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Abstract 

An vitro system was to the of histone ubiquitination on 

linker histone to mononucleosomes. Hybrid octamers containing either 

or ubiquitinated H2A (uH2A) were reconstituted onto random sequence 167 bp DNA. 

of the resultant nucleosome cores for linker histone HI was determined 

nucleoprotein gel shifts, protein analyses and thermal denaturation. 

Ubiquitinated H2A did not inhibit linker histone binding to nucleosome cores. 

The effect of on nucleosome cruomato;sonle 1"""'''''''<''''U5 on a 208 bp 

Lytechinus Va1'leJ;~arzls 5S fragment was investigated a combination of . 

crP(~hf1.n and subsequent restriction enzyme digestion of the 

core particle or chromatosome DNA. Nucleosomes and chromatosomes cOll1tamlng 

were found to occupy the same positions on ,the template DNA as those 

containing 

or was folding of nucleosomal 

analysed using a quantitative ag,u-m)t; electrophoresis system developed by 

and co-workers. extent of folding nucleosomal arrays containing uH2A was 

comparable to that of control nucleosomal differential centrifugation assay 

was to monitor the extent divalent induced of 

reconstituted nucleosomal arrays. Nucleosomal arrays containing were found to 

oligomerise at a magnesium concentration than control arrays. 
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As a step towards the . of ubiquitination in histone-

bound nucleosomal a novel method for linker histone reconstitution onto long 

chromatin of linker was developed. fidelity of linker histone 

reconstitution was assayed by micrococcal nuclease thermal denaturation 

and determination the orientation neighbouring linker histone molecules 

extended chromatin. 

the relationship .... "'1"'IH,ot' ... · the observed length In a sep,arate 

and the of micrococcal ...... '",.'-',"',,'"' QH!:eStlOn was length of . 

same starting chromatin Prtlparatllon at equivalent extents of •. U",,",".1VU was found 

to according to the rate 
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1.1 Introduction 

Eukaryotic can modulate packaging of their chromatin 

developmental cell cycle by making use of histone subtypes and post-

translational modifications. PostMtranslational histone modifications include 

ubiquitination, acetylation, phosphorylation, methylation, glycosylation and ADP 

ribosylation van Holde, 1989; 1992 1998 for ""'''''''''10 

mOiWIlcaU011S occur in the histone that are 

the globular histone fold. Numerous functions have been to these 

modifications. short introduction to ubiquitin and ubiquitination pn~r'\JT'I!'Ip(l IS 

included to presentation evidence pertaining to the role 

ubiquitination function. 

1.2 Ubiquitin 

3 

Ubiquitin is a mainly globular nrn'tp11''1 ammo J.VUUU. as its 

name implies, living Ubiquitin has 

with numerous cellular processes, including protein au",,,"'J .. , DNA cell 

cycle control, response, cellular differentiation, ribosome biogenesis, 

penOXlsome DlOgerleslS, viral neural and degeneration 

transcription by Kec:ttst,em€::r, 1988; 1991; ",un ... ",,,,,,,u, 1995). 

Structure of ubiquitin 

Initial U"'lJ''''UJ1.s studies of ubi quit in from various sources revealed 

74 ............ v (e.g. et ai., & 

presence of 

1975; 

Gavilanes et al., 1982). The 

these studies is believed to 

Audhya, 1981). Ubiquitin is 

sequence at COOH-terminus missing from 

lost due to in vitro proteolysis (Wilkinson & 

conserved; its acid sequence is identical 

animals sequences and oat differ from 

that of animals by three residues (Rechsteiner, isoelectric of 

ubiquitin found to 6.7 (Low et ,1979) reflecting balanced 

content of 11 acidic and 11 basic residues. Ubiquitin is stable over a temperature 

range of23 - 80°C and a pH of 1.18 - 8.48 (Lenkinski et al., 1 and 
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denaturing agents as urea and guanidium chloride to reversibly 

denature it (Rechsteiner, This is conferred high of 

h,ui1"n'Cl"pn bonding. compact structure is also thought to be responsible the 

resistance of ubiquitin to proteolytic digestion, an important asset 

protein degradation pathways. crystal structure ubiquitin 

was initially determined to A resolution (Vijay-Kumar et al., 1985) but later 

refined by the same group to 1.8 A resolution (Vijay-Kumar et al., 1987). the 

crystal and structure by two-dimensional NMR 

(Weber et 1987), it was that about polypeptide 

chain involved hydrogen-bonded sec_Jnaa! structures. secondary 

structural elements include a five-stranded mixed ~-sheet that a concavity into 

a tum a-helix to a hydrophobic core. J. ..... ";:JIUII.l"" to a 

short piece of 310 helix. reverse turns connect these structural ele:melnts. The 

four carboxyl are not involved hydrogen bonding 

protrude the domain as an unstructured tail. It is through tail 

that ubiquitin is covalently ligated other 48 is of ubiquitin 

ligation involved in the of multi-ubi quit in adducts. residue found 

within a type reverse turn in a highly twisted region the protein. 

1.3 Histone ubiquitination 

Ubiquitinated H2A H2B and are most abundant ubiquitin 

higher eukaryotes. found·to post-

translationally modified by covalent u ......... -..' .. to ubiquitin. It was originally ..... ,., .. UA'.,., .... 

as chromatin protein A24 Clues as to its identity were provided 

by amino acid analysis (Goldknopf et al., 1 and mapping (Goldknopf & 

......... " ... u, 1975) which the H2A moiety of the 

protein has an acetyl-blocked NH2-terminus, the 37 amino acids 

determined by sequence analysis corresponded to sequence ubiquitin NH2-

terminal (Olson et al., 1976; Hunt & Dayhoff, 1977). Ubiquitin is linked to the E-

ammo group lysine 1 ofH2A by way of an isopeptide bond, ... v ... " ........ s a bifurcated 

structure. Lysine 119 is found at the COOH tail ofuH2A 

trypsin accessible region (Bohm et al., 1980). the crystal structure of 
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the to 2.8 A et al., 1997), reglOn IS on the 

face of histone octamer. eukaryotic cells, 5 to 15 % of the total IS 

translationally to ubiquitin. One or two molecules can H2A 

H~"""\.,U1\." III but the double modification is frequently observed 

(Levinger & Varshavsky, Kleinshmidt & Martinson, ; Levinger et al., 

1981). of 1, H2A.X and can also 

conjugated to UUJ.\.IUJlUH (Rechsteiner, 1988). 

after the identification of ubiquitin in A24, ubiquitinated H2B was also 

found to occur naturally & Bonner, 1980). In this case isopeptide bond 

linking ubiquitin and H2B is between the COOH-terminal of ubi quit in 

120 ofH2B (Thorne et al., 1987). This lysine residue lies within the 

IS trypsin et al., 1982). The 

is conjugated in 

an important function for 

and are highly 

modification. About 1.5 % of 

is mono-ubiquitinated. A notable exception is 

polycephalum, where 6-7 % of both H2A H2B are ubiquitinated in the 

plasmodial (Mueller et al., 1985). can be with two 

of uH2A or two molecules of uH2B ......... "'u...."".LLu ..... & 1981; 

Lindsey, 1994) without perturbation nucleosomal <',. .... ,"',." 

Recently, ubiquitination was also reported to occur in vivo elongating 

spermatids of rat (Chen et al., 1998). The site of ubi quit in at ion IS 

unknown. 

1.3.1 Polyubiquitination of histones 

Polyubiquitinated spe4:::tes of his tones been detected in 

preparations thymus, Tetrahymena macronuclei 

micronuclei, trout trout liver and trout hepatocellular carcinoma (Nickel et al., 

1987; et al., 1987; Nickel et al., Histone has been to 

have level of polyubiquitination with tetra to hexa-ubiquitinated 

observed (Davie et al., Nickel et 1989). The accessibility 

COOH ofH2B may account for lower ofpolyubiquitination. 

Nickel Davie (1989) demonstrated that bonds covalently link the 



Univ
ers

ity
of 

Cap
e T

ow
n

6 

ubiquitin molecules in the ubiquitin of polyubiquitinated H2A. authors 

nrr,nnC!pn that lysine 6 mam of isopeptide bond formation in polyubiquitin 

chains since this residue is exposed on surface of ubi quit in and readily 

acetylated. of ubi quit in (K6, Kll, and K48) may 

be in the of poylubiquitin chains 1997) the main 

degradative signal ofthe ubiquitin mediated degradation pathway involves 

linked polyubiquitin chains et al., 1989; et al., 1994). It has been shown 

by vitro ubiquitination, using reductively methylated ubiquitin, that core histones 

contain putative secondary ubiquitination (Haas et al., 1988). These 

polyubiquitinated species were not observed in vivo. These must be sterically 

inaccessible to the ubiquitination ... n·'·>In. when histones are within the 

nucleosome. same authors su~~ge:ste:d that the direct polyubiquitination of his tones 

could playa role in ....... " ... 0 their ........ v ........ u positions octamer uo.,"'u.' ...... and/or 

degradation. 

1.3.2 Enzymes involved histone ubiquitination 

levels ubiquitination are determined by the activity a family of 

ubiquitin conjugating (Haas & 1985), of isopeptidases 

that release (Andersen et al., 1981) and by the availability 

ubiquitin MIJmnaug:h et 1997). Two enzymes are thought to be In 

..... }<,'Ul'U' .. of ubi quit in to histones. first ofthese, activates and is 

required normal cell progression (Cook & Chock, Immuno-

microscopic have that El is found almost all compartments 

eukaryotic cell, including the nucleus (Cook & Chock, 1991b; Schwartz et at., 1992). 

El been found to associated condensed chromosomes mitosis 

(Cook & Chock, 1991 a). Activation of ubi quit in involves the of an 

ubiquitin-El ester via a ubiquitin adenylate intermediate. El ubiquitin 

to pathway, also resulting the formation a thiol 

ester intermediate. The subsequent ligation of ubi qui tin to histones is thought to be 

mediated by through a independent (pickart 1985). 

conjugation to requires the additional action 

of an isopeptide ligase, (Hershko et 1986). A family of five E2 has 
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isolated & Bright, 1988) which includes 14 kD, E2 17 kD, E2 20 kD, 24kD 

and 

either 

of histone-ubi quit in could be observed with 

17 kD or E2 24 kD alone or combination with the (Haas 

et 1988). 32 kD have shown by catalytic to 

be specific for H2A and fu Saccharomyces cerevisiae, the and 

CDC34/ VBC3 genes are homologues of the 20 kD and 32 kD 

mammalian reticulocytes (Haas et al., 1991). It is also of interest that a protein-

kinase been to 2.4-fold & 

Chock, 1992) providing a link to mutants are sensitive 

to UV light, X-rays chemical mutagens and it therefore been suggested that 

role of RAD6/VBC2 be to structural changes in chromatin through 

histone ubiquitination to provide access to repair enzymes to site of .............. ,!;,'" 

(Rechsteiner, 1988). However, no uH2A could detected by immunoblotting in 

Saccharomyces cerevisiae and mutations at the ubiquitination ofH2A 

did not affect growth, sporulation or resistance to UV radiation or 

stress (Swerdlow et 1990). would that histones are not the in vivo 

substrates ofRad6p in yeast and the effects of histone ubiquitination may only 

consequence in higher eukaryotes. study ubiquitination has 

complicated by multiplicity substrates and lack inhibitors enzymes 

involved ubiquitination and de-ubiquitination. 

Histone ubiquitination and protein degradation 

Ligation of ubi qui tin to many short-lived proteins, such as P53 (Scheffner et 

1990; 1994) cyclins B (Glotzeretal., 1991; 

et 1 for by a cytoplasmic 26S 

dependent complex, 26S proteasome et al., 1987). To 

an isopeptidase releases intact ubiquitin from the proteolysed pf()te]ms 

1991 Jermissen, for Ubiquitin and ubiquitin 

the cycle, 

& 

be recognised by a subunit of the proteasome (Deveraux et al., Multi-

ubiquitinated substrates were to be bound by the proteasome with a 

higher affinity than mono-ubiquitinated substrates explain 

are at higher rates (Deveraux et al., 
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Although in vitro studies have that histone-ubiquitin conjugates can be 

degraded an ATP-dependent reaction in reticulocyte (Mayer et 1989; 

Haas et 1990), two independent have shown that ubiquitination of hi stones 

for by the S in vivo (Wu et al., 1981; 

1981). In 10 cells, the half-life was found 

to be to that ubiquitin (-9 h) whilst no turnover of the core histones 

occurred in h (Wu et al., 1981). Changes in concentrations were later found 

to affected by rates of ubi quit in ligation (Matsumoto et al., 1983; Ciechanover 

et al., and/or isopeptidase et al., 1981). No study of 

degradation of poly-ubi quit ina ted histones carried out to. date, it 

would be to ifpolyubiquitination does tag lI1o:"LV..,""" 

1.3.4 Histone ubiquitination and cell cycle 

Histone ubiquitination has been suggested to chromatin structure by hindering 

chromatin condensation. levels of uH2A and have to vary 

the III a manner a role. the cell of 

the moiety was to disappear during 

the G2-mitosis transition and reappear as the chromatin decondenses at mitosis-G 1 

transition, regardless of protein (Matsui et al., 1979). absence ofuH2A 

uH2B in chromosomes was confirmed by Wu et (1981). In a more 

detailed study, Mueller et al. (1985) studied appearance and disappearance of 

ubiquitinated histones the cycle of Physarum polycephalum. 

VLfj, ............ UH IS suited to cycle studies as all nuclei in a macroplasmodium 

within 2 to 3 minutes other during the 9 hour cell 

The aul:hors report strong of ubi quit ina ted at early prophase. 

levels begin to decline at prophase and decrease to non-

detectable at metaphase. Ubiquitinated histones could be at <UL""PU'''''''', 

after which their rose to 

and conjugation were to be mllllmal 

absent from nucleosomes (Busch & Goldknopf, 1 

isopeptidase a"",V\J"aL\'''L chromatin was reported 

The rates of ubi quit in 

'U"'L"~Hu..;,,,, when uH2A is 

<UH.V"":" of 

LAULV.,A" (Matsui et 
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, 1982). In another study, the ATP-dependant ligation 125I-ubiquitin to 

histones of penneabilised mammalian cells was demonstrated to decrease strikingly in 

whereas the of other adducts was only slightly 

reauce:a (Raboy et , 1986). of ubi quit in hi stones 

could possibly be the of chromosome condensation the of 

nucleosomes such that ubiquitination sites are more sensitive isopeptidase 

less available for ubiquitination. Whereas ubiquitination does not 

them for degradation, the situation is different that 

induce 

cyclins is 

metaphase to U""pu .. "", transition. mitosis-specific degradation of 

to occur by means of poly-ubiquitination and 

proteasome (Glotzer et aI., Cyclins a cOIlserve:a 

... ",,,,v,,,_ the rI"' .......... "'1" that is orCIOOisea to ,..",.,t-""., the 

ubiquitin conjugating '""nn""", It is to note that a sequence vllJeHU;U to the 

cyclin destruction box exists n""""'",...., nlJr.np.Ti1f1 and 

vertebrat(~s (Hunt, These ..... rrl.t""" .... " may thus ubiquitin 

""ncrun .... "." but no correlation between their states of ubi quit in at ion has been 

investigated. 

A of studies used cell mutants to L ....... uu ... 1 possible of 

histone mouse line ts85 that a 

temperature ubiquitin activating revealed that at the non-

temperature cell cycle arrest occurred near S/G2 boundary. Incubation 

at the temperature also in de-ubiquitination m 

arrested the remained et aI., 1981; et 

,1984). subsequent investigation showed that not all ubiquitin conjugation was 

UUJ'-lu ..... u. at the non-pennissive temperature (Deveraux et al., 1990). results 

indicate ubiquitination of a subset and and/or other on)te:ms may be 

... ""rnll1·".rf for from S to phase. 

Incubation of tsBN2 h!!lrn"t., ... cell cycle mutant, at the non-pennissive 

Sand 

accompanied and the phosphorylation and H3 ltlr:aaoUI 

1992 references suggests that de-ubiquitination of uH2A and 

phosphorylation of HI maybe events process of chromatin 
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IvVII ... ,", .. ..,"'UVH. The mutant gene tsBN2 encodes RCCl et at., 

1 which has recently crystallized (Renault et at., 1998) and ........ JL"' ... V .. '" as 

for Ran, the nuclear homologue 

(Klebe et at., 1995). Other mutants been to affect mating, 

un.v.:>, • .:> (Renault et messenger RNA proices:smg, RNA transport and initiation 

1998 and cited w.."",.vu.,. 

the cell The involvement of histone ubiquitination 

only a of his tones are ubiquitinated 

This is unlike phosphorylation of HI and H3, 

to and 

all 

chromatin condensation. 

histones are modified 

prior to chromatin VVl,J ..... 'U"', ....... 'u (Bradbury, 1992). It is therefore likely that histone 

ubiquitination serves to label regions ofthe to n"IT''''1''!l,r-T with SDe:ClIllC 

proteins or be packaged in a ',..',",'lvHU way metaphase cru'omIOS()m<~s 

1.3.5 Histone ubiquitination and spermatogenesis 

number chromatin rea,rrang(~m<mts occur ....... ulS spermatogenesis. 

[lS-Spe'ClIlC HJI""VU,",'" are In 

..... "".u'\,J.u proteins displace nearly all the histones and transition proteins are 

eventually replaced by protamines condensed spermatids and spermatozoa 

Oliva & 1991 for a review). levels of ubi quit ina ted histones been 

found vary at different and to different extents during spe:rmatogelleSlS m 

vertebrate species as the rooster (Agell et 1983), trout et at., 1987) 

and rat et at., 1998). In the rooster, the levels ofuH2A are at their highest 

lac,emem of his tones by protamine late spermatids (Agel1 et at., 

1983). mice, a homologue yeast RAD6 mHR6B is highly 

the of spermatids RAD6 was the first 

ubiquitin-conjugating enzyme able polyubiquitinated and H2B in 

(Jentsch et at., 1987) leading to a proposed role in modulating chromatin 

structure. If this inactivated by male are This 

effect was thought to brought by abnormalities histone displacement 

during spermatogenesis (Roest et at., 1996) it was subsequently shown that the 

pattern of histone ubiquitination during HR6B knockout 

mice was not affected (Baarends et at., 1999). 

10 
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.Lll"ILVl.'''' ubiquitination cannot be a for histone displacement 

levels do not during trout spermatogenesis. levels 

however, were found decrease and of doubly ubiquitinated H2B to increase 

germ maturation In the the of uH2A were 

found to decrease in elongl3.t1I!lg spermatids et al., 1998). De-ubiquitination of 

rat H2A therefore occurs at an earlier in spermatogenesis 

et al .• 1983). The study 

vivo ubiquitinated H3. 

sp~:rm.ato!gelleS:lS also the 

the rooster 

identification of in 

were ill}:';H"',". elongating 
I 

uH3 could thus a role histone displacement (Chen et 1998). 

mechanisms by which ubiquitinated operate during spermatogenesis have 

to elucidated. It has proposed that histone ubiquitination could facilitate 

histone displacement by decondensing chromatin so as to facilitate access of 

'''U'''~'AV'LA proteins proteins involved histone or displacement by 

(Chen et aI., 1998). 

1.3.6 Cellular response and ubiqnitinated histones 

heat shock treatment of cells, most genes are but a are induced. 

Ubiquitin is one of the stress proteins induced heat-shock (Bond & :Scllle~nn~~er, 

1985). It been shown that the levels of acetylated histones uH2A are 

following shock a different cell lines (parag et , 1987; et 

al., 1988; & Murphy 1990; et al., 19~7; Mimnaugh et al., 1997). 

Proteasome inhibitors also a depletion of ubiquitinated histones in human 

lymphocytes and tumour cells (Mimnaugh et al., 1997). When cells were exposed to 

conditions as heat noxious and pr()te~lSOjme HU.""""''''''''' 

the levels of ubiquitin were to dramatically ubiquitinated 

non-histone proteins were found to accumulate (Mimnaugh et al., 1997). These 

treatments cause ubiquitin-dependent pathway to 

or inhibited therefore to accumulation of ubiquitinated proteins destined 

for proteolysis. It has been proposed under conditions, ubiquitin 

during known turnover ofthe ubiquitin ofuH2A and uH2B, is 

rapidly to damaged proteins (Fujimuro et al., 1997; Mimnaugh et ,1997). 

This would an additional source of ubiquitin to stress induced ext,reEiSlon 
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of ubiquitin genes. no ubiquitin could be detected nuclear 

fraction of control or experimental cells (Mimnaugh et 1997) implying that 

ubiquitinated may serve as a store of nuclear ubiquitin. 

