysed using a traetioution proced~re

based on dirrercntial solubility of MNase digested chromatin in Mg2+. and EDTA·
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containing buffers (Rose & Garrard, lQS4). Alter MNase digestion in 5 mM

MgCI21 nuclei are centrifuged to yield a Mg2+.soluble supernatant fraction (SI).

The pellet is resuspended in 2 mM EDTA, and centrifuged to yield an EUTA­

soluble supernatant (52) aod an EDTA-insoJubJe pellet (P). The 51 iraction

contains 5-8% of the total DNA - predominantly in the form of monoDuc1eosomes,

is depleted in histone HI, aDd is enriched in non-histone proteins, including the

high mobility group (HMG) proteins (see section 1.1.5). The 52 and P fractions

contain higher Ducleosomal oligomers, with tbe bulk of the DNA (~85%) in the

histone HI-containing 52 fraction, and !().15% of t.he DNA in the histone HI­

depleted P fraction.

Rose & Garrard (ltJ8·1) rotlr,d that the active f( immunoglobulin light chain

(....JgL) genes in a murine plasmacytoma tell line are enriched in the 51 and P

fractions and depleted in the S2 fraction, relative to total DNA and to the

inactive ,8-globin genes. The enrichment in the P fraction is greatest at early

times or MNase digestion, but with increasing digestion these sequences appear \.v

be processed into the 51 {raction. The nucleosomal repeat pattern of the KlgL

st'quences in the insoluble P fraction is highly disrupted, whereas in the 51

traction these sequences are in the torm ot discrete manomet'll. Thus the

disrupted P lraction KIgL sequences appear to be processed by MNase cleavage

into soluble mononucleosomes.

These workers also examined KlgL chromatin structure in a cell line in

which one of the KlgL alleles i5 transcriptionally inactive due to a promoter

deletion (Rose &. Garrard, Hl84), Both the inactive (lC+) Dnd active (Krl alleles are
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enriched in the P fractioD and depleted in the 52 fraction, and the DucleosomaJ

repeat pattern of the P fraction sequences is disrupted Cor both alleles. Also,

these two properties. extend at least 6.5 kb downstream from the transcription

termination region of the active ~IgJ.. gene (Xu, Barnard, Rose, Cockerill, Huang

& Garrard, 1986). Therefore, transcription per se is Dot responsible for the

insolubility of this chromatin or the disruption of the nucleosomal repeat pattern.

At the early stages of MNase digestion, the 51 fraction contains lower levels of the

11:+ sequences relative to Ie( sequences (Rose &, Garrard, (984). The /C+ sequences

are processed into the 81 (ractior. ,')oly dlet a longer MNasc digestion, implying

that the inactive allele is less accessible to the entyme than the active allele. This

suggests that accessibility of chromatin to MNase is directly related to

trnnscriptioll, in agreement with the studies of Bloom & Anderson (lg7g) and

Anderson et af. (IQS3) discussed abolle.

Histone HI is required for regular nucleosomal spacing in reconstituted

chromatin in vilro (Stein & Kunzler, Ig83). Therefore, the disruption of the

nuc!e(lsomal repeat patlern in the histone HI-depleted P fraction may be due to

irrl:'gular nucleosomal spaciug. This would explain why active sequences initially

form a smear, but arc processed to discrete monomers. The insolubility of active

chromatin in EDTA may he due to interactions witb insoluble residual nuclear

structures, as the method used to generate the insoluble P fraction is similar to

that used by Long & Ochs (lg83) to prepare nuclear matrix (see section 1.2).

Unlike MNase, DNase r cleaves intranucleosomal DNA as efficiently as

linker DNA, resulting in a series of DNA fragments of length 20-160 bp in
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