1.3.7 Histone ubiquitination and transcription 

Nucleosomal order of DNA a major obstacle to the 

transcriptional machinery (see van Holde, 1989 and Wolffe, 1995 

Actively transcribed and poised chromatin has been proposed have an altered 

nucleosomalorganisation it has been reported to exhibit an increased overall 

sensitivity to DNase I (Weintraub & 1976; Izban & Luse, 1991) and 

(Bellard et 1980; Bloom Anderson, 1978), an altered nucleosomal 

repeat length (Smith et ai., 1983) nuclease hypersensitivity near 5' of 

transcribed 1988). chromatin been shown be 

deficient 

Gonzalez 

Postnikow et 1991). 

Histone modifications 

(Baer Rhodes, et 1987; 

linker histones (Kamakaka & Thomas, 1990; 

been LtAUU",""" to playa in altering chromatin 

structure. recent investigation into core histone acetylation has provided additional 

n .. "", .. ",,,, for such a role, demonstrating that in absence of linker histones, core 

histone acetylation higher-order folding et ai., 1998). Further 

studies should if core histone acetylation also affects order 

folding of reconstituted nucleosomal containing linker histones as earlier 
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1 1 Evidence for location of ubi quit ina ted histones actively 

chromatin 

A decrease in transcriptional activity chicken enrtm~oDOle:SlS was to be 

p .... ,u,u'-' ... ' ... by a of nuclear ubiquitin of uH2A to H2A 

(Goldknopf et al., 1980). The amount ofuH2A containing nUC:1eOlsornes been 

reported to decrease of chicken embryo .u ..... " ..... ,.,..., et aI., 

1987). The suggested that this decrease 

in actively transcribed chromatin, which decreases The 

transcriptionally hsp 70 and genes present in soluble chromatin after 

rTP,,,,1r,T'I of Drosophila mela1'l!ogaster highly enriched 

In The nucleosomes packaging 70 were to contain 50 % 

uH2A. contrast, non-transcribed 1.688 satellite in the 

same fraction contained only one per nucleosomes & Varshavsky, 

1982). Upon shock ensuing transcriptional i".VAJ ... ..,"', the 

canonical nucleosomal structure was lost. Evidence that hi stones 

associated via their N-terminal (N acheva et al., 1989), whilst 

interactions the and domains were disrupted. 

In analysis of his tones associated with transcribed genes, nucleosomes 

,",Vlna.J,Llll,lr:, uH2A and di-ubiquitinated H2A were found to be preferentially located 

near the ofthe transcribed mouse dihydrofolate vUI.4,",~'a.;)v gene (Barsoum & 

Varshavsky, 1985). 

Transcriptional activation is associated with perturbation canonical 

leOSOlne structure promoter region. histone ubiquitination has little 

apparent on the nucleosomal structure (Kleinschmidt Martinson, 1981; 

Davies & LJU,A .... "'''' modification may alter higher chromatin folding 

to act as a recognition target that disrupt C,l rrotnatm 

nucleosomal structure. There have many suggestions as to the fate of 

nuc1eosomes van Holde et ai., 1992 a review). model 

by authors the ofH2A-H2B dimers 

the partial unfolding of a nucleosome as RNA polymerase transcribes the 

associated 

remodeling. 

Transcriptional initiation is also believed to require chromatin 

the of action of chromatin complexes as 

SWIlSNF, NURF, '-'A..U,'-'''''-' (see Workman & 1998 a review), 
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RSF and FACT (LeRoy et al., 1998) is under the tails seem 

to play an important in the remodeling process Luger & Richmond, 1998 

a review). effect of histone modifications on the activity of these complexes 

remains to be investigated but there is already u. ...... J" ........ that core histone acetylation 

modulate the of SWI/SNF (Pollard & .... PT.P' ... "' ... " 1997; Recht & Osley, 

1999). It has also been proposed that histone binding nrn't"'1n such as nucleoplasmin 

transcribed chromatin (Moreau et (Chen et al., 1994) which is associated with 

al., 1986), could aid transcription factor binding by removal of 

,.. .. ,LA"' .. "'. thereby disrupting nucleosomal structure. However, subsequent in 

".u .... "''' showed that nucleoplasmin did not facilitate the binding of transcription factor 

IlIA to a nucleosome bound target (Howe et al., 1998a). Ubiquitination of 

has found to weaken the interaction of with 

tetramers in chromatin et al., 1 If transcriptional initiation 

"'iVil.l;."'U\.'H do indeed necessitate the displacement ofH2A-H2B dimers, ubiquitination 

of these histones may facilitate transcription by decreasing energy required 

dimer displacement. 

Another approach to understanding role of histone ubiquitination has involved 

quantitation of ubi quit ina ted histones 

transcriptionally The salt soluble chromatin rract1()DS of bovine 

thymus, which are believed to be enriched transcriptionally were 

found be enriched in mono- and poly-ubiquitinated and H2B. uH2B was 

found to be enriched to the ....... "'..,+"'."'+ extent amongst mono-ubiquitinated histones 

(Nickel et 1989). erythrocyte 50 

transcriptionally active ~-globin sequences was enriched 1.5 and 

four times in (Ridsdale & Davie, 1987). distribution of ubi qui tina ted 

histones was also "'A"",UiJli",U transcriptionally 

transcriptionally inactive micronuclei of Tetrahymena thermophila (Nickel et al., 

1989). There was some enrichment ofuH2A and a substantial enrichment ofuH2B in 

the macronuclei. 

Inhibition or heterogeneous nuclear RNA (hnRNA) synthesis no 

on levels ofuH2A et al., 1986; Davie & Murphy, 1990). Inhibition of 

rRNA 

disappearance 

did not levels but was an almost 

upon inhibition ofhnRNA transcription. The ofuH2B 
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were found to be directly dependent on transcription (Davie 

1990). The proposal that may the nucleosome in an open (Davie 

& Murphy, 1990) is challenged by in vitro reconstitutions of nucleosomes containing 

2 uH2B molecules that indicate no conformational change (Davies & Lindsey, 1994). 

1.3. vzaem;e against 'ULl~UL"t of ubiquitinated histones in actively transcribed 
chromatin 

;)U.'UH.,;) in rat linked disappearance of to lnf"1"p~(!pn 

transcription (Ballal et al., Ballal et al., In contrast with earlier ."'''' ...... ''' 

& Varshavsky, 1982), (1985) demonstrated that Drosophila 

mononucleosomes containing non-transcribed 1 satellite DNA, showed some 

enrichment uH2A. et al. (1986) used a system similar to that of Levinger & 

Varshavsky to the cornp()SltlOn 

immunoglobulin K chain gene mice. MNase treated chromatin was 

fractionated K sequence. sequence was present both S 1 

soluble fraction (5 % .... "'.v ..... DNA) and the P insoluble (15 % 

nuclear DNA). levels and were similar both fractions. The 

fraction was depleted in linker histone HI non-transcribed sequences, contained 

HMG proteins 14 and 17 and consisted almost exclusively of mononucleosome length 

rra:gmem:s. Through two dimensional electrophoresis of S 1 and 

DNA hybridisation with corresponding the authors showed that the 

nucleosomes co-migrating the K the of bulk 

the S I including the of uH2A and 

presence of ubi quit ina ted histones was however questioned, as removal of 

ubiquitin moiety by isopeptidase treatment prior to electrophoresis should have 

mobility of the mononucleosomes containing and uH2B to that 

Ultllllated nucleosomes. The bulk nucleosomes nucleosomes a 

non-transcribed sequence did in mobility following isopeptidase treatment 

but the mononucleosomes containing the immunoglobulin K were 

. unaffected (Huang et al., 1986). This result questions conclusions 

similar experiments regarding the association of ubi quit ina ted histones 
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Fractionation of myotube nuclei 

in transcriptionally active nor in 

nm:::leiase sensitive fraction 

revealed that uH2A was enriched 

was associated with a 

et al., 1990). This fraction was depleted 

It must noted that the actively actin was probed with a 

... nl1'&>"""," complementary to the 3' o~the gene and may not reflect 

composition of nucleosomes at the end of the if one the 

microheterogeneity proposed by Levinget Varshavsky (1982) account. 
I 
I 

authors that is distributed amongst decondensed, soluble 

chromatin ----.... -J may fewer on ubiquitination 

enrichment ofuH2A in core 

1"\",,,'>1",,,1'1 by MNase digestion (Albright et ,1979). Another study 

DNase I sensitivity to actively transcribed sequences found 

random distribution III transcribed 

,",u .. evun""u and inactive sequences (Dawson et al., 1991). In 

Drosophila polytene chromosomes, ubiquitin is mainly associated the compact 

regions rather the more decondensed and interbands and puffs 

16 . 

(Izquierdo, 1994). This observation is, however, specific to ubiquitinated histones 

and also reflect the distribution of other ubiquitinated proteins associated with 

the chromosomes. has, nUl""'''~r been observed 

In<J, .... T''''''' sex that contains the neteroicruronlatlLC 

et al., 1999). 

and 

spermatocytes in 

cnromos()m~~s (Baarends 

exact function and mechanism of action ubiquitination is still unclear. 

would appear to be mainly involved with chromatin, uH2A 

would appear to involved in a more decondensation of chromatin. It is 

unlikely that histone ubiquitination plays a role facilitating transcription 

ubiquitinated have not in all 

Schizosaccharomyces pombe and Arabidopsis thaliana) (Finley Chau, 1991). The 

effect of histone ubiquitination is more to be mediated at sites. It is also 

possible that the mono-ubiquitinated histones are substrates for poly-ubiquitination 

could them again, on the available, 

would not a general occurrence. 
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nucleosome level 

2.1 Introduction 

Ubiquitinated histones been with chromatin partially depleted of 

linker histones & Nickel, 1987) and transcriptionally or """"",,-,\.1. 

sequences (Levinger & Varshavsky, 1982; Barsoum & Varshavsky, 1985; & 

Murphy, 1990) (see 1) that are thought to be have a reduced histone 

& van ,",VLH"'!." or have with linker by LJUl ........ lV 

Holde, 1992). On 

ubiquitination does 

there is evidence 

interfere with linker u .. ,n .... u'"' omnmg. Two independent " ... " ........ " 

shown can cross-linked to in vitro (Nelson et ,1979) in 

vivo (Bonner and Stedman, 1979). Moreover, in cross-linking performed 

mouse the molar ratio ofHl-uH2A to HI-H2A was the same as the molar ratio 

ofuH2A to If ubiquitinated histones are associated 

tightly packaged chromatin as many ....... ,n.rl'" indicate (see section 1), it 

(Bonner and Stedman, 

with 

because these chromatin are more accessible to the ubiquitination or 

because ubiquitinated histones interfere chromatin folding? Linker are 

for stabilisation defined et al., 1 

Allan et 1981; et al., 1998) and interference the of 

histones could chromatin condensation or stability of the folded structures. 

physiological conditions, structure of most linker histones is comprised of 

domains; a strongly basic unstructured tail, a nonpolar globular 

domain and strongly basic unstructured at the COOH terminal (Hartman 

et al., 1 structure ofthe globular domain of his tones 

and H5 has two dimensional (Cerf et 1993; Clore et 

at., 1987) and structure ofthe globular domain of histone H5 was further resolved 

to 2.5 the crystal et at., 

1993). Interestingly, three-helix bundle structure of the globular domain of histone 

has been reported to resemble that bacterial (catabolite gene activator 

(Clore et 1987; Ramakrishnan et at., 1993) as as ofthe DNA-

recognition motif ofHNF-3, a Drosophila transcription factor (Clark et 1993). 

This structural led to a model which the binding site linker 
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histones to DNA is comprised III of the globular binding to the 

UTn,,,,, .. and of the ~-hairpin the minor groove (Ramakrishnan et 

al., 1993; al., 1994). The position of the globular domain of a linker histone on 

the nucleosome is still and be variable. The earlier indicated 

that globular domain linker histones bound on dyad of the nucleosome 

thereby protecting 10 bp on both sides of the (Simpson, 1978; Allan et 

al., 1980a; Staynov & Crane-Robinson, 1988; Pehrson, 1989). Later models support 

an location for the globular domain of histones. first of these 

models placed globular domain ofH5 about 68 bp from the dyad on inside 

DNA superhelix where it faces the core histones and is in contact with and 

H3 (Hayes & Wolffe, 1993; et aI., 1994; et al., 1995; Pruss et al., 1996; 

Hayes, 1996). Another u.v ... ",. the globular .... v ......... ," of histones 

binds on the of the contact with at 

positions and ±1 of the DNA superhelix (Travers & Muyldermans, 1996). The 

latest model, derived cross-linking studies of mutant globular domains to 

random linker histone depleted chromatosomes, indicated that the globular 

domain binds near the dyad contacts with an outer the central DNA 

(Zhou et al., 1998). These models the evidence them 

recently been (Crane-Robinson, 1997 Travers, 1999). 

'O-lerrmn;al ofH2A has been found to contacts the DNA 

nucleosomes containing at 167 bp associated DNA (Davies & Lindsey, 1991; 

Usachenko et 1994). In the case particles the H2A 

COOH repositions to contact DNA dyad axis et al., 1994). 

is "''''' .. ,pt .... ,rp likely to have some influence on . linker histone 

binding at nucleosomal some contact sites are shared. crystal 

structure ofthe et 1997) the COOH-

terminal tail ~A"'~'b'~" from the nucleosome near one of the proposed asymmetric 

binding globular domain (Hayes, 1996). It has been shown that the 

contacts between the COOH-terminal tail the linker DNA are altered 

slightly the oflinker histone & 1998; Guschin et 1998) 

... ,",,,,.,'''U5 that the tail domain is repositioned upon linker binding. 

Ubiquitination of H2A is a bulky modification that occurs at lysine 119 at 



Univ
ers

ity
of 

Cap
e T

ow
n

19 

beginning ofthe COOH-terminal tail (see sectionl), and it is therefore of to 

investigate if nuc1eosomal affects linker histone binding. 

A defined in system individually purified components was to 

investigate the of histone ubiquitination on it 

would be difficult to chromatin enriched in ubiquitinated histones to the 

unavailability of inhibitors of the involved. 
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2.2 Results and Discussion 

2.2.1 Purification of chicken erythrocyte histones 

Hybrid octamers reconstituted from individual chlCKe:n erythrocyte histones and a 

histone from one of the chicken histones have successfully 

used in a number of studies (e.g. Lindsey et al., 1991; Lindsey & Thompson, 

1992; Davies & Lindsey, 1994). In order to purify individual core histones, total acid 

extracted chicken erythrocyte histones were chromatographed on a BioGel P60 

column (Fig. 1). Fractions containing pure H2A and H4 were pooled respectively 

but the H2B-H3 fraction had to be further. 

2 3 
4 5 

50 100 150 200 250 300 

Fraction number 

Figure 2.1. BioGel P60 chromatography of a total acid extract from chicken erythrocyte nuclei in 

50 mM NaCI and 20 mM HCI. Peaks 1 to 5 contained histones H2B & H3 and H4 
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and relevant Ln'-''-'..,~ P60 fractions cOIltalmI1lg these 

hls1tom::s were pooled, concentrated and applied to a Sephadex 00 column in 

50 mM NaCI 20 mM HCI 2.2). 

50 60 70 80 90 100 

Fraction number 

Figure 2.2. Sephadex GI00 chromatography of the histone H2B-H3 fraction obtained after 

BioGel P60 chromatography of a total acid extract of chicken erythrocyte nuclei. The column 

buffer was 50 mM NaCl and 20 ruM HCl (PH 1.7). Fractions 75 to 85 and 98 to 112 were and 

contained pure H3 and pure H2B confinned by SDS-PAGE. 

2.2.2 Purification of ubiquitinated H2A 

21 

Calf thymus was used as a source of ubi quit ina ted were extracted 

from thymus gland nuclei and chromatographed on a P60 column 50 

20 mM HCL Ubiquitinated H2A with the H2A-H3 peale. Under these 

conditions, the ubiquitin moiety and 

surface charge of uH2A as it remains fully folded whilst hlstones are essentially in 

a coil conformation (Thome et 1987). Fractions containing were 

pooled and applied to a Whatman CM The column 

used contained 6 M urea to promote the unfolding ubiquitin (Cary et 1980). 

eluted with the leading of the salt gradient as a consequence 

ofits to mass ration lower than that andH3. 
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in uH2A were pooled and further resolved from contaminating H2A and H3 on a 

BioGel P60 column in 7 M urea and 2 mM Tris-Hel (PH 2.2) (Fig. 2.3). 

120 

Fraction number 

22 

Figure 2.3. BioGel P60 chromatography of uH2A enriched fractions obtained from tbe Wbatman 

eM 52 ion exchange chromatographic step. The column buffer was 7 M urea and 2 mM Tris-HCl 

2.2). Fractions 65 to 73, containing pure were dialysed water, 

and stored at -20°C. 

Fractions containing pure uH2A were pooled and the identity of the purified uH2A 

was by SDS-PAGE pure uH2A as a standard (Davies & Lindsey, 

1994) (not shown) and amino analysis (Klapper, 1982). results ammo 

acid are shown in Table 2.1. The obtained correlated well with the 

values "' ... "'UJc ........ u the acid content of calf and ubiquitin. 
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Table 2.1 

The amino acid composition of purified calf uH2A determined by amino acid analysis compared 

to the calculated values for the ubiquitin-calfH2A conjugate. 

Amino Acid Moles Calcnlated Moles Found 

D 16 15.50 (16) 

T 11 10.67 (11) 
i 

S 8 8.60 (9) 

E 23 22.84 (23) 

P 8 Not included in analysis 

G 19 18.78 (19) 

A 20 21.20 (21) 

C 0 0 

V 12 12.00 

M 1 . 1.06 (1) 

I 13 12.00 

L 25 23.78 (24) 

Y 4 3.91 (4) 

F 3 3.30 (3) 

W 0 0 

H 4 5.25 (5) 

K 21 21.60 (21) 

R 16 15.72 (16) 
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Figure 2.4. SDS-PAGE of the purified chicken erythrocyte histones and calf uH2A. The standards 

are total acid extracts from nuclei of calf thymus (CA) and chicken erythrocytes (CE). 

2.2.3 Purification of linker histones 

Chicken erythrocyte nuclei were used as a source of linker histones. Although linker 

histones exposed to acidic conditions have been used by several authors in 

reassociation studies (Nelson et al., 1979; Biard-Roche et al., 1982; Kaplan et al., 

1984; Russo et at., 1995), it has been shown that acid extracted linker histones 

undergo irreversible conformational changes (Brand et al., 1981). The method of 

Garcia-Ramirez et at. (1990) was therefore used to extract linker histones under non­

denaturing conditions. This method uses the anionic resin CM Sephadex C-25 to 

remove linker histones from chromatin. The elution profile of linker histones 

extracted from chicken erythrocyte chromatin is shown in Fig. 2.5. 
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CE CA 

Hls{ 
0.8 H5 
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0.6 N « 
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0.2 
H3 

0 H2B 
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50 70 90 110 130 150 170 190 

Fraction number 
H4 

Figure 2.5. Purification of chicken erythrocyte linker histones. (A) CM Sephadex C-25 elution 

profile of the material extracted from chicken erythrocyte chromatin using CM Sephadex C-25 (see 

section 8). Bound linker histones were eluted with a linear gradient from 0.35 M to 1.3 M NaCI in 

25 

10 mM Tris-HCI (pH 8.8). (B) SDS-PAGE analysis of peaks 1 and 2. The standards used are total acid 

extracts of nuclei from chicken erythrocytes (CE) or calf thymus (CA). Linker histones were stored in 

10 mM NaC!, 0.1 mM EDTA and 10 mM Tris-HCI (pH 7.4) in 50 % (v/v) glycerol at -20 0c. 

2.2.4 Reconstitution of histone octamers 

Stoichiometric amounts of acid extracted chicken erythrocyte H2B, H3, H4 together 

with either calf H2A or uH2A were reconstituted by salt dialysis (Tatchell & van 

Holde, 1977; Lindsey et aI., 1983; Davies & Lindsey, 1994) to form control and 

uH2A hybrid octamers respectively. Octamers were purified from other reconstitution 

products by gel exclusion chromatography on a Sepharose 6B colwnn (Fig. 2.6). The 

uH2A octamers had the same elution profile as control octamers. 

2 
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Figure 2.6. Purification of reconstituted octamers. (A) Sepharose 6B chromatography of the 

products of hybrid octamer reconstitution using chicken erythrocyte histones H2B, H3 and H4 and calf 

thymus uH2A. The column buffer was 2 M NaCI and 10 mM Tris-HCl (PH 7.4). Fractions 131 to 137 

from the first elution peak containing pure octamers were pooled. (B) and (C) SDS-PAGE analysis of 

reconstituted control and uH2A hybrid octamers respectively (lanes I). A total acid extract of calf 

thymus nuclei is included as a standard in Janes 2. 

The histone content of the octamers was quantified by densitometric analysis of 

Coomassie stained SDS gels. The ratio of the core histones in the reconstituted 

octamers was the same as that of the standard total acid extracted histones used as 

standards on the same gel. The integrity of the octamers was further confirmed by 

dimethyl suberimidate cross-linking (von Holt et al., 1989). Cross-linking was only 

performed on control octamers since the elution volume of uH2A hybrid octamers 

was the same as that of the control octamers, suggesting a likely similarity in shape 

and size of these two complexes. Moreover, quantities of the uH2A hybrid octamers 

were limited owing to the lengthy purification procedure of uH2A. The octameric 

cross-links were formed within 1 minute with dimer, tetramer and hexamer 

intermediates also being observed (Fig. 2.7 lane 4). After 10 minutes, insoluble 

complexes were formed thereby reducing the amount of material visible on the gel. 

uH2A 

H3 
H2B 
H2A 

H4 
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Figure 2.7. SDS-PAGE of reconstituted control histone octamers after cross-linking with 

dimethyl suberimidate in 2 M NaCI and 50 mM borate (pH 9). The cross-linking reaction was 

quenched after 0, 1,2, 5 and 10 min by the addition of glycine to 50 mM and samples were dialysed 

against 50 mM glycine (pH 8) prior to application to the gel. The standards in lanes 1 and 2 are 

phosphorylase B (97000 daltons) and a total acid extract of chicken erythrocyte nuclei respectively. 
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2.2.5 Purification of random sequence 167 bp DNA 

It was decided to study linker histone binding to control and uH2A hybrid 

nucleosomes by analysing the protein content and gel retardation properties of the 

reconstitution products. Large quantities of material are required to perform protein 

based analyses of linker histone reconstitutions. The template DNA used in this study 

was therefore isolated from 167 bp random sequence nucleosome cores from chicken 

erythrocyte chromatin stripped of linker histones (Lindsey & Thompson, 1989). Long 

chicken erythrocyte chromatin stripped of histone HI and H5 was digested with 

MNase under appropriate conditions, and 167 bp nucleosome cores were isolated by 

size-exclusion chromatography (Fig. 2.8). The length of the DNA associated with the 

nucleosome cores was monitored by 6 % non-denaturing PAGE and fractions 

containing 167 bp nucleosome cores were pooled and the DNA was purified by 

phenol extraction (Fig. 2.8). This method allows for the reproducible production of 

milligram quantities of random sequence, defined length DNA. 

2 

B 
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Q) 

1.4 N 
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1.2 • 0 1 ",.., 
co = <J. 0.8 180 -

0.6 160 -,-146 -0.4 122 -0.2 

0 
140 150 160 170 180 190 200 210 

Fraction number -
Figure 2.8. Isolation of 167 bp nucleosome cores. (A) Sepharose 6B chromatography of the MNase 

digestion products of long chicken erythrocyte chromatin stripped of linker histones digested under 

conditions to maximise the yield of 167 bp nucleosome cores. The column buffer was 0.3 M NaCl, 0.1 

mM EDT A and 10 mM Tris-HCL (pH 7.4). Fractions 189 to 199 were pooled and contained pure 167 

bp cores as judged by 6 % non-denaturing PAGE (B) (lane 2). The standard in lane 1 is a Hpa II digest 

ofpBR322. The gel was stained with ethidium bromide. 
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2.2.6 Nucleosome reconstitution 

Control and uH2A hybrid octamers were reconstituted onto 167 bp DNA by dialysis 

from high to low salt (Tatchell & van Holde, 1977). The extent oftrial reconstitutions 

was monitored on agarose nucleoprotein gels (Fig. 2.9). 

octamer: DNA (mole:mole) 
DNA 0.5 I 1.5 2 3 

2 3 4 5 6 

A 

DNA + 2 octamers 

Nucleosome core 

DNA 

octamer : DNA (mole:mole) 
DNA I 1.5 2 3 

2 3 4 5 

B 

Figure 2.9. Reconstitution of purified random sequence 167 bp DNA with (A) control and (B) 

uH2A hybrid histone octamers. Reconstitutions were carried out at octamer to DNA molar ratios of 

0.5, I, 1.5,2 and 3 and complexes were resolved by 0.7 % (w/v) agarose gel electrophoresis in 

0.5 x TBE. Gels were stained with ethidium bromide. 
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For control and uH2A hybrid octamers, bulk reconstitutions of25 /lg of 167 bp DNA 

using an octamer to DNA molar ratio of 1.5: 1 yielded mainly nucleosomes together 

with a small amount of free DNA and a complex of lower mobility that presumably 

had two octamers bound. Centrifugation of the reconstitution mixtures through linear 

5-20 % (w/v) sucrose gradients allowed for the purification ofnucleosomes from the 

other reconstitution products (Fig. 2.10 A). The purified control nucleosomes 

exhibited the same mobility as native 167 bp nucleosome cores depleted of linker 

histones on an agarose nucleoprotein gel (Fig. 2.10 B). uH2A hybrid nucleosomes had 

reduced mobilities compared to that of control nucleosomes, as previously observed 

(Kleinschmidt & Martinson, 1981; Levinger & Varshavsky, 1982; Barsoum & 

Varshavsky, 1985) and semi-ubiquitinated nucleosome containing one molecule of 

H2A and one molecule ofuH2A exhibited intermediate mobilities (Fig. 2.10 C). 
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Figure 2.10. Purification of reconstituted nucleosome cores. (A) Fractionation profile of a 5-20 % 

(w/v) sucrose gradient in 10 mM NaCI, 0.2 mM EDTA and 10 mM Tris-HCI (pH 7.4) of the products 

formed following reconstitution of control octamers onto 167 bp DNA at a 1.5: I molar ratio. The 

numbered peaks contained free 167 bp DNA (peak I), 167 bp nuc1eosome cores (peak 2) and 

nucleosome cores with an additional octamer bound (peak 3), respectively. The position of the 

nucleosome cores in the gradient was the same as that observed for native 167 bp nucleosome cores 

and reconstituted uH2A hybrid nucleosome cores. (B) 0.7 % (w/v) agarose nucleoprotein gel of 167 bp 

nucleosome cores isolated from long stripped chicken erythrocyte chromatin (lane I) and 167 bp DNA 

reconstituted with control octamers (lane 2). (C) 0.7 % (w/v) agarose nucleoprotein gel of 167 bp DNA 

(lane I) reconstituted with control, semi-ubiquitinated and uH2A hybrid octamers (lanes 2-4). The 

reconstituted nucleosomes contained one octamer per DNA molecule. Gels were stained with ethidium 

bromide. 
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2.2.7 Linker histone reconstitution 

2.2. 7.1 Direct addition in low salt buffer 

Numerous studies have made use of direct addition of linker histones to nucleosomes 

in low salt buffer to analyse linker histone binding (e.g. Hayes & Wolffe, 1993; Ura et 

at., 1994; Hayes, 1996; An et at., 1998). It must be noted that the nucleosomal DNA 

used in those studies was of defined sequence and in the order of230 bp in size. 

Control and uH2A hybrid nucleosome cores, reconstituted onto 167 bp of random 

sequence DNA were incubated with increasing amounts of purified chicken 

erythrocyte histone HI in 50 mM NaCI, 1 mM EDTA and 10 mM Tris-HCI (PH 7.4) 

for 90 minutes at 4°C. The samples were then applied to 5- 20 % (w/v) sucrose 

gradients in the same buffer to separate the chromatosomes from unbound linker 

histones. The chromatosome peaks were collected and the histones were precipitated 

by addition of ice cold trichloroacetic acid to 13 % (v/v). Ovalbumin was used as a 

carrier protein to minimise losses during precipitation. The samples were analysed by 

SDS-PAGE and the degree of linker histone reassociation was monitored by 

densitometric analysis of the gels. Under these conditions, binding oflinker histones 

to reconstituted nucleosome cores was limited and never exceeded 20 % of the linker 

histone content of a total acid extract of calfthymus nuclei (Fig. 2.11). Aggregation 

occurred at a molar input ratio of 1.6 histone HI per nucleosome core. Analysis of the 

reconstitution products on agarose nucleoprotein gels showed that there was no clear 

separation of nucleosomes from the linker histone bound complexes. As the amount 

oflinker histone was increased, nucleosomal complexes exhibited a gradual decrease 

in mobility (not shown). Previous studies have indicated clear separation between 

nucleosomes and chromatosomes on similar nucleoprotein gels (e.g. Hayes & Wolffe, 

1993; Ura et al., 1994; An et al., 1998). These results implied that the correct 

interaction between linker histones and the 167 bp nucleosome cores was not 

established. This linker histone reconstitution protocol was therefore deemed 

unsuitable for use with reconstituted 167 bp nucleosome cores. 
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Figure 2.11. Analysis of the relationship between input ratio of linker histone HI and that found 

in chromatosomes reconstituted by direct addition of HI. Control (A) and uH2A hybrid (not 

shown) 167 bp nucleosome cores were reconstituted at a molar input ratio of 0, 0.2, 0.4, 0.8,1.20 and 

1.6 HI per nucleosome core (lanes 2-7). Chromatosomes were purified by sucrose density gradient 

centrifugation and their histone content was analysed by SDS-PAGE. (B) Gels were scanned and the 

quantity of H 1 associated with each sample was determined by comparison with a total acid extract of 

calf thymus nuclei of similar intensity on the same gel. The solid line represents control 167 bp cores 

and the dashed line represents uH2A hybrid 167 bp cores. The data shown represent the average of 2 

experiments. The ratio of H2A to H2B and H3 was used as an internal standard and in all cases this 

ratio never deviated more than 5 % compared to that of the standard calf thymus histones. 
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2.2.7.2 Salt dialysis reconstitution 

The failure of linker histone reconstitution by direct addition was possibly due to the 

octamers adopting an equilibrium position on the 167 bp DNA that was unfavourable 

to successfully form chromatosomes. Since the histone octamer alone is known to 

protect 167 bp of DNA from MNase digestion (Weischet et al., 1979; Lindsey & 

Thompson, 1989; Pruss & Wolffe, 1993), it is likely that the availability of 

thermodynamically favourable octamer positions will be restricted on such a short, 

although random sequence, DNA fragment. It has previously been shown that octamer 

position can affect linker histone binding (Hamiche et al., 1996). Another commonly 

used linker histone reconstitution technique involves addition of the linker histones to 

nuc1eosomes or chromatin at elevated salt concentrations (0.5 to 0.6 M NaCl) and 

subsequent dialysis into low salt buffer. At the high salt concentrations, the cationic 

charges of linker histones are shielded and ionic interactions with the chromatin DNA 

are disrupted. If unfavourable octamer positions were inhibiting correct linker histone 

binding, this reconstitution protocol should allow repositioning of the octamer since it 

is known that octamers are mobile on DNA (Pennings et al., 1991), especially at 

higher salt concentrations (Spadafora et al., 1979). Purified control and uH2A hybrid 

167 bp nuc1eosome cores at a final concentration of60 )lg core DNA per ml were 

incubated for one hour with increasing amounts of chicken erythrocyte histone HI in 

0.55 M NaCl, 1 mM EDTA and 10 mM Tris-HCI (PH 7.4) at 4°C. The salt 

concentration was lowered by dialysis and the samples were applied to 5-20 % (w/v) 

sucrose gradients in 10 mM NaCI, 1 mM EDTA and 10 mM Tris-HCI (pH 7.4) to 

separate the chroma to somes from unbound linker histones. The histone content of the 

chromatosome peaks was analysed as before (section 2.2.7.1). These results (Fig. 

2.12) show that uH2A does not prevent linker histone binding to 167 bp nuc1eosome 

cores in agreement with previous results (Nelson et al., 1979; Bonner & Stedman, 

1979) and that linker histone binding is slightly favoured in the presence ofuH2A. 

The HI content ofuH2A hybrid and control 167 bp cores reached the levels found in 

a total acid extract of calf thymus at a molar input ratio of 1 and 1.3 histone HI per 

167 bp nuc1eosome core DNA respectively. A t-test for independent samples with 

95 % confidence was performed at each histone HI input ratio for the results shown in 

Fig. 2.12 using Satistica (Statsoft) software. The results indicated that there was no 
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statistical difference between control and uH2A hybrid nucleosome cores except at a 

molar input ratio of 1.2 histone HI per nucleosome core. Further analysis was 

performed by fitting the data to a common intercept, using the standard deviations as 

weights. The results, shown in Table 2.2, indicate that there was no statistically 

significant difference in between the two slopes shown in Fig. 2.12. 

Table 2.2. Statistical analysis of the data presented in Fig. 2.12. 

Slope difference Standard error t- stat P-value Lower 95% Upper 95% 

37.91 22.41 1.69 0.12920 -13.77 89.60 
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Figure 2.12. Analysis of the relationship between input ratio of linker histone HI and that found 

in chromatosomes reconstituted by salt dialysis. SDS-PAGE of (A) control and (B) uH2A hybrid 

167 bp nuc1eosome cores reconstituted at a molar input ratio of 0, 0.2, 0.4, 0.8,1.2 and 1.6 histone HI 

per nucleosome core (lanes I to 6). The standards were total acid extracts of nuclei from chicken 

erythrocytes (CE) or calf thymus (CA). Ovalbumin was used as a protein carrier and was added to the 

samples just before precipitation. (C) Gels were scanned and the quantity of HI associated with each 

sample was determined by comparison with a total acid extract of calf thymus of similar intensity on 

the same gel. The data were fitted to lines representing the least squares. The solid line represents 

control 167 bp cores and the dashed line represents uH2A hybrid 167 bp nucleosome cores. The data 

shown represent the average of 4 experiments. R2 values were determined to be 0.981 and 0.989 for 

uH2A hybrid and control nucleosome cores. The ratio of H2A to H2B and H3 was used as an internal 

standard and in all cases this ratio never deviated more than 5 % compared to that of the standard calf 

thymus histones. 

Gel retardation assays were also used to monitor the reassociation of HI to control 

and uH2A hybrid 167 bp nuc1eosome cores by salt dialysis (Fig. 2.13). The 

reconstitutions were performed at final concentration of 60 J..lg core DNA per ml. 

From Fig. 2.13 it can be seen that, in agreement with Fig. 2.12, uH2A hybrid 

chromatosomes were formed at slightly lower histone HI concentrations than those 

required to form control chromatosomes. 
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Figure 2.13. Nucleoprotein gel retardation assays of linker histone binding to 167 bp nucleosome 

cores. (A) Control and (B) uH2A hybrid 167 bp nucleosome cores were reconstituted at a molar input 

ratio of 0, 0.6, 0.8, 1.0, 1.2 and 1.4 histone HI per nucleosome core (lanes 1-6) by salt dialysis and 

analysed on 0.7 % (w/v) agarose gels in 0.5 x TBE. DNA represents free 167 bp DNA. Gels were 

stained with ethidium bromide. (C) Gel negatives were scanned and bands were integrated using 

ImageQuant software to determine the percentage of chromatosomes at each linker histone input ratio. 

The solid line represents control 167 bp cores and the dashed line represents uH2A hybrid 167 bp 

cores. 
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2.2.7.3 Thermal denaturation 

Control and uH2A hybrid 167 bp cores were reconstituted with HI by salt dialysis at 

an input ratio of 1.2 moles chicken erythrocyte histone HI per mole nuc1eosome core. 

The reconstitution products and 167 bp cores were purified through 5-20 % (w/v) 

sucrose gradients in 10 mM NaCI, 0.2 mM EDTA and 10 mM Tris-HCI (PH 7.4). 

The samples were degassed and analysed by thermal denaturation {Fig. 2.14). Under 

the conditions used, all samples exhibited a triphasic hyperchromicity curve. The first 

two transitions are thought be associated with the melting of the DNA associated with 

the ends of the nuc1eosome core, whilst protein denaturation and melting of the DNA 

more tightly associated with core histones represent the main transition (Cowman & 

Fasman, 1980; van Holde, 1989). In 167 bp control and uH2A hybrid nuc1eosome 

cores, the first transition occurred at 69°C and 68 °C and represented 13 % (21 bp) 

and 15 % (25 bp) of the DNA respectively. This could reflect a slightly decreased 

interaction of histone tails with the ends of the nuc1eosome core DNA in the presence 

ofuH2A. This decrease in protein-DNA interaction is more subtle than that caused by 

core histone acetylation, where a decrease of3 °C in the Tm of the first transition was 

observed (Ausi6 & van Holde, 1986). In the presence of linker histones, the first 

transition decreased in magnitude and shifted to approximately 70°C for both control 

and uH2A hybrid chromatosomes. This decrease in magnitude of the first transition 

was slightly more pronounced for the uH2A hybrid chromatosomes than for control 

chromatosomes. The association of linker histones with the ends of the core DNA 

would be expected to stabilise this DNA, correlating with the observed increase in the 

T m value of the first transition of 1 °C and 2 °C for control and uH2A hybrid 

chromatosomes respectively. The second and third transitions of both samples 

occurred at 79°C and 83.8 °C respectively, indicating that the presence ofuH2A did 

not lead to large scale disruption of octamer-DNA interactions in good agreement 

with previous observations (Kleinschmidt & Martinson, 1981; Davies & Lindsey, 

1994). 
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Figure 2.14. Thermal denaturation profile of control (A) and uH2A hybrid (B) 167 bp 

nucleosome cores (dashed lines) and chromatosomes (solid lines). Denaturation was carried out at 

50 Ilg DNA/ml in 12 % (w/v) sucrose, 10 mM NaCl, 0.2 mM EDTA and 10 mM Tris-HCl (PH 7.4). 

The ftrst derivatives of the A260 versus temperature profiles are shown. 
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These results suggested that ubiquitination ofuH2A had little effect on the structure 

and molecular contacts of 167 bp nucleosome cores. Linker histone binding was not 

inhibited by the presence of the ubiquitin moiety but rather was slightly favoured at 

the nucleosome level (see also section 3). 

41 

Further studies will be required to determine if this situation is also reflected in long 

chromatin as the core histone tails are essential and are the main determinants for the 

proper folding of chromatin fibres (Allan et al., 1982; Garcia-Ramirez et al., 1992; 

Tse & Hansen, 1997). The conformation of chromatin fibers could be altered by 

nucleosomal uH2A and thus influence linker histone binding. Such conformational 

parameters would, however, not be evident at the nucleosomal level. As a first step 

towards such studies, a novel methodology was developed to reconstitute linker 

histone H5 onto long chromatin (see section 5). 
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3 The effect of histone H2A ubiquitination on nucleosome positioning 

3.1 Introduction 

Flexibility and bending of template DNA are important parameters that determine the 

ability of a particular DNA sequence to generate translationally and rotationally 

positioned nuc1eosomes in dialysis reconstitutions. Nuc1eosome positioning, of which 

there are numerous examples both in vivo and in vitro, can affect cellular processes 

such as transcription initiation by blocking or creating suitable DNA binding sites for 

regulatory DNA binding proteins (see Travers & Drew, 1997; Wolffe, 1994; Thoma, 

1992 and Simpson, 1991 for reviews). A DNA segment from the sea urchin 

Lytechinus variegatus 5S rRNA gene was engineered in Robert Simpson's laboratory 

(Simpson & Stafford, 1983; Simpson et al., 1985) and this template and 5S rDNA 

from Xenopus have become paradigms for studying nuc1eosome positioning in vitro. 

The Lytechinus DNA template was originally believed to contain a unique 

nuc1eosome positioning site (Simpson & Stafford, 1983) but subsequent 

investigations using restriction enzyme mapping established that nuc1eosomes are in 

equilibrium between a number of defined positions. These positions were found to be 

separated from each other by multiples of ~ 10 bp (Dong et al., 1990; Meersseman et 

al., 1991). Interestingly, the dominant position occupied by a nuc1eosome on this 

DNA template was observed to be different in numerous independent determinations. 

The variation reported in the literature is illustrated in Table 3.1. 

Table 3.1. Previously reported dominant nucleosome positioning sites on the 5S rDNA Lytechinus 
sequence. The nucleosome positions are relative to the sequence shown in Fig. 3.1 below. 

Main nucleosome 5S rDNA fragment studied Nucleosome reconstitution Reference 

position (mono/multimer) methodology 

20 - 165 Monomer Polyglutamate Simpson & Stafford (1983) 

20 - 165 Monomer Exchange Fitzgerald & Simpson (1985) 

I - 146 Multimer Salt dialysis Hansen et at. (1989) 

1 - 146 Monomer & multimer Salt dialysis Dong et at. (1990) 

6 - 153 Multimer Salt dialysis Meersseman et at. (1991) 
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In order to determine if the ubiquitination ofH2A could have an effect on nuc1eosome 

positioning, the method of Hansen et a!. (1989) was utilised to study nuc1eosome 

positioning on a 208 bp DNA template containing the Lytechinus variegatus 5S rRNA 

gene. This method has subsequently been widely used in the determination of 

nuc1eosome positions (e.g. Dong et at., 1990; Meersseman et a!., 1991; Studitsky et 

a!., 1996; Sera & Wolffe, 1998). The template DNA sequence is shown in Fig. 3.1. 

o 10 20 30 40 50 60 
CCGAGGAATTCCAACGAATAACTTCCAGGGATTTATAAGCCGATGACGTCATAACATCCCTGACCCTTT 
Dra I Alu I 80 90 100 110 120 
tAAATAGtCTTAACTTTCATCAAGCAAGAGCCTACGACCATACCATGCTGAATATACCGGTTCTCGTCC 
Sau3A I 140 150 160 170 180 190 
tGATCACCGAAGTCAAGCAGCATAGGGCTCGGTTAGTACTTGGATGGGAGACCGCCTGGGAATACGAAT 

200 
TCC 

Figure 3.1. Sequence of 208 bp DNA template containing a Lytechinus variegatus 5S rDNA gene 

segment used to reconstitute nucleosomes. The restriction sites of the enzymes used to determine 

nuc1eosome positioning are indicated. (Adapted from Simpson & Stafford, 1983; Simpson et aI., 1985). 

3.2 Results and Discussion 

3.2.1 Isolation of template DNA 

DNA templates were prepared by digesting plasmid p5S 208-12 to completion with 

Ava I to produce 12 copies of the 208 bp template. The 208 bp template was purified 

from the rest of the plasmid by sucrose density centrifugation as outlined in the 

methods section. 

Figure 3.2 illustrates a typical fractionation profile. Each gradient can accommodate 

up to 250 ).Lg of plasmid before resolution is reduced. This technique also ensures that, 

unlike preparative agarose gel electrophoresis, the DNA is exposed to UV light for a 

minimum time thereby limiting the amount ofUV-induced damage. 
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Figure 3.2. Purification of208 bp 5S rDNA. (A) Fractionation profile ofp5S 208-12 cut with Ava I 

applied to 5-12 % (w/v) sucrose gradient. Fractions across peak 1 were analysed by agarose gel 

electrophoresis and those containing pure 208 bp DNA were pooled. The top and bottom of the 

gradient are indicated. (B) 6 % non-denaturing PAGE of increasing loadings of pure 208 bp DNA 

fragment from peak 1 (lanes 1-3). The standard (S) is a Hpa II digest of pBR322. 

3.2.2 Nucleosome positioning 

Histone octamers were reconstituted onto template DNA by salt dialysis using an 

octamer to DNA ratio which resulted in the formation of::; 1 nucleosome per 

template. Nucleoprotein gel retardation assays were used to monitor the extent of 

reconstitution (not shown). 

In order to determine the position of the octamer on the DNA, reconstituted 

nucleosomes were first digested with MNase to yield core particles. Depending on the 

position of the octamer on the template DNA, restriction sites will be present or 

absent since the template is 208 bp long and the core particle contains 147 bp (Noll & 

Kornberg, 1977). The core particle DNA is purified and cleaved with a specific 

restriction enzyme. The size of the resultant fragments pairs adding up to the original 

core particle DNA size allow one to determine the boundary positions of the core 

particle with respect to the restriction enzyme site in the known DNA sequence. 
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Positions are confirmed by performing the experiment with other restriction enzymes. 

The intensity of the DNA fragments indicates the prevalence of nucleosomes at a 

particular position. 

Trial MNase digestions were performed to determine the optimal digestion time 

required to produce core particles. The kinetics of digestion of control and uH2A 

reconstitutes were comparable and in both cases digestion stops occurred at 158 bp 

and 151 bp, determined by comparing the length of DNA fragments of a Hpa II digest 

ofpBR322. A typical digest is shown in Fig. 3.3. 

M I 2 3 -
30M -,-... 

c.. 
.D 242"1 .. '-' 233 
<l) 

211-r .!::: 
if) 7~~ 

ISO· ... I 
160_ 
147, 

122---' 
II~ 

-
Figure 3.3. Trial MNase digest of uH2A hybrid nucleosomes reconstituted on 208 bp 5S rDNA. 

Reconstituted nucleosomes (3).lg DNA content) were digested with 0.09 units MNase for l(lane 1),5 

(lane 2) and 10 minutes (lane 3) at room temperature. Samples were phenol extracted and analysed on 

6 % acrylamide non-denaturing gels. The marker (M) was a Hpa II digest ofpBR322. The gel was 

stained with ethidium bromide. 

The 151 bp band was taken to represent core particles. It has previously been reported 

that part of the Lytechinus 5S rDNA sequence exhibits aberrant migration on 

polyacrylamide gels relative to DNA fragments ofpBR322, possibly due to a slight 

curvature of the 208 bp DNA fragment (Dong et aI., 1990). Naked 208 bp template 

DNA was digested with MNase as a control to account for any fragment that might 

arise due to the enzyme's sequence specificity. No bands of 157 bp or 151 bp were 
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visible (Figure 3.4). The main early digestion product of naked DNA was a 160 bp 

band. 
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Figure 3.4. MNase digestion of naked 208 bp 5S rDNA. Three micrograms of template DNA were 

digested with 0.02 units of MNase at room temperature for 0 (lane I), 15 (lane 2), 30 (lane 3), 60 
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(lane 4) and 120 seconds (lane 5). Samples were phenol extracted and analysed on 6 % acrylamide non­

denaturing gels. The marker (M) was a Hpa II digest of pBR322. 

Bulk MNase digestions of reconstituted control and uH2A hybrid nucleosomes were 

carried out under identical conditions to that of the trial digest and the deproteinated 

material was electrophoresed in several lanes of a 6 % polyacrylamide gel to ensure 

clear separation of bands. The 151 bp bands were excised and the DNA was extracted 

from the gel slices. Purified DNA was divided into aliquots and digested with the 

specified restriction enzymes. Dra I and Alu I were chosen as their restriction sites are 

found within previously reported nucleosome positions (see table 3.1) and should give 

rise to easily quantifiable bands. Sau3A I was used to represent the 3' end of the 

template. After overnight digestion with restriction enzymes, samples were phenol 

extracted, ethanol precipitated and electrophoresed through a non-denaturing 8 % 

acrylamide gel (Studitsky et al., 1996; Sera & Wolffe, 1998) (Fig. 3.5). 
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Figure 3.5. Determination of nucleosome positioning on the 208 bp 58 rDNA template. Eight 

percent polyacrylamide electrophoresis of restriction enzyme cleavage products of core particle DNA 

isolated after MNase digestion ofnucleosomes containing either uH2A (A) or H2A (B). Lane M 

contains pBR3221 Hpa II size markers . Lane U contains undigested core particle DNA. Lanes A, D and 

S contain DNA fragments produced by digestion of core particle DNA with Ava I, Dra I and Sau3A I 

respectively. * A 232 bp fragment from plasmid pGBT9 lacking Ava I, Dra I and Sau3A I restriction 

sites was included as an internal control. 

Band sizes in Fig. 3.5 were determined from a standard curve of log bp versus 

migration distance of the standard (PBR322/ Hpa II). Pairs of fragments adding up to 

~ 151 bp were determined from their calculated size and relative intensity. It is not 

possible to fully quantitate the distribution of positions since the extent of SYBR gold 

staining of DNA fragments is dependent on their size. The results obtained were 

essentially identical for control and uH2A hybrid nucleosomes (Table 3.2). Most 

nucleosomes (50 %) occupied the position 4 to 153 relative to the DNA template 

sequence shown in Fig. 3.1. Minor positions were also found at -3 to 145, 14 to 165 

and 53 to 203 . 
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Table 3.2. Control and uH2A nucleosome positions on 208 bp 5S rDNA template. 

DNA restriction fragments from Figure 3.5 were sized and paired to add up to the length of the core 

particle (-151 bp). Positions were determined by comparison of fragment lengths to the position of the 

restriction sites (Fig.3.1). 

Alu I 
Left Band size Right Band size Position Relative % of total * 

Boundary (bp) Boundary (bp) 
4 66 154 85 A 50 
-3 74 145 76 B 25 
14 55 165 96 C 19.5 
56 203 134 D 3.5 

DraI 
Left Band size Right Band size Position Relative % of total * 

Boundary (bp) Boundary (bp) 
3 60 153 90 A 52 
-4 67 147 84 B 23 
17 46 166 103 C 20 
57 204 141 D 4 

Sau3AI 
Left Band size Right Band size Position Relative % of total * 

Boundary (bp) Boundary (bp) 
Uncut 29 

-1 131 A 25 
-5 135 B 10 
15 115 163 32 C 20 
50 80 201 71 D 16 

*Gels were scanned and the relative density of fragments was determined by integration. 

These positions are in close agreement with previous reports (see Table 3.1). The 

rotational orientation is maintained between positions as the differences observed are 

multiples of 10 bp. The fact that, under these conditions, ubiquitination of H2A does 

not influence the positioning of nucleosomes on 208 bp 5S rDNA is perhaps not 

surprising since H2A is not believed to have a major role in nucleosome positioning 

(Dong et aI., 1990). The histone: DNA contacts ofuH2A hybrid nucleosomes do not 

appear to be greatly disrupted on a macroscale as detennined by DNase I digestion 

(Kleinschmidt & Martinson, 1981; Davies & Lindsey, 1994) and it is therefore 

unlikely that this modification would interfere with nucleosome positioning signals. 
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3.2.3 Chromatosome positioning 

Linker histones have been shown to affect the distribution of nucleosome positions on 

5S rDNA (Meersseman et aI., 1991, Sera & Wolffe, 1998). The COOH terminal 

domain ofH2A (which contains the site of ubi quit in at ion) is believed to interact with 

the linker DNA in linker histone-depleted chromatin and 167 bp nucleosome cores 

(Lindsey et aI., 1991; Davies & Lindsey, 1994; Usachenko et aI., 1994). Histone­

histone cross-linking experiments have demonstrated the existence of contacts 

between the COOH tail ofH2A and histone HI (Boulikas et aI., 1980). 

Chromatin regions enriched in ubiquitinated histones were reported to have decreased 

affinity for histone HI (Davie & Nickel, 1987). Transcriptionally active chromatin 

regions are believed to have a lower linker histones content than inactive chromatin 

and have, in some cases, been found to be enriched in ubiquitinated H2A and/or H2B 

(Goldknopf et aI., 1980; Levinger & Varshavsky, 1982; Nickel et aI., 1989). 

However, at the level of 167 bp nucleosome cores, ubiquitination ofH2A does not 

impede linker histone binding (section 2). The effect of ubi quit in at ion ofH2A on the 

position of chromatosomes on 5S rDNA was therefore determined. The first step in 

this procedure was the reconstitution of nucleosomes together with the linker histone. 

Nucleoprotein gel retardation assays were used to determine the amount of linker 

histone required so that most of the nucleosomes would associate with a linker histone 

(Fig. 3.6). Chicken histone HI was reconstituted with control and uH2A hybrid 

nucleosomes by direct addition at 50 mM NaCI (Hayes & Wolffe, 1993). Although 

this methodology was not suitable for reconstituting linker histones onto 167 bp 

nucleosome cores (section 2.2.7.1), direct addition oflinker histones to 208 bp 

nucleosomes resulted in the formation of distinct chromatosome bands (Fig. 3.6). This 

suggests that the additional linker DNA plays a role during linker histone binding, 

perhaps by providing a favourable interaction site for the H2A C-terminal domain that 

would relocate it to a position that is less refractory to linker histone binding. 
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Figure 3.6. Nucleoprotein agarose gels of histone HI reconstituted onto 208 bp control (A) or 

uH2A hybrid (B) nucleosomes. The positions of naked DNA (DNA), nucleosomes (NUC) and 

nucleosomes with bound HI (NUC + HI) are indicated. Lane I contains 167 bp DNA. Lanes 2 to 7 

represent nucleosomes reconstituted at molar input ratio of 0,0.12, 0.37, 0.5, 0.62 and 0.75 histone HI 

per nucleosome respectively. * This band co-migrated with HI-bound 208 bp DNA. Gels were stained 

with ethidium bromide. 

In order to determine the affinity of the interaction between histone HI and control 

and uH2A hybrid nucleosomes, the nucleoprotein gels were scanned and integrated, 

correcting for UV quenching. In all cases the starting material consisted of ~ 80 % 

nuc1eosomes and ~20 % free DNA. A proportion of the reconstituted nucleosomes 

had a mobility similar to that of HI-bound nucleosomes (Fig 3.6, lanes 2), presumably 

due to positional differences. The ratio (r) of nucleosomal material of slower 

electrophoretic mobility (a) to the bulk ofnucleosomes (b) was determined for each 

gel in the absence of linker histones and assumed to remain constant. The amount of 

nucleosomes in any lane was calculated using this ratio and the main nucleosome 

band (nuc = b + rb). This ratio was also used to determine the amount of HI-bound 

nucleosomes (nuc + HI = a - rb). The data were used to generate Hill plots (Fig. 3.7). 

Histone HI was found to bind to control nucleosomes with a dissociation constant 
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(KD) of 33 nM and to uH2A hybrid nucleosomes with a KD of 21.8 nM. From these 

results, it can be deduced that under the experimental conditions used, uH2A 

nucleosomes have a 1.5 fold increased affinity for histone HI compared to control 

nucleosomes. 

0.4 

0.3 

0.2 

0.1 
+ control 
ouH2A 
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Figure 3.7. Hill plot of histone HI binding to control and uH2A hybrid 208 bp nucleosomes. The 

fraction of H 1 bound nucleosomes (Y) was detennined by integration of nucleoprotein gel scans. The 

results are the average of3 experiments. The concentration of HI was detennined using a molecular 

weight of21782 g/mol (Sugannan et al., 1983). R2 values of the linear regression lines for uH2A and 

control nucleosomes were detennined to be 0.988 and 0.976 respectively. 

Statistical analysis (Table 3.2) performed by fitting the data sets in Fig 3.7 to a 

common slope, using the standard deviations as weights indicated that there was a 

statistically significant difference between the dissociation constants of control and 

uH2A hybrid nucleosomes. 

Table 3.2. Statistical analysis of the data presented in Fig. 3.7. 

Intercept difference Standard error t- stat P-value Lower 9S% Upper 9S% 

O.IS 0.02 7.24 0.00017 0.10 0.20 
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In order to confinn linker histone binding, control and uH2A hybrid nuc1eosomes 

were reconstituted with 0.75 histone HI per nuc1eosome and digested with MNase. 

Very definite pauses at 167 bp, characteristic of linker histone protection of DNA 

(Allan et aI., 1980a; Simpson, R.T., 1978) were observed in both cases from the trial 

digests (not shown). Although kinetic stops at 167 bp are observed in nuc1eosomes 

(Weischet et aI., 1979; Lindsey & Thompson, 1989; Pruss & Wolffe, 1993), 

comparison of trial digests ofnuc1eosomes and chromatosomes demonstrated that 

167 bp bands would no longer have been present in nuc1eosomes lacking linker 

histones at the optimal digestion time used to produce 167 bp bands from 

chromatosomes. This result and the gel retardation assays confirm histone HI binding. 

Bulk digests were carried out on 10 flg of reconstituted material under conditions 

chosen to maximise the yield of 167 bp bands. These bands were excised and digested 

with restriction enzymes as described above. The results are shown in Fig. 3.8. 
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Figure 3.8. Determination of chromatosome positioning on the 208 bp 5S rDNA template. Eight 

percent polyacrylamide electrophoresis of restriction enzyme cleavage products of chromatosome DNA 

isolated after MNase digestion of chromatosomes containing either uH2A (A) or H2A (B). Lane M 

contains pBR3221 Hpa II size markers. Lane U contains undigested chromatosome 167 bp DNA. Lanes 

A, D and S contain DNA fragments produced by digestion of chromatosome DNA with Ava J, Dra I 

and Sau3A I respectively. * A 232 bp fragment from plasmid pGBT9 lacking Ava I, Dra 1 and Sau3A I 

restriction sites was included as an internal control. 

Again the results were essentially identical for control and uH2A hybrid nucleosomes 

(Table 3.3). In the presence of histone HI, a dominant position (-4 to 163) was 

observed that is occupied by ~ 80 % of chromatosomes. This can be envisaged to 

correspond to a 10 bp protection ofthe DNA on either side of position A or a 20 bp 

protection downstream of position B (Table 3.2). This position and the shift from 

several translationally related positions, is in close agreement with a major position of 

chromatosomes on an 18-mer array of208 template DNA (Meersseman et aI., 1991). 
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Table 3.3. Control and uH2A chromatosome positions on 208 bp 58 rDNA template. 

DNA restriction fragments from Figure 3.8 were sized and paired to add up 167 bp. Positions were 

determined by comparison offragment lengths to the position of the restriction sites (Fig. 3.1). 

Alu I 
Left Band size Right Band size Position Relative % of total * 

Boundary (bp) Boundary (bp) 
-4 73 163 94 A' 85 
I 68 155 86 B" 8 

19 50 187 118 C' 6 

DraI 
Left Band size Right Band size Position Relative % of total * 

Boundary (bp) Boundary (bp) 
-4 67 165 102 A' 81 
1 62 155 92 B'~ 11 

19 44 186 123 C' 8 

Sau3A I 
Left Band size Right Band size Position Relative % of total * 

Boundary (bp) Boundary (bp) 
Uncut 44 

-3 134 163 33 A' 55 
16 115 C' 1 

54 

*Gels were scanned and the relative density of fragments was determined by integration. ~Position B' is 
probably the result of end trimming of position A' by MNase as slight quantities of contaminating 160 
bp DNA are evident in the uncut lanes (U) of Fig. 3.8. 

A 10 bp pattern of protection on either side of the nucleosome agrees with earlier data 

(Simpson, 1978; Allan et ai., 1980a; Staynov & Crane-Robinson, 1988; Pehrson, 

1989). Under these conditions no evidence could be found for asymmetric protection 

of linker DNA as has been observed with Xenopus 5S rDNA (Hayes & Wolffe, 1993; 

Hayes et ai., 1994; Ura et ai., 1995). Interestingly this chromatosome position in 

Xenopus has recently been found to be susceptible to sequence specific artifacts and 

another major chromatosome position that involves protection of20 bp on one side of 

the nucleosome has also been reported (Wong et aI., 1997; An et aI., 1998; Sera & 

Wolffe, 1998). If this type of protection were the case here, it implies that the 

incorporation of histone HI has led to a shift in the equilibrium position of 

nucleosomes from position A to position B. Alternatively, since nucleosomes are 

more mobile in the absence of linker histones (Pennings et aI., 1994), it is possible 

that digestion with MNase could induce short range sliding of nucleosomes. 
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Since positions A and B are ~ 10 bp apart, the rotational setting of the DNA relative to 

the histone octamer would be unchanged. 

A summary ofnucleosome and chromatosome positions is shown in Fig. 3.9. 

uH2A hybrid nucleosomes occupy the same positions as control nucleosomes on a 

Lytechinus 5S rDNA 208 bp template in the presence and absence of histone HI. This 

further confirms that uH2A has little influence on the nucleosome structure 

(Kleinschmidt & Martinson, 1981; Davies & Lindsey, 1994) and that its effect, if any, 

is likely to influence higher order structure. 

i 
Ava! 
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\ 

C 

-~ 
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----

147 bp Nucleosome 
A: 4 - 153 
B :-3 - 145 
C:14-165 
D: 53 - 203 

Ava [ 

167 bp Chromatosome 

A' : -4 - 163 
C' : 19 - 187 

Figure 3.9. Summary of control and uH2A hybrid nucleosome and chromatosome positions on 

the 208 bp Lytechinus 5S rDNA fragment. Dominant positions are shown in bold. 
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From the results discussed above, it appears that under the conditions used here, the 

presence of two uH2A molecules in nucleosomes does not preclude linker histone 

binding, rather it appears to facilitate its association. These results are in agreement 

with cross-linking studies that determined that the proximity of HI to H2A was 

unchanged by ubiquitination (Bonner & Stedman, 1979). The interaction between 

HMG 14 and 17 is also not inhibited by nucleosomal uH2A (Kleinschmidt & 

Martinson, 1981). The COOH terminal tail ofH2A is known to contact the DNA at 

the ends of 167 bp nucleosome cores (Davies & Lindsey, 1991; Usachenko et al., 

1994) and it undergoes some displacement upon linker histone binding (Lee & Hayes, 

1998; Guschin et al., 1998). Since the site of ubiquitination of H2A (lys 119) is in the 

COOH terminal tail, it is possible that this modification leads to subtle repositioning 

of this domain so as to facilitate linker histone contacts with the linker DNA. 

The situation in vivo may, however, be different since the ionic environment is 

different and higher order chromatin structures might influence the position of 

nucleosomes. As a first step towards understanding the effect of ubiquitinated H2A on 

higher order chromatin structures, the folding of nucleosomal arrays containing 

nuc1eosomal uH2A was investigated in the absence of linker histones (section 4). 
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4 Chromatin folding in the presence of ubiquitinated H2A 

4.1 Introduction 

Chromatin folding has been assayed by a variety of techniques including neutron, x­
ray and light scattering, analytical centrifugation, electron microscopy and circular 

dichroism spectroscopy. Under very low non-physiological ionic conditions (0.2 mM 

EDT A, 1 mM triethanolamine chloride), nucleosomal arrays lacking linker histones 

were shown to form fibres resembling "beads on a string" while arrays containing 

linker histones displayed a zig-zag structure. Early electron microscopic studies 

indicated that at higher salt concentrations (0.2 mM EDT A, 5 mM triethanolamine 

chloride), native chromatin fibres form a flat ribbon approximately 25 nm wide with 

the nucleosomes in a more compact zig-zag structure (see van Holde, 1989 for a 

review). More recent observations obtained from scanning and cryoelectron 

microscope studies indicate that at 10 mM salt, chromatin fibres exist as irregular, 

helical, three dimensional structures (Leuba et aI., 1994; Bednar et aI., 1995). At 

higher salt concentrations which approach physiological ionic strength, irregular rod­

like structures with a diameter of 30 nm are formed (see van Holde, 1989 and Wolffe, 

1995 for reviews). The structure of condensed chromatin in 30 nm fibres has been a 

subject of controversy for over 20 years and is still hotly debated. Models for this 

structure range from a solenoidal arrangement of nucleosomes, originally proposed by 

Finch and Klug (1976), to a superbead structure (Franke et aI., 1976; Kiryanov et aI., 

1976). Other models include a condensed zig-zag structure (Woodcock et at., 1984) 

and models involving linker DNA traversing the fiber diameter (Staynov, 1983; 

Williams et aI., 1986). Each model and its subsequent variations have flaws in that 

their requirements do not always correlate with experimental data (van Holde, 1989). 

Whilst most modeling studies focussed on a regular arrangement of nucleosomes in 

folded chromatin fibres, others (e.g. Subirana et aI., 1985) proposed an irregular 

folding model. In nuclei, chromatin fibres are now generally believed to be irregular 

and models implicating a continuously regular structure do not account for observed 

structural variations (van Holde & Zlatanova, 1995). A recent review examines the 

proposed models for the 30 nm fibre (Ramakrishnan, 1997). 
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Folding of chromatin into 30 nm fibres represents not only a degree of DNA 

packaging but also an important level at which DNA accessibility can be influenced. 

This is of particular significance in the regulation of cellular process such as DNA 

replication and transcription where numerous protein factors must gain access to their 

cognate DNA sequences. It is believed that some post-translational histone 

modifications playa role in modulating chromatin structure. Histone acetylation has 

caused much excitement in this respect as some transcriptional activators possess 

histone acetyl transferase activity and some transcriptional repressors are histone 

deacetylases. The targeting of these activities to specific promoter regions correlates 

well with older observations that suggested that histone acetylation plays an important 

role in transcriptional regulation (see Davie, 1998; Razin, 1998; Struhl, 1998 & 

Wolffe, 1998 for reviews). Core histone acetylation was shown to reduce the number 

of negative DNA supercoils associated with a nucleosome core particle (Norton et ai., 

1989). This observation has led to the proposal that the effects of core histone 

acetylation result from partial unraveling of DNA supercoils where the DNA enters 

and exits the nucleosome (Norton et ai., 1989; Garcia-Ramirez et ai., 1995). The 

ability of nucleosomal arrays to fold into higher order structures, in response to 

increasing concentrations of both monovalent (Garcia-Ramirez et ai., 1995) and 

divalent (Tse et ai., 1998) cations, has been shown to be disrupted by high levels of 

core histone acetylation. Interestingly, acetylated histone amino terminal tails 

maintain contacts with nucleosomal DNA, although these interactions are weakened 

at physiological ionic strengths (Mutskov et ai., 1998). 

The effect ofH2A ubiquitination on chromatin folding is, as for all its other proposed 

roles, unclear and subject to contradiction. Since ubiquitination is a comparatively 

bulky post-translational modification, many researchers have proposed that its 

function lies in hindering chromatin folding (e.g. Levinger & Varshavsky, 1982; 

Davie & Nickel, 1987). The experimental evidence does not, however, unanimously 

support this proposal. There have been several reports associating histone de­

ubiquitination with chromatin condensation. The ubiquitin moiety of uH2A was 

reported to be released at mitosis in a Chinese hamster cell line (Matsui et ai., 1979). 

Similarly, it has been shown that the ubiquitin moiety ofuH2A and uH2B is removed 

at a late stage in metaphase but is present at anaphase and early prophase in Physarum 
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polycephalum macroplasmodia (Mueller et aI., 1985). In Physarum, ubiquitination 

occurs in 7 % ofH2A and 6 % ofH2B in the growth plasmodial phase. The authors 

suggested that nucleosomal uH2A and uH2B serve to tag specific regions of the 

genome that are required by the cell to be available for activation. These regions are 

proposed to be the first to be decondensed after metaphase and ubiquitinated, but have 

to be de-ubiquitinated prior to packaging into metaphase chromosomes. The 

nucleosomal uH2A content decreases during chicken erythropoiesis (Goldknopf et al., 

1980) but, this situation is reversed during bullfrog erythrocyte maturation (Shimada 

et aI., 1981). Furthermore, in Drosophila, ubiquitin has been shown to be associated 

mainly with the compact structural domains of polytene chromosomes that form 

bands (Izquierdo, 1994). Thus not all compact chromatin structures are devoid of 

ubiquitinated histones. The cell cycle associated changes in the levels of ubiquitinated 

histones are unlikely to be the result of increased degradation since two independent 

studies have shown that mono-ubiquitination of his tones does not tag them for in vivo 

degradation by the ubiquitin-26 S proteasome pathway (Wu et al., 1981; Seale, 1981). 

Histone ubiquitination could either hinder chromatin folding directly or modify the 

chromatin structure via differential interaction with accessory non-histone proteins or 

chromatin remodeling machinery. It is also not clear if the de-ubiquitination 

associated with nuclear processes that involve chromatin folding is a pre-requisite or a 

consequence of folding. Much of the evidence on the role of uH2A is indirect and in 

order to clarify the situation, a defined in vitro system has been used in this study to 

characterise chromatin folding in the presence ofuH2A. Nucleosomal arrays lacking 

linker histones have been shown to fold moderately in physiological concentrations of 

monovalent salts but do not compact to form 30 nm fibers under these conditions (e.g. 

Hansen et aI., 1989; Garcia-Ramirez et aI., 1992). This folding is inhibited ifH2A­

H2B dimers are absent (Hansen & Wolffe, 1994) or if the histone tails, especially 

those ofH3 and H4, are removed (Garcia-Ramirez et aI., 1992; Moore & Ausio, 

1997). In contrast, nucleosomal arrays equilibrate between moderately folded and 

extensively folded structures in the presence of 2 mM MgC}z in the absence of linker 

histones (Schwarz & Hansen, 1994). Maximal folding ofnucleosomal arrays in 

MgC}z is highly dependent on template saturation (Fletcher et aI., 1994b) and the 

presence of histone tails (Fletcher & Hansen, 1995; Moore & Ausio, 1997). In a 

separate process, nucleosomal arrays can form oligomers in the presence of Mg2+. 
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This process is thought to be of biological relevance as it may form part of the 

interactions between chromatin segments that eventually lead to the formation of 

highly condensed metaphase chromosomes. Oligomerisation of reconstituted 

nucleosomal arrays has been extensively characterised (Schwarz et al., 1996). The 

degree of saturation of nucleosomal arrays influences both the maximal proportion of 

arrays that will oligomerise and the concentration ofMg2
+ at which 50 % 

oligomerisation is achieved. Oligomerisation of nucleosomal arrays can still occur 

even if these arrays are incapable of folding. Additionally, the histone tail domains, 

especially those ofH3 and H4, are an absolute requirement for oligomerisation 

(Schwarz et aI., 1996; Tse & Hansen, 1997; Moore & Ausi6, 1997). The effect of 

H2A ubiquitination on oligomerisation ofnucleosomal arrays was therefore 

investigated. 

A relatively new technique, analytical agarose gel electrophoresis, has helped 

elucidate some ofthe mechanisms involved in chromatin folding in the presence of 

MgCh (Fletcher et aI., 1994b; Carruthers et aI., 1998) and core histone acetylation 

(Tse et aI., 1998). This technique was used to study the effect of histone H2A 

ubiquitination on chromatin folding in the absence of linker histones. For quantitative 

agarose gel electrophoresis, chromatin fragments of defined DNA sequence, length 

and nucleosome content are electrophoresed in several gels of varying agarose 

concentration in the same agarose frame (a multigel). The technique has been 

extensively described (Hansen et al., 1997). Briefly, muItigels of overlapping agarose 

percentages are used to cover the range from 0.2 to 3.0 % (w/v) agarose. The use of 

muItigels diminishes the effects of temperature and current variation that are 

inevitable if multiple individual concentration agarose gels are used. The resultant 

migration distances of nucleosomal arrays or other particles of interest are used to 

generate Ferguson plots. Extrapolation of the linear region of the Ferguson plot 

(typically 0.3 to 1 % agarose) to zero percent agarose by linear regression, and 

conversion to mobility, gives fl' 0, the gel free mobility. The spherical bacteriophage 

T3, which has a radius of 30.1 nm, is used as an internal standard. The electro-osmotic 

contribution of the agarose in running buffer, JlE, is determined by subtracting the 

Jl' 0 T3 in Seakem Gold agarose from Jl' 0 T3 in Sigma agarose. This determination is 
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Seakem Gold agarose has extremely low electro-osmosis (Fletcher et aI., 1994a,b). 
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The mobility of the particle to be measured, ~o x, is determined by the use of equation 

(1) (Fletcher et aI., 1994a,b) using empirically determined values. 

(1) 

The relationship between )l obtained by electrophoresis in agarose gels and the 

effective radius of a spherical particle is described by equation (2): 

(2) 

Pe, the effective pore size of each gel is determined using equation (3): 

(3) 

The effective radius of the particle of interest, ReX, is determined at each pore size 

using equation (4): 

(4) 

These relationships were originally determined for rigid spherical particles (Griess et 

aI., 1989) but have been applied successfully to nucleosomal arrays (Fletcher et aI., 

1994a,b; Tse et aI., 1998; Carruthers et aI., 1998). Nucleosomal arrays are believed to 

migrate through the agarose pores as rod-like objects. The Re values obtained can be 

used to determine the area of a sphere that would have the same sUrface area as the 

rod shaped particle (Griess et aI., 1990). This model has shown good correlation with 

expected values (Fletcher et aI., 1994b). 
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4.2 Results and Discussion 

4.2.1 Reconstitution of saturated nucleosomal arrays 

Nucleosomal arrays must be saturated with nucleosomes to ensure that they fold 

maximally in response to MgClz. The extent of folding decreases significantly as the 

number of nucleosomes per array decreases (Fletcher et al., 1994b). The DNA 

template used (208-12) contains 12 tandem repeats of a segment from the Lytechinus 

variegatus 5S rRNA gene (Simpson et aI., 1985). Arrays are considered to be 

saturated when 12 nucleosomes are reconstituted since each repeat contains a 208 bp 

nucleosome positioning sequence. 

To determine nucleosome loading, trial reconstitutions were performed with a fixed 

amount of DNA template and increasing molar ratios of octamers. Reconstitutes were 

digested with Ava I which has been shown to flank the principal nucleosome 

positioning site on this template (Dong et al., 1990; Meersseman et al., 1991). The 

digestion products were analysed on 0.7 % (w/v) agarose nUcleoprotein gels in 0.5 x 

TBE (Fig. 4.1). This method has been used previously to quantitate nucleosomal 

loading and correlates well with the data obtained from analytical centrifugation 

(Hansen et al., 1989; Tse & Hansen, 1997; Tse et al., 1998). If a nucleosome occupies 

a 208 repeat in a position that does not prevent Ava I digestion, it should be 

represented as a mononucleosome on a nucleoprotein gel. Subsaturated arrays give 

rise to the additional formation of208 bp DNA monomers from the nucleosome free 

regions of the array. Nucleosomes are not uniquely positioned on 208-12 DNA and 

some minor positions block the restriction site and result in the formation of 

oligomers of slower migration (Meersseman et aI., 1991). From Fig. 4.1 it can be seen 

that as the octamer: DNA ratio was increased the amount of free 208 bp DNA 

decreased and the intensity of the mononucleosome band increased. Saturated arrays 

were obtained using an octamer: DNA ratio of 1.3 (Fig. 4.1 lane 4) as evidenced by 

the absence of 208 bp DNA. Digestion of subsaturated arrays gave rise to the 

appearance of mononucleosomes and 208 bp monomeric DNA, indicating that 

digestion of the arrays was complete under these conditions. Moreover, the digestion 
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conditions used resulted in the complete digestion of an equivalent amount of free 

208-12 DNA template (Fig. 4.1 lane 1). Supersaturated arrays (Fig. 4.1 lanes 5 and 6) 

were not digested by Ava 1 as nucleosomes are likely to be close-packed and therefore 

block Ava 1 digestion sites. Supersaturated arrays are smeared in nucleoprotein gels, 

indicative of aggregation (not shown). 

mononucleosome ~ 

~ Octamer: 208 bp repeat 

o 0.9 1.1 1.3 1.5 1.7 STD 

2 3 4 5 6 7 

, .. 

" 

208 bp DNA ~ _ _ "'>tt"I7f_ 

Figure 4.1. Quantitation of the number of nucleosome cores reconstituted onto 208-12 template 

DNA. 0.7 % (w/v) agarose nucleoprotein gel in 0.5 x TBE of Ava I digestion products of trial 

reconstitutions of control octamers onto 208-12 template DNA. The molar ratios ofoctamers to 208 bp 

DNA repeat were: lane 1 (0: 1), lane 2 (0.9: I), lane 3 (1.1: 1), lane 4 (1.3: 1), lane 5 (1.5: 1), lane 6 

(1.7:1). 167 bp nucleosome cores were included as a standard in lane 7. 
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The nucleoprotein gel shown in Fig. 4.1 was scanned and the proportion of 

nucleosomes to free DNA determined by integration of the appropriate bands. The 

values obtained for nucleosomes were multiplied by 2.5 to compensate for the 

ethidium bromide quenching caused by octamer binding (McMurray & van Holde, 

1986). 
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Table 4.1: Distribution of Ava I digestion products of reconstituted 208-12 nucleosomal arrays. 

Distribution was detennined by integration analysis of Ava J digestion products of 208-12 DNA 

templates reconstituted with octamers at the specified octamer to 208 bp DNA repeat ratios as shown in 

Fig. 4.1. Gel negatives were scanned and analysed using ImageQuant software. 

Molar ratio of octamers: 208 bp DNA repeat 

Percentage of sample in 0.9: 1 1.1 : 1 1.3 : 1 

Oligomers 32 53 67 

Mononucleosomes 42 38 32 

208 bp DNA 26 9 1 

In order to generate saturated arrays an input ratio of 1.2 octamers 'per DNA repeat 

was used. However, as seen in Fig. 4.1, it is very difficult to achieve 100 % saturation 

without generating supersaturated arrays. In previous studies, arrays were defined as 

saturated when 50 to 70 % of the templates contained 12 nucleosomes and the 

remainder contained 10 to 11 nucleosomes (Schwarz & Hansen, 1994; Tse & Hansen, 

1997). 

To analyse the effects of histone H2A ubiquitination on chromatin folding, it is 

important to ensure that the uH2A nucleosomal arrays are saturated to the same 

degree as the control nucleosomal arrays. Hybrid octamers containing uH2A were 

reconstituted onto the 208-12 DNA template at the same molar ratio used to achieve 

saturation of control nucleosomal arrays. The nucleoprotein gel of the Ava I digestion 

products is shown in Fig. 4.2. The quantitation of densitometric scans of control and 

uH2A hybrid reconstitutions indicated that the ratio of mononucleosomes to total 

reconstituted species were 45 % and 42 % respectively. These values indicated that 
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the reconstitution of the template DNA with identical molar ratios of control and 

uH2A hybrid octamers resulted in comparable levels of nucleosome core loading. 

2 3 4 
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Figure 4.2. Comparison of saturated control and uH2A 208-12 nucleosomal arrays. Nucleoprotein 

gel of control (lane 3) and uH2A hybrid (lane 4) nucleosomal arrays following Ava I digestion. Lane 1: 

167 bp nucleosome cores isolated from chicken erythrocyte chromatin stripped oflinker histones; lane 

2: 208 bp DNA produced by Ava I digestion of naked 208-12 template DNA. 

uH2A nucleosomes display reduced migration on nucleoprotein gels when compared 

to control nucleosomes in accordance with the results obtained for random sequence 

167 bp cores (see section 2) and previous observations (Levinger & Varshavsky, 

1982). Integration analysis of nucleoprotein gels (e.g. Fig. 4.2) indicated that 

approximately 55 % and 58 % ofthe Ava I digestion products of control and uH2A 

hybrid nucleosomal arrays respectively were in the form of oligonucleosomes. A 

previous analysis of Ava I and Eco RI digestion products of saturated 208-12 

nucleosomal arrays yielded approximately 50 % of the digested material in the form 

of nucleosome dimers, trimers and tetramers (Hansen et aI. , 1989); 

Micrococcal nuclease digestion of saturated control and uH2A nucleosomal arrays 

gave rise to the production of a well defined ladder at intermediate stages of digestion 
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(not shown). There was no significant difference in the rate of digestion of the two 

arrays and extensive digestion produced mononucleosomes in both cases. 
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The protein content of aliquots of saturated control and uH2A nucleosomal arrays was 

analysed by silver staining after SDS-PAGE (Fig. 4.3). These results indicated that the 

histones were not degraded during reconstitution, and that no H2A was present in 

uH2A nucleosomal arrays. 

Hls{ 
H5 

uH2A 

H3 
H2B 
H2A 
H4 

2 3 4 

Figure 4.3. SDS-PAGE analysis of the histone content of saturated control and uH2A 

nucleosomal arrays. Lane 1: total acid extract calf thymus histones; Jane 2: control nucleosomal 

arrays; lane 3: uH2A nucleosomal arrays; lane 4: total acid extract chicken erythrocyte histones. 

4.2.2 Quantitative agarose gel electrophoresis 

4.2.2.1 Determination of flE, the electro-osmotic contribution of the agarose matrix 

Bacteriophage T3 was electrophoresed in multigels with running gels cast in either 

Sigma agarose or Seakem Gold agarose in E buffer (40 mM Tris-HCI (PH 7.8) and 

0.25 mM EDTA) and E buffer containing MgChat a final concentration of2 mM 

(E + Mg). Agarose concentrations ranged from 0.2 to 3.0 % (w/v)agarose. 

The integrity of purified bacteriophage T3 was confirmed by electron microscopy 

(Fig. 4.4). The phages, including the small tail, were intact in all fields examined. 
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Figure 4.4. Electron microscopy of purified bacteriophage T3. The magnification was 80 000 times. 

The data from the multigels were represented as Ferguson plots of which 

representative gels and plots are shown in Figs. 4.5 and 4.6. As expected for a 

spherical particle, the plots were convex as described previously (Fletcher et al., 

1994a,b). The gel free migrations were determined by linear regressions of the linear 

region of the Ferguson plots and converted to mobilities (Table 4.2). R2 values ranged 

from 0.975 to 0.994. ~o T3 and~' 0 T3 represent the gel free mobility of bacteriophage 

T3 in Seakem Gold agarose and Sigma agarose respectively. These values were used 

to calculate ~E, the electro-osmotic contribution of Sigma agarose (Table 4.2). 

Table 4.2: Determination of the 11 of electro-osmotically driven buffer in Sigma agarose in the 

presence or absence of Mg2+. 

Buffer 110 IJ (cml.V-I.s-l) ll'o
lJ (cml.VI.s-l) Ildcml.VI.s-l) 

E -8.9 x 10-> -6.16 X 10-> 2.68 X 10-> 

E+Mg -6.25 x 10-> - 4.34 X 10-> 1.91 x 10-> 
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Seakem Gold Agarose 

r----~~~---~~ 

0.5 0.6 0.7 

Control 
..A. r 

0.9 1.2 1.5 

1.0 

1.8 

1.3 % Agarose 

'" 
2.1 % Agarose 

Bacteriophage T3 

Nucleosomal 
Arrays 

Figure 4.5. Representative multige\s used to generate Ferguson plots. (A) Electrophoresis of 

bacteriophage T3 in the specified percentages of either Sigma or Seakem Gold agarose (see section 8). 

Data from this and other multigels were used to calculate !lEo (B) Electrophoresis of saturated uH2A 

hybrid and control 208-12 nucleosomal arrays. Bacteriophage T3 was used as an internal standard. 

Electrophoresis was performed in E buffer containing 2 mM MgCIz. Gels were stained with ethidiurn 

bromide. The wells in (B) were stained with a DNA-ethidiurn bromide solution after electrophoresis to 

facillitate migration distance measurements. 
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Figure 4.6. Ferguson plots of bacteriophage T3 in Sigma and Seakem Gold agarose. Plots were 

generated from data obtained from multigels of overlapping agarose concentrations. Electrophoresis 

was performed in (A) E buffer alone and (B) in E buffer containing 2 mM MgCIz. 

69 
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4.2.2.2 Determination of gel-free mobility (f.1o) in E buffer 

Template DNA and reconstituted nuc1eosomal arrays were electrophoresed in agarose 

multigels ranging in concentration from 0.2 to 3.0 % (w/v). The Ferguson plot of 208-

12 DNA (Fig. 4.7) was linear and that of saturated control nuc1eosomal arrays 

(Fig.4.8) was convex, as previously observed (Fletcher et ai., 1994a,b). 

E 
~ 
c: 

100 

o 10 
~ 
Cl 

i 

0.5 1.5 2 2.5 3 3.5 

% Agarose 

Figure 4.7. Ferguson plots of 208-12 DNA template in E buffer (.) and E buffer containing 

2 mM MgCl2 (0). 

The j.!o of naked 208-12 DNA in E buffer was determined to be -2.44 ± 0.03 x 10-4 

cm2.y-l.s-l. This value is in good agreement with previously reported values for this 

DNA of -2.42 ± 0.02 xlO-4 cm2.y-l.s-l and -2.45 ± 0.04 xlO-4 cm2.y-l.s-l. (Fletcher et 

al.,1994a,b). 

The Ferguson plot of saturated uH2A hybrid nuc1eosomal arrays in E buffer (Fig.4.8) 

was also convex but consistently displayed slower migration than that of control 

nuc1eosoma1 arrays. The slower migration of the uH2A hybrid nuc1eosoma1 arrays 

appears to be due to differences in j.!o since Fig. 4.10 indicates that the shape of 

control and uH2A hybrid nuc1eosomal arrays must be very similar. 
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100 

Figure 4.8. Ferguson plots of bacteriophage T3, saturated control and uH2A hybrid nucleosomal 

arrays (N-A) in E buffer. 

The value of ~o for saturated control nuc1eosomal arrays containing mock­

reconstituted octamers was calculated to be -1.88 ± 0.04 x10-4 cm2.y-l.s-l. Previously 

reported ~o values of saturated nuc1eosomal arrays reconstituted on the same DNA 

template range from -1.92 ± 0.02 X 10-4 cm2.v-1.s-1 DNA (Fletcher et ai., 1994a,b; Tse 

et ai., 1998) to -1.82 ± 0.04 x10-4 cm2.y-l.s-l (Carruthers et ai., 1998). The value of~o 

obtained in this study is further confirmation that the control nuc1eosomal arrays were 

saturated. The ~o ofuH2A hybrid nuc1eosomal arrays was found to be 

-1.69 ± 0.02 x10-4 cm2.y-l.s-l. The presence ofuH2A therefore results in a 10 % 

decrease in the magnitude of ~o. 
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The ~o is a measure of the average electrical surface charge density of a 

macromolecule (Hansen et aI., 1997). This reduction in ~o corresponds to either an 

increase of 25 to 30 positive charges per octamer (Fletcher et aI., 1994 a,b) or to the 

shielding of an equivalent number of negative charges per octamer or a combination 

of both effects. The secondary structure of ubi quit in, which contains 11 acidic and 11 

basic residues at pH 7.0, indicated that ubiquitin has a hydrophobic, a basic and an 

acidic face (Rechsteiner, 1988). Even if all the basic amino acids were exposed to the 

solvent, 2 molecules of ubi quit in could only contribute 22 positive charges per uH2A 

hybrid octamer. The crystal structure of ubi quit in revealed that not all the basic 

residues of ubi quit in are exposed. Only three of the seven lysine residues form no 

intra-molecular contacts, and are fully exposed on the surface of the molecule (Yijay­

Kumar et al., 1987). It is therefore likely that the decrease in J.!o is mediated by a 

combination of the mechanisms mentioned above. 

4.2.2.3 Determination of /-Lo in E buffer containing 2 mM MgCl2 

In the presence ofMg 2+, the mobility of the template DNA was decreased by 

approximately 30 % to -1.73 ± 0.04 cm2.y-l.s-l (Fig. 4.6). This reduction in mobility, 

due to charge neutralisation, is 5 % greater than reported previously (Fletcher et aI., 

1994b). Saturated nucleosomal arrays can fold extensively in the presence of 2 mM 

MgCh (Hansen & Wolffe, 1992; Fletcher et aI., 1994b). Under these conditions, an 

equilibrium exists between a moderately folded state and an extensively folded state 

that is analogous to a 30 nm fiber. This folding process is inherently dependent on the 

core histone amino terminal tails, especially those of his tones H3 and H4. In 

2 mM MgCh, the decrease in the ~o of nucleosomal arrays is due in part to the 

neutralization of the charge of the phosphodiester backbone of the DNA by Mg2+. The 

mobility of control nucleosomal arrays decreased by 45 % to -1.052 ± 0.02 x10-4 

cm2.y-l.s-l in 2 mM MgCh (Fig. 4.8). Since Mg2+ binding alone cannot account for 

the decrease in mobility (Fletcher et aI., 1994b), it has been proposed that 

accompanying structural changes relocate the core histone N-termini (Fletcher & 

Hansen, 1995). 
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The proposed release of core histone tails from binding sites on nucleosomal DNA 

would also be accompanied by an increase in Mg2
+ uptake and hence a lower ~o value 

(Fletcher & Hansen, 1995). The ~o value ofuH2A hybrid nucleosomal arrays in 

2 mM MgCh was calculated to be -0.94 ± 0.01 xl0-4 cm2.V-1.s-1
• The ~o value of 

these arrays was therefore 44 % lower in 2 mM MgCh than in E buffer alone. This 

decrease was comparable to that observed for control arrays. The difference in the 

magnitude of ~o between control and uH2A hybrid nucleosomal arrays was again 

approximately 10 %. 

Figure 4.9. Ferguson plots of bacteriophage T3, saturated control and uH2A hybrid nucleosomal 

arrays (N-A) in E buffer containing 2mM MgCI2• 

These results suggest that under these experimental conditions, ubiquitination of 

histone H2A has a minimal effect on the folding of the nucleosomal arrays used. 
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4.2.2.4 Determination of Re vaiues 

The electrophoretic behaviour of macromolecules in varying agarose concentrations 

can yield information regarding their average shapes. The (1-R / Pe)2 term of the 

equation [f.l / f.l' 0 = (1- R / Pe iJ relates to the sieving of spherical molecules, of radius 

R, by the pores of the agarose gel (Griess et ai., 1989). For a spherical molecule, the 

value of the effective radius (Re) is equivalent to its macromolecular radius whilst for 

a rod shaped molecule the value ofRe can be correlated to its surface area (Griess et 

ai., 1990; Fletcher et ai., 1994a,b). Flexible molecules such as DNA, which is 

expected to be in a random coil conformation in solution, have been shown to reptate 

during electrophoresis when the gel pore size approaches their effective radii (Fletcher 

et ai., 1994a and references cited therein). The 208-12 template DNA exhibited 

reptating behaviour in E buffer and E buffer containing 2 mM Mg2
+ (Fig. 4.10 and 

Fig. 4.11). 

The flexibility of a nuc1eosomal array is influenced by the extent of nuc1eosome free 

regions (Fletcher et ai., 1994a,b; Fletcher & Hansen, 1995). Subsaturated nuc1eosomal 

arrays do reptate at higher agarose concentrations as the nuc1eosome free regions 

impart flexibility to the array (Fletcher et ai., 1994a,b). Control experiments with 

subsaturated arrays (approximately 7 nuc1eosomes per array) displayed an increase in 

Re with increasing pore size in both E buffer and E buffer containing 2 mM MgCh 

(not shown). Saturated trypsinised nuc1eosomal arrays have also been shown to 

reptate in E buffer (Fletcher & Hansen, 1995) and the authors attributed this increased 

flexibility to the increase in linker DNA resulting from the decreased DNA: histone 

contacts of the tailless octamers. 

Saturated nuc1eosomal arrays do not reptate even in low salt conditions, but behave 

more like slightly flexible rod-like structures (Fletcher et ai., 1994a). Fig. 4.10 

indicates that, in E buffer, the effective radii (Re) of both control and uH2A hybrid 

nuc1eosomal arrays remained essentially constant even at small pore size, further 

evidence that the arrays were saturated with nuc1eosome cores. 



Univ
ers

ity
of 

Cap
e T

ow
n

43 

38 

33 

~ =--
DNA 

E .s 
GI 

28 a:: 

~ Control 

23 uH2A 

35 50 65 80 95 110 125 140 155 170 

Pe (nm) 

Figure 4.10.The pore size dependence of the Re of 208-12 template DNA and saturated control 

and uH2A nucleosomal arrays in E buffer. Results were obtained from multigels of overlapping 

agarose concentrations ranging from 0.9 to 3 % (w/v) agarose. Bacteriophage T3 was included as an 

internal standard in all gels. 
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The average Re in E buffer of saturated control and uH2A hybrid nuc1eosomal arrays 

at pore sizes ~ 200 nm was 26.4 ± 3.8 nm and 25 ± 2.7 nm respectively. These values 

represent the mean ± standard error of 8 determinations. Previous estimates of Re 

values of saturated nuc1eosomal arrays under the same conditions ranged from 26 to 

28 nm (Fletcher et ai., 1994a; Carruthers et aI., 1998). This result was intriguing, 

since the ubiquitin moiety ofuH2A could be expected to increase the overall average 

radius of the nuc1eosomal array. This may indicate that the ubiquitin molecules are 

flexible due to their C-terminal tails, and that their spatial positions can be variable 

and undetectable by this methodology. No significant difference in the Re values of 

control and uH2A hybrid nuc1eosomal arrays was observed in E buffer, suggesting 

that, similarly to the nuc1eosomallevel (see section 2), ubiquitination ofH2A has little 

effect on the conformation of the nuc1eosome in an array at low ionic strength. 
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In the presence of 2 mM MgCh, saturated nucleosomal arrays condense and their 

effective radii decrease (Fletcher et ai., 1994b). If ubiquitination of H2A affects the 

Mg2+ induced compaction ofnucleosomal arrays, the ratio of the Re value obtained in 

E buffer containing 2 mM MgCh to that of the value obtained in E buffer alone would 

be expected to be greater than that of control nucleosomal arrays. 

Figure 4.11.The pore size dependence of the Re of 208-12 template DNA and saturated control 

and uH2A nucleosomal arrays in E buffer containing 2mM MgClz• Results were obtained from 

overlapping multigels ranging from 0.9 to 3 % (w/v) agarose. Bacteriophage T3 was included as an 

internal standard for pore size in all gels. 

In 2 mM MgCh, the average Re values of saturated control and uH2A hybrid 

nucleosomal arrays at pore size ~ 200 nrn were 22.4 ± 0.5 nrn and 22 ± 0.3 nrn 

respectively. These values represent the mean ± standard error of 8 determinations. As 

expected, both Re values remained constant at higher agarose concentrations. 

Previously, Re values of saturated 208-12 nucleosomal arrays in 2mM MgCh were 

determined at 20.5 to 22 run (Fletcher et ai., 1994b; Fletcher and Hansen, 1995; Tse et 

ai., 1998). The ratio ofReMg2+: Re was 0.85 ± 0.14 for control nucleosomal arrays and 

0.88 ± 0.1 for uH2A hybrid nucleosomal arrays. The standard error was calculated 

according to the equation: % standard error (SE) = [(% SE Re Mg2+/ + (% SE Re/f'2 

(Fletcher et ai., 1994b). These results suggest that ubiquitination of histone H2A does 

not significantly inhibit chromatin compaction and that uH2A hybrid nucleosomal 

arrays have a similar hydrodynamic shape and conformational flexibility to control 

nucleosomal arrays. 
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Under the experimental conditions employed above, saturated 208-12 nucleosomal 

arrays have been found to exist in equilibrium between a structure that sediments at 

40 S and a structure that sediments at 55 S (Schwarz & Hansen, 1994). The extent of 

compaction of the 40 S structure has been proposed to correspond to an intermediate 

state of chromatin folding analogous to a zig-zag conformation (Schwarz & Hansen, 

1994). Again it is possible that in 2 mM MgCh, the ubiquitin moiety is found within 

the array's diameter. This could be feasible if one imagines that the ubiquitin 

molecules lie on opposite faces of the octamer and that chromatin compaction is 

brought about by an "accordion-like" mode of compaction of an irregular three­

dimensional zig-zag arrangement of nucleosomes. In this model, compaction occurs 

as a result of reduction of the angle between entering and exiting linker DNA of 

peripherally arranged nucleosomes (Woodcock et al., 1993; van Holde and Zlatanova, 

1996; Bednar et al., 1998). In the zig-zag model, nuc1eosomes n, n + 1 and n - 1, 

remain separate at this level of compaction and are not involved in close face to face 

contacts (Woodcock et al., 1993; Bednar et al., 1998). 

4.2.3 Mg 2+ Dependent nucleosornal array oligomerisation 

Chromatin containing linker histones has been shown to form oligomers in solutions 

containing both monovalent and divalent salts (Ausi6 et al., 1984; Borochov et al., 

1984; Jin & Cole, 1986). In the absence of linker histones, however, nucleosomal 

arrays only oligomerise in solutions containing divalent salts (Ausi6 et al., 1986; 

Schwarz et al., 1996). Some evidence suggests that the results obtained from in vitro 

oligomerisation of relatively short chromatin fragments may be significant regarding 

the in vivo interaction of chromatin fibres during chromosomal condensation (Fletcher 

& Hansen, 1996; Schwarz et al., 1996). The oligomerisation of nucleosomal arrays in 

Mg2+ solutions occurs rapidly « 1 min) and is reversible upon removal of the Mg2+ 

by extensive dialysis (Schwarz et aI., 1996). Binding of divalent cations to 

nucleosomal array DNA is believed to be the driving force behind the association 

process since the addition of monovalent salts reduces the extent of oligomerisation at 

any concentration of divalent cations (Widom, 1986; Clark & Kimura, 1990; Schwarz 

et aI., 1996). 
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Oligomerisation is inhibited in the absence of either the tail domains ofH3 and H4 or 

H2A and H2B but is abolished in the absence of all core histone N-termini (Moore & 

Ausi6, 1997; Tse & Hansen, 1997). The extent of oligomerisation is also sensitive to 

the degree of nuc1eosome saturation (Schwarz et aI., 1996), the extent of histone 

acetylation (Tse et aI., 1998) and the presence of linker histones (Ausi6 et aI., 1986; 

Howe et aI., 1998b). These results suggest that oligomerisation is not completely 

mediated by an electrostatic mechanism (Clark & Kimura, 1990), but that histone tails 

also play an important role (Schwarz et aI., 1996). 

Oligomerisation of nuc1eosomal arrays results in the co-operative formation of large 

aggregates that can be removed from solution by centrifugation. The extent of 

oligomerisation of saturated control and uH2A hybrid nuc1eosomal arrays in 

increasing concentrations ofMgClz was determined using a differential centrifugation 

assay. The extent of oligomerisation was found to be concentration dependent (not 

shown). Comparative experiments were performed at the same A260 values. The fmal 

A260 were ~0.8 in order to be able to compare the results obtained with those of other 

researchers. Nuc1eosomal arrays were incubated in increasing concentrations of 

MgClz and aggregates were removed by centrifugation. The extent of oligomerisation 

was quantitated after measuring the A260 of the supernatant as described in (section 8). 

As shown in Fig. 4.12, saturated uH2A hybrid nuc1eosomal arrays oligomerised at 

lower Mg2+ concentrations than saturated control nuc1eosomal arrays. Control 

nucleosomal arrays are 50 % oligomerised at approximately 4 mM MgClz in close 

agreement with the results of Moore & Ausi6 (1997), whilst uH2A hybrid 

nuc1eosomal arrays are almost completely oligomerised at this concentration. 

Oligomerisation of control nuc1eosomal arrays was almost complete in 6 mM MgCh. 
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Figure 4.12. Mg2+ dependent oligomerisation of saturated control ( • ) and uH2A hybrid (6) 

nucJeosomal arrays. Unaggregated arrays remain soluble in the supernatant. Each point represents the 

average of 2 to 3 detenninations. 

When this experiment was perfonned with subsaturated uH2A hybrid nuc1eosomal 

arrays containing approximately 10 nuc1eosomes, the results paralleled those of 

saturated control arrays (not shown). The presence of uH2A therefore does not 

interfere with chromatin compaction in the absence of linker histones, and appears to 

promote inter-array contacts. It is possible that the ubiquitin molecules provide 

domains that can either interact favourably with one another or with other chromatin 

components. 

From the quantitative agarose gel electrophoresis results discussed previously, it is 

likely that the relative decrease in the gel-free mobility (flo) of uH2A hybrid 

nuc1eosomal arrays compared to control nucleosomal arrays involves some shielding 

of negative charges. If the electrostatic free energy ofthe array is reduced, less Mg2
+ 

would be required to bind to the arrays and screen the negative charge of the DNA 

backbone, thereby allowing aggregation to occur at lower Mg2
+ concentrations. This 

property could be of significance in stabilising interactions between certain regions of 

interphase chromatin fibres. 

What are some of the possible in vivo implications for the data presented above? 

In the in vitro system used here, ubiquitination of histone H2A neither inhibited the 

Mg2
+ induced folding of an array of physiologically spaced nuc1eosomes in the 
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absence of linker histones nor was linker histone binding inhibited at the nucleosomal 

level (sections 2 and 3). It is therefore unlikely that ubiquitination ofH2A alone 

serves to "open up" the chromatin and increase its accessibility to nuclear proteins or 

facilitate transcription. 

It has not yet been investigated if the disappearance of ubi quit ina ted histones 

concomitant with chromatin condensation events during the cell cycle (Matsui et aI., 

1979; Mueller et aI., 1985) is a result of ubi quit ina ted histones acting as a nuclear 

reserve of ubi quit in. It would be interesting to determine if the ubiquitin released from 

ubiquitinated histones by isopeptidase activity at metaphase (Matsui et aI., 1982) is 

ligated to proteins, such as the mitotic cyclins, that are to be degraded by the 

ubiquitin-dependent 26 S proteasome pathway. 

A possible role ofuH2A is to tag nucleosomes in transcriptionally poised chromatin 

regions such as the hsp 70 genes in Drosophila (Levinger & Varshavsky, 1982). 

Transcriptionally active chromatin has been reported to be depleted in H2A-H2B 

dimers (Baer & Rhodes, 1983; Gonzalez et aI., 1987; Gonzalez et aI., 1989). The 

lability of the H2A-H2B dimer associated with nucleosomes of chromatin enriched in 

transcriptionally active chromatin was found to be increased by the simultaneous 

ubiquitination ofH2A and H2B (Li et aI., 1993). However, uH2A alone does not 

appear to destabilise nucleosomes, since as shown in section 2, the thermal 

denaturation profiles ofuH2A hybrid nucleosomes do not differ significantly from 

those of control nucleosomes. Removal ofH2A-H2B dimers prevents nucleosomal 

arrays from folding at physiological salt concentrations (Hansen & Wolffe, 1994). 

Another possibility is that nucleosomes containing uH2A may be recognised by 

chromatin remodeling complexes (such as SWIlSNF, NURF, CHRAC, RSC (see 

Workman & Kingston, 1998 for review), RSF or FACT (LeRoy et ai., 1998)) that 

could preferentially remove the uH2A-H2B dimers or alter their molecular contacts, 

thus increasing the accessibility of a particular chromatin region. 
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S Reconstitution of the linker histone HS onto long stripped chromatin using CM 
Sephadex C-2S. 

S.l Introduction 

Reconstitution oflinker histones onto mononucleosomes is relatively facile compared 

to reconstitution onto longer oligonucleosomes, mainly due to the problems of 

aggregation and nucleosome sliding that occur in the latter. 

Linker histones have been reconstituted onto nucleosomal templates by direct addition 

to the substrate at a "low salt" concentration (less than 100 mM NaCl) (e.g. Allan et 

aI., 1980b; Graziano et aI., 1988) or at a "high salt" concentration similar to that 

required to dissociate the linker histone from native chromatin (~500 mM NaCI) (e.g. 

Nelson et aI., 1979; Biard-Roche et aI., 1982; Kaplan et aI., 1984; Meersseman et aI., 

1991) followed by dialysis to reduce the salt concentration. 

Carriers such as tRNA (Klingholz & Stratling, 1982) or polyglutamic acid (KUnzler & 

Stein, 1983, Jeong et aI., 1991) have also been used. Removal oftRNA after 

reconstitution using RNase is problematic if the reconstituted material is to be used 

for transcriptional investigations. Assembly factors such as these allow reconstitution 

of linker histones at low salt concentrations without causing aggregation. Assembly at 

low salt has advantages over methods requiring "high" salt concentrations since the 

mobility of nucleosomes is greatly increased at elevated salt concentrations and can 

lead to close packing of linker histone free nucleosomes and the formation of tight 

dimers (Spadafora et aI., 1979). 

Another method of assembly used involves exchange of histone octamers from an 

excess of donor chromatin to a recipient (Schlissel & Brown, 1984; Drew & McCall, 

1987). Lastly a more heterogeneous system uses extracts from Xenopus oocytes (e.g. 

Rodriguez-Campos et aI., 1989) or Drosophila embryos (Becker & Wu, 1992; Bulger 

et aI., 1995) to aid linker histone reconstitution. Leuba & Zlatanova (1997) have 

recently reviewed protocols for linker histone reconstitution. 

Linker histones can increase nucleosomal spacing when added to close-packed or 

irregular arrays in the presence of an artificial histone carrier such as poly glutamic 

acid (KUnzler & Stein, 1983, Jeong et aI., 1991) or cell free extracts (Rodriguez­

Campos et aI., 1989; Becker & Wu, 1992). The use of artificial histone carriers has a 
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major limitation, however, in that such factors remain in solution together with the 

reconstituted chromatin after assembly (Retief et at., 1984). The use of an alternative 

histone carrier that would successfully mediate linker histone reassociation to stripped 

chromatin but that could also easily be removed from the reconstitution system was 

therefore investigated. The ultimate goal of this investigation was to develop a rapid, 

reliable method that could eventually be used to successfully reassociate linker 

histones with defined nuc1eosomal arrays containing modified histones. This would be 

of great benefit to studies investigating the role of post-translational histone 

modifications on chromatin higher-order structure. 
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5.2 Results and Discussion 

Anionic histone carriers such as polyglutamic acid and polygalacturonic acid (pectin) 

have been used to reconstitute histone octamers onto DNA (Lindsey et aI., 1985; 

Sobolewski et al., 1993) and polyglutamic acid has also been used to mediate linker 

histone reassociation to chromatin (KUnzler & Stein, 1983, Jeong et aI., 1991). 

Polyglutamic acid cannot be removed from the reconstitution system successfully 

(Retief et al., 1984) whilst it was reported that the pectin used to assemble core 

particles could be removed by sucrose gradient centrifugation after treatment with 

pectinase (Sobolewski et al., 1993). Another advantage of pectin is that it is readily 

available and inexpensive. Pectin was therefore initially used to reconstitute linker 

histones onto stripped polynucleosomes. 

5.2.1 Pectin as a linker histone carrier 

In order to analyse linker histone binding to stripped polynucleosomes, reconstitutions 

were carried out at fixed pectin and polynucleosome concentrations. A 30 fold weight 

excess of pectin dissolved in 20 mM NaCl, 0.1 mM EDT A and 10 mM Tris-HCI 

(PH 7.4) was mixed with stripped polynucleosomes (4-5 nucleosomes) with 

increasing amounts of either histone HI or H5 the same buffer. After incubation for 

one hour at 4 DC, the reconstitution products were purified on linear 5-20 % (w/v) 

isokinetic sucrose gradients in the same buffer. The gradients were fractionated whilst 

measuring the absorbance at 260 nm and the protein content of the polynucleosome 

peak was examined by SDS-PAGE. The relative linker histone content of the 

reconstitution products was determined by densitometric analysis .. Results for the 

reconstitution of histone H5 are shown in Fig. 5.1. Competition of pectin and 

polynucleosomes for histone H5 necessitated high input ratios of histone H5 per 

nucleosome to achieve physiological levels of bound histone H5. The yield of the 

reconstitution products decreased at and above an input ratio of 10 histone H5 

molecules per nucleosome, when the amount of histone H5 present in the reconstitutes 

was almost twice that of the standard. This is presumably as a result of saturation of 

the pectin and polynucleosomes with H5 and concomitant aggregation. Below this 
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ratio, the presence of pectin allowed H5 to reach levels higher than those found in a 

total acid extract of chicken erythrocyte nuclei. It has been reported that more than 

one linker histone binding site may exists although the putative secondary site has a 

much lower affinity for linker histones (Nelson et aI., 1979). It is therefore possible 

that the high levels of incorporation observed are the result of histone H5 binding to a 

secondary position. The ratio of the core histones was unaffected in the reconstituted 

samples indicating that pectin did not remove core histones under the reconstitution 

conditions used (not shown). 
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Figure 5.1. Analysis of the relationship between input ratio of histone H5 per nucJeosome and the 

amount of histone H5 bound to polynucJeosomes after reconstitution with pectin. The 

reconstitution mixtures were purified on 5-20 % (w/v) isokinetic sucrose gradients and the histone 

content of the polynucleosome peak was analysed by SDS-PAGE. The gels were scanned and the 

percentage incorporation of histone H5 was determined by comparing the ratio of the area found under 

the histone H5 peak to the area found under the core histone peaks in each sample to that of a total acid 

extract of chicken erythrocyte nuclei of similar staining intensity run on the same gel. 
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5.2.1 .1 MNase digestion of reconstituted poiynucleosomes 

One feature that differentiates native from stripped chromatin is that the presence of 

the linker histone in the former results in a more marked protection of 167 bp DNA 

during MN ase digestion (Noll & Kornberg, 1977; Bakayev et aI., 1977) than that 

afforded by the nucleosome core alone (Weischet et ai., 1979; Lindsey & Thompson, 

1989; Pruss & Wolffe, 1993). A commonly used parameter to determine the 

successful reconstitution or presence of linker histones is therefore the production of 

167 bp digestion pauses in the course ofan MNase limit digest (e.g. Allan et ai., 

1980b; Biard-Roche et aI., 1982; Klingholz & Stratling, 1982; Meersseman et ai., 

1991). Polynucleosomes were reconstituted with histone H5 as described above using 

an input ratio of 6 H5 per nucleosome such that the amount of histone H5 bound 

would be similar to that found in chicken erythrocyte chromatin. The reconstitution 

mixture was purified through a sucrose gradient, digested with MNase and the 

digestion products were analysed on a 6 % (w/v) acrylamide gel (Fig. 5.2). 
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Figure 5.2. Six percent non-denaturing PAGE of the MNase digestion products of 4-6 mer 

poJynucleosomes reconstituted with one histone H5 per nucleosome using pectin as a linker 

histone carrier. The purified reconstitution mixture (25 /J.g DNA) was digested with 14 units MNase at 

20°C for 0,0.25,0.5, 1,2,5 and 10 min (lanes 1-7). The standard used (S) was a Hpa II digest of 

pBR322. 
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Clear protection of 180, 167 and 146 bp intermediates are visible in Fig. 5.2. This 

result suggests that histone H5 was bound to the chromatin, since protection of a 

180 bp intermediate is not observed in chromatin lacking linker histones (Lindsey & 

Thompson, 1989). 
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It was not possible to compare the digestion kinetics of the reconstituted sample and 

native 4-6 mer polynucleosomes directly since the reconstituted sample required 3 

times more MNase to achieve similar extents of digestion as the same amount of 

native polynucleosomes (not shown). Since pectin is anionic and can therefore bind 

the Ca2+ cofactor required by MNase and perhaps MNase as well, residual pectin was 

the likely cause of the observed MNase inhibition in the reconstituted sample. 

5.2.1.2 Pectinase treatment of reconstituted samples 

The same reconstitution mixture as described above was prepared and centrifuged in 

parallel with the same amount of pectin used in the reconstitution through 5-20 % 

(w/v) sucrose gradients. The position ofpolynucleosomes in the gradient was 

determined from A260 measurements and the presence of pectin in gradient fractions 

was determined using a colourimetric assay for uronic acid (Davidson, 1966). As can 

be seen in Fig. 5.3, pectin was clearly present in the polynucleosome fraction. Some 

interaction between pectin and the components of the reconstitution mixture was 

evident in that the position of pectin in the gradient was shifted in the presence of 

polynucleosomes and histone H5. Control experiments in the absence of pectin 

showed that the polynucleosomes were not responsible for the increased A660 readings 

observed. 
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Figure 5.3. Isokinetic sucrose gradient centrifugation of 4-6 mer polynucleosomes reconstituted 

with one H5 per nucleosome using pectin as a linker histone carrier. The position of 

polynucleosomes was determined from A260 measurements ( • ). Pectin measurements were determined 

from A660 measurements of gradient fractions following orcinol treatment. Pectin measurements were 

carried out for pectin associated with the reconstitution mixture (_) and the same amount of pectin used 

for reconstitution centrifuged in parallel (0). 

In order to remove the pectin, reconstituted samples were digested with pectinase in 

20 mM NaCI, 0.1 mM EDTA and 10 mM Tris-HCI (PH 7.4) as described previously 

(Sobolewski et al., 1993). Agarose gel electrophoretic analysis of the products of 

MNase digested samples showed a smear in those samples treated with pectinase (not 

shown) suggesting that the pectinase was contaminated with nuc1eolytic and/or 

proteolytic enzymes. To test for contaminating proteolytic activity, a solution of total 

acid extracted chicken erythrocyte histones was treated with pectinase. The samples 

were analysed by SDS-PAGE (Fig. 5.4) and clearly indicated that pectinase was 

responsible for proteolytic degradation of his tones. The pectinase used was the same 

as that used by Sobolewski et al. (1993) and a different batch of pectinase gave the 

same results. A heat stable bacterial amylase was also found to be unsuitable to break 

down polygalacturonic acid as contaminating proteolytic activity was still present 

even after 80°C treatment (Fig.5.4). 
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Figure 5.4. SDS-PAGE analysis of total acid extracted chicken erythrocyte histones treated with 

pectinase and heat treated amylase. Chicken erythrocyte histones (100 )lg) were incubated at 37°C 

in 20 mM NaCI, 0.1 mM EDTA and 10 mM Tris-HCl (pH 7.4) with 0.5 units of80 °C treated amylase 

for 5, 10,20 and 40 min (lanes 3-6) or 7 units of pectinase for 5, 10, and 20 min (lanes 8-10). Chicken 

erythrocyte histones were incubated under the same conditions without pectinase or amylase for 10 and 

20 min (lanes 2 and 7). Lane I is a total acid extract of chicken erythrocyte nuclei. 

CM Sephadex C-25 is an insoluble anionic resin that has been used to remove linker 

histones from chromatin at low and high salt concentrations (Libertini & Small, 1980; 

Garcia-Ramirez et al., 1990). Since pectin removal was problematic, the use ofthis 

resin as an artificial histone carrier was investigated 
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5.2.2 CM Sephadex C-25 as a linker histone carrier 

The use of CM Sephadex C-2S as a linker histone deposition carrier was investigated 

for the reconstitution of histone HS onto stripped chicken erythrocyte chromatin of 

two sizes, namely pentanuc1eosomes and long chromatin containing 7 to 12 

nuc1eosomes. 

Long chromatin of this size should be suitable for folding studies since it has been 

reported that at least 6 nuc1eosomes are necessary for linker-histone containing 

chromatin to assume a physiologically relevant higher order structure upon exposure 

to increasing salt concentrations (Bates et al., 1981; McGhee et al., 1983a). 

In order to determine the input ratio of histone HS required to obtain reconstituted 

long chromatin or pentanuc1eosomes with a histone HS level akin to that found in 

native soluble chicken erythrocyte chromatin, reconstitution was performed at fixed 

CM Sephadex C-2S and stripped chromatin concentrations with increasing amounts of 

purified histone HS (Fig. S.S). Reconstituted samples were centrifuged to pellet the 

ion exchange resin and then applied to S-20 % (w/v) sucrose gradients. The histone 

HS content of samples recovered from the gradients was compared with that of the 

same samples not purified by sucrose gradient centrifugation (Fig. S.S A). Of the 

histone HS present in the reconstituted chromatin prior to sucrose gradient 

centrifugation (lanes 2-7), 80 % was recovered in the purified samples (lanes 8-13). 

This loss upon centrifugation may reflect the loss of histone HS weakly bound to 

secondary sites on the chromatin. Some histone HS was found bound to the resin and 

was analysed quantitatively after washing the resin with reconstitution buffer. The 

amount of histone HS bound to the resin (shown only for a histone HS: nuc1eosome 

input ratio of I.S: 1, lane 14), increased with increased histone HS: nuc1eosome input 

ratios. This increase was most marked above an input ratio of 1: 1. No core histones 

were found bound to the resin. Additionally, when stripped chromatin was mock­

reconstituted in the absence of histone HS, the ratio of the area of core histone H2A 

and H4 densitometric peaks remained equivalent to that of native chromatin. 
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Figure 5.5. Analysis of the relationship between input ratio of histone H5 per nucleosome and 

that found in reconstituted chromatin. (A) SDS-PAGE ofiong stripped chromatin reconstituted at a 

histone of 0, 0.25, 0.5 , 1, 1.5 and 2 before (lanes 2-7) and after (lanes 8-13) centrifugation on 5-20 % 

sucrose gradients. Lane 1: total histones from native soluble chicken erythrocyte chromatin. Lane 14: 

histones associated with the CM Sephadex C-25 resin. The resin was washed twice with reconstitution 

buffer after removal of the reconstituted sample and histones bound to the resin were removed by acid 

extraction. The result shown was using an input ratio of 1.5. (B) Gels were densitometrically scanned 

and the ratio of the histone H5 bound per nucleosome was plotted against the input ratio . The data 

shown represent the average of 10 experiments. 

14 



Univ
ers

ity
of 

Cap
e T

ow
n

An approximately linear relationship between the input histone H5 and the amount 

incorporated per nucleosome was observed (Fig. 5.5 B). The yield of chromatin was 

in the range of 70 to 80 %, provided that the input histone H5: nucleosome ratio did 

not exceed 2:1. Increasing the input histone H5: nucleosome ratio above this value 

resulted in significant precipitation of material. Similar results were obtained for 

histone H5 reconstitution onto stripped pentanucleosomes. In order to achieve 

reconstitution of one histone H5 per nucleosome using this reconstitution system, an 

input ratio of 1.28 and 1.4 H5 molecules per nucleosome was required for 

reconstitution onto stripped pentanucleosomes and stripped long chromatin 

respectively. 

The fidelity of histone H5 reconstitution was assayed by MNase digestion, thermal 

denaturation and determination of the orientation of neighbouring H5 molecules in 

extended chromatin. 

5.2.2.1 MNase digestion of long chromatin and pentanucleosomes 

91 

It has been reported that MNase digestion of chromatin depleted of linker histones 

leads to nucleosome sliding (Weischet & van Holde, 1980) resulting in a decrease in 

the observed repeat length. Native, reconstituted and stripped long chromatin were 

therefore digested with MNase and the digestion products analysed on 1 % (w/v) 

agarose gels. The repeat lengths were determined from densitometric scans of the 

digestion products (Fig. 5.6). The repeat lengths of native, reconstituted and stripped 

chromatin were calculated to be 197 ± 4 bp, 200 ± 3 bp and 185 ± 6 bp respectively. 

Moreover, the digestion rates of native (Fig. 5.6 A) and reconstituted (Fig. 5.6 B) 

were found to be very similar and markedly slower than that of stripped chromatin 

(Fig. 5.6 C) in accordance with previous reports (Noll & Kornberg, 1977, Allan et at., 

1980b; Graziano et at., 1988). During this study, repeat length determinations of 

native chromatin at equivalent extents of digestion were found to be significantly 

influenced by the concentration ofMNase used (see section 6). The relationship 

between the observed repeat length and the rate ofMNase digestion was therefore 

investigated using different temperatures and different MNase concentrations to 

modulate the rate ofMNase digestion (section 6). 
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Figure 5.6. Densitometric scans of MNase digestion products from long chromatin samples. 

Eighty micrograms of (A) native, (B) reconstituted and (C) stripped long chromatin was digested at 

20°C with 1 unit MNase for 1, 2, 5 and 10 min (traces a-d, respectively) and analysed on 1 % (w/v) 

agarose gels. An input ratio of 1.4 histone H5 per nucleosome was used in (B). The trace of the 

standard, an Eco Rl/ Hind III digest of A phage is also shown. 
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MNase digestion products were next examined at the core particle level. 

Pentanucleosomes were reconstituted with histone H5 such that the linker histone 

content would be akin to that found in native pentanucleosomes. Native, reconstituted 

and stripped pentanucleosomes were digested with MNase and the digestion products 

analysed on 6 % non-denaturing acrylamide gels (Fig. 5.7). Digestion of both native 

(Fig. 5.7 A) and reconstituted (Fig. 5.7 B) pentanucleosomes resulted in marked 

protection of 167 bp DNA after 2 min digestion; this protection was still evident after 

further digestion to 5 min. In addition, protection of DNA outside of the 

chromatosome, namely a band at ~ 181 bp, was observed for both native and 

reconstituted pentanucleosomes. Digestion of stripped pentanucleosomes (Fig. 5.7 C), 

however, showed a less prominent pause at 167 bp which was barely visible after 

5 min digestion when the chief digestion product was the core particle. No protection 

of DNA of lengths longer than 167 bp could be observed for stripped 

pentanucleosomes. 
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Figure 5.7. MNase limit digest of pentanucleosomes. Fifty micrograms of (A) native, (B) 

reconstituted and (C) stripped pentanucieosomes was digested at 20°C with 9 units MNase for 0, 0.25, 

0.5, 1,2 and 5 min (lanes 1-6) and analysed on 6 % (w/v) acrylamide gels. An input ratio of 

1.28 histone H5 per nucleosome was used in (B). The standard (S) was a Hpa II digest of pBR322. 

5.2.2.2 Thermal denaturation 

The thennal denaturation of native long chromatin has been shown to be a triphasic 

process (Allan et aI., 1980b; Kaplan et aI., 1984). The first and second transitions are 

believed to be associated with the melting of linker DNA and the DNA at the ends of 

the nucleosome respectively. The third and largest transition is thought to represent 

the denaturation of the central 10 helical turns ofnucleosomal DNA (van Holde, 

1989). Thermal denaturation of core particles is a biphasic process similar to the 

second and third transitions observed with chromatin. The first transition in this case 

is shifted to a higher temperature in the presence of bound linker histones (Simpson, 

1978, McCleary & Fasman, 1980, Cowman & Fasman, 1980). 
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Stripped pentanucleosomes were reconstituted with increasing amounts of histone H5 

using CM Sephadex C-25 or salt dialysis (Nelson et at., 1979) and analysed by 

thermal denaturation (Fig. 5.8). The thermal denaturation profiles were more similar 

to core particles or chromatosomes than to long chromatin in that there was no distinct 

separation of the first and second transitions. The T m of the first transition increased 

progressively as the linker histone input ratio increased. The profiles of 

pentanucleosomes reconstituted with histone H5 using CM Sephadex C-25 became 

increasingly monophasic upon incorporation of increasing amounts of linker histone 

whilst those of salt reconstituted pentanucleosomes remained biphasic for all linker 

histone to nucleosome ratios used in this study. 

Stripped pentanucleosomes were next reconstituted with histone H5 using CM 

Sephadex C-25 at an input ratio of 1.28 H5 molecules per nucleosome so as to analyse 

the thermal denaturation profile of reconstituted nucleosomes with a similar histone 

H5 content as native chromatin. Figure 5.9 displays the first derivative of the melting 

profiles of native, reconstituted and stripped pentanucleosomes. The profiles were 

numerically deconvoluted assuming a biphasic denaturation by fitting a sum of 

Gaussian curves using a Marquardt-Levenberg algorithm. In native chromatin, the 

first transition occurred at 78.8 °C and the second transition at 86.2 dc. The first 

transition of stripped chromatin, however, occurred at a substantially lower 

temperature (74.8 DC) whilst that of the second transition (86.5 DC) was essentially 

unchanged. Reconstituted chromatin displayed very similar first and second 

transitions to native chromatin with T mS of 78°C and 86.5 °C for the first and second 

transitions respectively. 
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Figure 5.8. Thermal denaturation of pentanucleosomes. Stripped pentanucleosomes were 

reconstituted with hi stone HS using CM Sephadex C-2S (A to C) or salt dialysis (D to F) at a histone 

HS : nucleosome input ratio of O.S: I (A and D), 1:1 (B and E) and 1.5: I (C and F). The firs t derivatives 

of the A260 versus temperature profiles of the reconstituted sample (heavy line) and native 

pentanucleosomes (thin line) are shown. Denaturation was carried out in 10 mM NaCI, 0.1 mM EDTA 

and 10 mM Tris-HCI (pH 7.4). 
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Figure 5.9. Thermal denaturation of native (A) reconstituted (B) and stripped (C) 

pentanucleosomes. Denaturation was carried out in 10 mM NaCI, 0.1 mM EDTA and 10 mM Tris­

HCI (PH 7.4). Reconstitution was performed using CM Sephadex C-25 using a histone H5 to 

nucleosome ratio of 1.28:1. The first derivative of the A260 versus temperature profile is shown (heavy 

solid line). The first derivative data were numerically deconvoluted into two Gaussian distributions 

representing the first (thin solid line) and second (thin dashed line) transitions. 
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5.2.2.3 Determination of the relative orientation of neighbouring linker histones in 
long chromatin 
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It has previously been shown that linker histones are predominantly arranged in a 

head to tail fashion in extended long chromatin (Lennard & Thomas, 1985) although 

all possible orientations of linker histones (head to head, head to tail, tail to head and 

tail to tail) have been reported (Nikolaev et aI., 1981, 1983; Ring & Cole, 1983; 

Lennard & Thomas, 1985). The method of Lennard and Thomas (1985) was used to 

investigate linker histone orientation in chromatin (illustrated in Fig. 5.11). Briefly, 

reconstituted chromatin was cross-linked with dithiobis(propionic acid N­

hydroxysuccinimide ester) under conditions that maximised linker histone cross­

linking but limited linker histone to core histone cross-linking. The cross-linked 

products were extracted from the chromatin with perchloric acid and separated from 

monomeric histones by gel filtration (Fig. 5.10). 

0.25 

0.2 

0.15 
0 
M 
N 

< 
0.1 

0.05 

0 
0 10 20 30 40 

Fraction number 

Figure 5.10. BioGel P-60 chromatography of histone HS cross-linked with dithiobis (propionic 

acid N-hydroxysuccinimide ester). The colWlll1 buffer was 20 mM Hel and the flow rate was 6 ml 

per hour. Dimers eluted with the fust peak and monomers eluted with the second peak. 
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Figure 5.11. lIIustration outlining the protocol used to determine the relative disposition of linker 

histones in long chromatin. Only one possible cross-link is shown. (Adapted from LeIU1ard & 

Thomas, 1985). 
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Histone H5 can, under controlled conditions, be preferentially digested by 

chymotrypsin at phenylalanine 93 (Bohm & Crane-Robinson, 1984). This cleavage 

results in two fragments of similar size, namely a NG fragment containing the amino 

terminal domain with most of the globular domain and a C fragment consisting 

mainly of the carboxyl terminal tail (Fig. 5.12). Although the NG fragment and the C 

fragment are of similar size, the latter fragment is of relatively slower mobility due to 

its high positive charge content (Lennard & Thomas, 1985). 

His) 
H5 

H3 
H2B 
H2A 
H4 

o 0.5 2 5 10 

2 3 4 5 6 7 

-,..-..... 

Digestion time (min) 

H5 

c 

NG 

Figure 5.12. Chymotrypsin digestion of chicken erythrocyte histone HS. Three hundred 

micrograms of chicken erythrocyte histone H5 was digested at room temperature with 0.15 Ilg u­

chymotrypsin. Digestion was stopped after 0, 0.5, I, 2, 5, and 10 min (lanes 2-7) and the digestion 

products analysed by SDS-PAGE. The gel was silver stained. The positions of the histone H5 

chymotryptic C fragment and NG fragment (the N-terminal domain with most of the globular domain) 

are shown. The standard in lane 1 is a total acid extract of chicken erythrocyte nuclei. 
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Histone H5 was digested with chymotrypsin under conditions favouring cleavage at 

this single site and the identity of the digestion products used as a standard in Fig. 

5.13, was confirmed by gas phase sequencing of blots of SDS gels containing these 

fragments. The first five amino acids obtained for each fragment are shown below. 

NG: T-E-S-L-V 

C: R-L-A-K-S 

Cross-linked material from chromatin samples was purified and digested with 

chymotrypsin under conditions determined to maximise cleavage without leading to 

further cleavage of the more labile NG fragment. The digestion products were 

electrophoresed in the first dimension on a 20 % (w/v) SDS polyacrylamide gel in the 

absence of ~-mercaptoethanol. Following electrophoresis, the gel strip containing the 

sample was excised and cross-links were broken by thiolysis in situ. After 

electrophoresis in the second dimension, all the protein spots found on the diagonal 

represent proteins whose mobilities were not affected by the cleavage of the cross­

links. The spots removed from the diagonal represent proteins or domains that were 

initially cross-linked, where vertically aligned spots represent peptides that were 

cross-linked to each other. 

This method was initially applied to extended native chromatin as a control 

(Fig. 5.13 A). In accordance with the results of Lennard and Thomas (1985), the 

major cross-linking product (line b) was between the NG and C fragments 

demonstrating that the predominant arrangement of neighbouring linker histones was 

head to tail. Additionally some cross-linking between NG fragments (line a) and C­

fragments (line c) was also observed (compare with Fig. 5b of Lennard & Thomas, 

1985). Lines d and e represent H5 cross-linked to NG and C fragments respectively. 

Some histone H2B was also found to be cross-linked to linker histones under more 

extensive cross-linking conditions as previously reported by Dashkevich et al. (1983). 

This was brought about by histone H2B having an increased solubility in perchloric 

acid compared to the other core histones (not shown). 
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The head to tail arrangement of linker histones found in native chromatin was also 

found in reconstituted chromatin (Fig. 5.13 B). Little cross-linking was observed 

between NG fragments; no CIC cross-linking was found to occur. It is unlikely that 

the observed cross-links were due to intramolecular cross-linking since cross-linked 

products were separated from monomeric histones by gel filtration. It was equally 

unlikely that the cross-links were formed between unbound linker histones in solution 

since the predominant cross-link under these conditions was found to be CIC 

(Kotthaus & Stratling, 1984). 
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Figure 5.13. Two-dimensional SDS-PAGE analysis of the arrangement of neighbouring linker 

histones in extended native (A) and reconstituted (B) chromatin. Chromatin samples in 0.1 mM 

EDT A and 10 mM borate (pH 8.0) were cross-linked with 0.2 mg/ml dithiobis (propionic acid N­

hydroxysuccinimide ester). Perchloric acid soluble cross-linked polymers were purified by gel 

filtration, digested with a-chymotrypsin and electrophoresed in the first dimension without ~­

mercaptoethanoJ. Cross-links were thiolysed in situ before electrophoresis in the second dimension. 

Gels were silver stained. A chymotryptic digest of pure histone HS was used as the standard. The NG 

and C fragments do not silver stain equivalently. Lines a to e correspond to NGING, NGIC, CIC, 

HSING and HSIC cross-links respectively. A total acid extract of chicken erythrocyte nuclei is 

included in A. 
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Since the linker histone has no known enzymatic properties, the fidelity of 

reconstitution must be assessed using physicochemical techniques. These, by their 

nature, assess average structure. Although it is known that chicken erythrocyte 

chromatin has 1.3 moles linker histone per mole nucleosome (Bates & Thomas, 

1981), direct addition of linker histone to stripped chromatin at low salt has been 

shown to result in precipitation once the input ratio of histone H5 per nucleosome 

exceeded 1.2 (Graziano et al., 1988) whereas in other reports precipitation did not 

occur even at a ratio of 4:1 (Allan et aI., 1980b; Kaplan et al., 1984). In contrast, 

ratios of2.3 have been reported using addition at high salt and subsequent dialysis 

(Nelson et aI., 1979). These seemingly conflicting results may, however, be a 

reflection of the various methods used to determine linker histone concentration and 

incorporation. In the reconstitution system described here, an input ratio of 1.28 and 

1.4 histone H5 per nucleosome for stripped pentanucleosomes and stripped long 

chromatin respectively led to the incorporation ofH5 to levels akin to those of native 

chromatin. CM Sephadex C-25 is likely to act as an electrostatic sink and prevent the 

aggregation caused by binding of excess linker histone to low affinity sites on 

chromatin since polyanions have been reported to prevent the aggregation observed 

when linker histones were added to close-packed chromatin (KUnzler & Stein, 1983). 

The success of linker histone reconstitution using CM Sephadex C-25 as a linker 

histone deposition carrier was determined by comparison of the results obtained after 

MNase digestion, thermal denaturation and analysis of the orientation of neighbouring 

linker histones of reconstituted and native chromatin. In all cases, the reconstituted 

chromatin exhibited very similar properties to native chromatin, whilst the results 

obtained using stripped chromatin were significantly different. At the same time as 

this work was performed (Jason & Lindsey, 1997), long chromatin reconstituted with 

histone H5 using CM Sephadex C-25 was analysed by scanning force microscopy. At 

low ionic strength, the reconstituted chromatin displayed a native-like irregular, three­

dimensional arrangement ofnucleosomes whilst stripped chromatin exhibited a flat 

beads-on-a-string structure (Leuba, 1997). 

The results presented above demonstrate that CM Sephadex C-25 is a readily 

available, cost effective and rapid method for the reassociation of histone H5 with 
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stripped chicken erythrocyte chromatin. Moreover it has the advantage of being 

autoclavable and can easily be separated non-enzymatically from the reconstituted 

chromatin by centrifugation or filtration. The linker histone reconstitution method of 

choice will depend on the nature of work being carried out. Reconstitution by salt 

dialysis (Nelson et aI., 1979; Biard-Roche et aI., 1982; Kaplan et ai., 1984; 

Meersseman et ai., 1991) is lengthy and can lead ofnucleosome sliding and resultant 

close packing of nucleosomes at these elevated salt concentrations (Spadafora et ai., 

1979; Allan et ai., 1980b). This method would therefore be unsuitable for 

reconstitution of linker histones onto nucleosomal arrays lacking strong nucleosome 

positioning sites. Cell extracts would not be used as an assembly method if one 

intends performing work on a defined system. Soluble histone carriers that cannot be 

removed from the reconstitution system could, due to their ionic nature, prevent 

unequivocal interpretation of the results obtained from subsequent experiments. To 

study linker histone binding to nuc1eosomal arrays containing core histone variants or 

post-translationally modified core histones, a useful strategy would be to generate 

spaced nuc1eosomes by reconstituting octamers onto a tandem array of a nuc1eosome 

positioning sequence such as the 208-n repeats of 5S rDNA (Simpson et aI., 1985) 

and to then use an insoluble histone carrier as described here to reconstitute the linker 

histone of choice onto this array. This method would be rapid, overcome problems 

resulting from close packing of nucleosomes and be free of interference from the 

linker histone carrier, which can easily be removed. Additionally, the effect of linker 

histone addition at various salt concentrations could easily be investigated since CM 

Sephadex C-25 can preferentially bind linker histones over core histones at and below 

0.6 M NaCI (Libertini & Small, 1980). 
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6 An investigation into the effect of the rate of micrococcal nuclease digestion on 
the observed repeat length 

6.1 Introduction 

During repeat length detenninations (see section 5), the repeat length of the chromatin 

was found to decrease in accordance with the concentration ofMNase used (not 

shown). Since the amount of enzyme used influences the reaction rate, the 

relationship between the rate ofMNase digestion and the observed repeat length was 

investigated for a variety of chromatins. 

The arrangement of the components of chromatin at the simplest level are remarkably 

conserved over the wide range of species and cell types thus far examined (for 

reviews see van Holde, 1989 and Wolffe, 1995). The four core histones, especially H3 

and H4, are amongst the most highly conserved proteins thus far described. The 

interaction between core histones has also been conserved in evolution as the 

reconstitution of hybrid histone octamers with histones from heterologous organisms 

has been reported (e.g. Richmond et al., 1988; Lindsey & Thompson, 1990, Lindsey 

et aI., 1991; Lindsey & Thompson, 1992). The binding of DNA by the histone 

octamer is equally conserved in that digestion of chromatin with nucleases such as 

micrococcal nuclease (MNase) invariably yields the core particle as the fundamental 

unit of chromatin organisation (van Holde, 1989). Despite this high degree of 

conservation in the basic structure of chromatin, the arrangement of nucleosomes 

along the DNA varies widely not only between species, cell types from the same 

species but also for different genes within the same cell type (van Holde, 1989). Thus 

the repeat length, the average length of DNA between equivalent points on adjacent 

nucleosomes, has been reported to vary from 154 bp to over 240 bp for different 

chromatins. Additionally the nucleosomal repeat length has been reported to vary 

within the same cell type during differentiation and development (Weintraub, 1978; 

Savic et aI., 1981; Jaeger & Kuenzle, 1982). These variations are likely to reflect 

altered states of the underlying chromatin, but the possibility of any additional 

involvement of micrococcal nuclease in the generation of this heterogeneity has often 

been overlooked. 
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Despite this variance in repeat lengths, no correlation has been found between the 

chromatin fibre diameter and the repeat length in frozen hydrated specimens 

(Woodcock, 1994). This has serious repercussions for models of higher order 

chromatin structure. 
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The histone octamer alone has been shown to support the binding of 167 bp DNA 

with transient protection against MNase digestion extended to 188 bp if the linker 

histone is present (Weischet et aI., 1979; Lindsey & Thompson, 1989). Whereas 

repeat lengths longer than 188 bp such as reported for repressed chromatin from sea 

urchin sperm and chicken erythrocytes can easily be explained, it is difficult to 

understand, without invoking nuc1eosomal sliding, how repeat lengths less than 

188 bp might be generated if the protection of 20 bp of linker DNA by linker histones 

is ubiquitous. An explanation is even more difficult for repeat lengths shorter than 167 

bp, as reported for Aspergillus nidulans (Morris, 1978) and Schizosaccharomyces 

pombe (Godde & Widom, 1992) unless a different form of DNA packaging is 

invoked. 

The number of base pairs associated with any particular n-meric chromatin fragment 

is known to decrease as MNase digestion proceeds (Lohr et aI., 19·77; Allan et aI., 

1984; Godde & Widom, 1992). Although it has been postulated that this reduction in 

length is due to the exonuc1eolytic activity of MNase, the reduction in length observed 

was greater than could be explained by this mechanism alone. Thus a chicken 

erythrocyte tetrameric chromatin fragment should only be reduced to approximately 

790 bp by exonucleolytic activity rather than the 750 bp observed (Lohr et aI., 1977). 

Octamers have, however, been shown to be relatively mobile on DNA, with several 

rotationally conserved positions being adopted even on DNA containing strong 

positioning sequences such as the 5S rRNA gene (Pennings et aI., 1991; Meersseman 

et aI., 1992). This mobility is restricted in the presence of linker histones (Pennings et 

al., 1994). Although the core histones are highly conserved in evolution, the linker 

histone shows far higher sequence diversity (for reviews see van Holde, 1989; 

Zlatanova & van Holde, 1996). Not only does the ratio of linker histone to core 

histones vary between cell types but the tightness of binding of different linker histone 

variants to DNA also varies (Clark & Thomas, 1988). 
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Since the linker histone has been shown to migrate from shorter to longer chromatin 

fragments (Thomas & Rees, 1983), one possible explanation for repeat lengths less 

than 188 bp is that these are brought about by digestion conditions that result in 

nucleosome sliding to observed repeat lengths shorter than the native one. Despite 

evidence that nucleosome sliding is accentuated under conditions of increased 

temperature and salt (Spadafora et at., 1979), many determinations of the repeat 

length have been carried out at 37°C (van Holde, 1989). 

Temperature and enzyme concentration were used to modulate the activity ofMNase 

to determine if the rate ofMNase digestion influences the observed repeat length of 

chromatin at equivalent extents of digestion. 
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6.2 Results and Discussion 

6.2.1 Micrococcal nuclease digestion of chicken erythrocyte chromatin 

Chicken erythrocyte chromatin was digested at 20°C in 20 mM NaCI and 

10 mM Tris-HCI (PH 7.4) with 16 units MNase (Sigma) per 20 A260 units 

109 

(Fig. 6.1 A). Using these conditions, the repeat length of the chromatin after one min 

digestion was 203 ± 4 bp and decreased with increased digestion time to 191 ± 2 bp 

after 2 min digestion and to 185 bp ± 2 bp after 5 min digestion. The data shown in 

Fig. 6.1 B reflects the average of 5 such determinations. Continued digestion to 

10 min resulted in no further decrease in the repeat length. Extrapolation of the data to 

zero time resulted in an initial repeat length of 214 bp, in the range of 207 to 216 bp 

reported previously by several authors for chicken erythrocyte chromatin (van Holde, 

1989). To analyse the possible contribution of exonucleolytic trimming to the 

decreased repeat length observed, the nucleosomal fragment sizes after 1 min 

digestion were replotted (Fig. 6.1 C) after subtracting 36 bp from each fragment. This 

value represents the average number of base pairs that would be removed 

exonucleolytically from a polynucleosomal fragment with a 203 bp repeat length to 

yield 167 bp chromatosomes at either end. This assumes that the polynuc1eosomal 

fragment represents the weight average of all such n-meric fragments having linker 

DNA lengths between 0 and 36 bp at each end. Figure 6.1 C indicates that 

exonuc1eolytic trimming of203 bp repeat length chromatin could not be solely 

responsible for the observed 185 bp repeat length as the manipulated data does not 

correlate with the latter. The manipulated data also displays a negative intercept with 

the ordinate, characteristic of systematic trimming by MN ase (Villeponteau et aI., 

1992), whereas all repeat length determinations (and those determined later in this 

study) displayed positive intercepts with the ordinate. Moreover, digestion at 4°C, 

which has been reported to suppress the exonuc1eolytic activity ofMNase (Noll & 

Kornberg, 1977) also resulted in the eventual production of a ± 185 bp repeat length, 

albeit at a slower rate (see below). 
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Figure 6.1. MNase digestion of long chicken erythrocyte chromatin. Digestion was performed in 

20 mM NaCI, 0.6 mM Ca2+and 10 mM Tris-HCl (PH 7.4) using 16 units MNase per 20 A260 units at 

20°C. (A) Agarose gel electrophoresis of the digestion products after 0, 1, 2, 5 and 10 min digestion 

(lanes 3-7). Lanes 1 and 9 are the same partial digest of chicken erythrocyte nuclei run to ensure that 

the gel lanes were parallel. Lane 2 is an Eco RIIHind III digest of A phage; lane 8 is a Hpa II digest of 

pBR322. (B) Plot of the repeat length versus digestion time for the average of 5 digests as shown in A. 

(C) Plot of the base pairs associated with each n-meric nucleosome band after 1 min (!.) and 10 min (0) 

digestion with MNase. The data associated with the 1 min digest were replotted after subtracting 36 bp 

from each fragment ( • ). 
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6.2.2 The effect of the rate of micrococcal nuclease digestion on the observed 
repeat length 

6.2.2.1 Digestion oj chicken erythrocyte chromatin at different temperatures 

In order to investigate the effect of the rate ofMNase digestion on the observed repeat 

length, chicken erythrocyte chromatin was initially digested with the same amount of 

MNase but at different temperatures (Fig. 6.2). Chromatin preparations were 

incubated at the desired digestion temperature for 10 min prior to the addition of 

MNase. Digestion at 20°C was taken as the standard digestion rate. In order to 

compare the apparent repeat length after an equivalent extent of digestion, the 

frequency of time points at the other temperatures was adjusted as described in section 

8. Sample times for digestion at 4 °C were extended by a factor of 15 as the activity of 

MNase towards chicken erythrocyte chromatin was determined to be 15 times slower 

at 4 °C compared with that at 20°C. Decreasing the digestion rate by performing the 

digest at 4 °C yielded an initial repeat length of 21 0 ± 2 bp. Continued digestion 

resulted in the repeat length decreasing to 183 bp via a 198 bp intermediate. 

The same starting chromatin preparation was next digested at 37°C. This resulted in 

an initial repeat length of 185 ± 1 bp which did not change as digestion proceeded. 

The frequency of the time points for the 37°C digests was decreased to compensate 

for the 2.5 fold increase in the rate of digestion at this temperature. Digestion of the 

same starting chromatin sample at 20°C after exposure to 37 °C for four hours (Fig. 

6.2) was very similar to digestion without prior exposure (Fig. 6.1). 
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Figure 6.2. The rate of MN ase digestion affects the rate of decrease of the observed repeat length. 

Plot of repeat length versus relative digestion for chicken erythrocyte chromatin digested with MNase 

in 10 mM NaCl, 0.6 mM Ca2
+, 10 mM Tris-HCl pH 7.4 at 4°C (.),37 °C (_) and at 20°C after 

exposure to 37°C for four hours (.). 

These results indicated that the decreased repeat length is not brought about by 

rearrangements of chromatin at the higher temperature but rather by performing the 

digestion at a faster rate at 37 °e. Similar observations by other authors that the 

observed repeat length decreased with increasing digestion time have been attributed 

to preferential digestion of different popUlations of chromatin (Allan et al., 1984). 

This explanation is unlikely for the results shown here since the same starting 

chromatin preparation was digested to the same extent, albeit at different 

temperatures. A possible cause for the decreased repeat lengths observed could be an 

increased nucleosomal mobility caused by higher temperature (Pennings et al., 1991) 

or an increased digestion rate. 
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6.2.2.2 Digestion of chicken erythrocyte chromatin using different concentrations of 
MNase 

To further investigate the effects of an increased digestion rate, chicken erythrocyte 

chromatin was digested at 20°C in 10 ruM NaCI buffer using increasing amounts of 

MNase per 20 A260 units. The intermediate digestion conditions (dashed line, 

Fig. 6.3 A) were identical to that used in 20 ruM NaCl buffer at 20°C (Fig. 6.1). 

Samples were taken at different time points for each digest so that the extent of 

digestion of each sample was again equivalent at each time point. The extent of 

digestion, D, was assumed to be proportional to the concentration ofMNase (Co) and 

the time of digestion (t) over the range ofMNase concentrations used. It was found 

(Fig. 6.3 A) that at the slowest digestion rate the initial repeat length was 214 ± 3 bp, 

with the repeat length decreasing to 200 ± 1 bp after 5 min relative digestion. At the 

intermediate digestion rate, the initial repeat length was 211 ± 1 bp; continued 

digestion resulted in this decreasing to 195 ± 3 bp via a 200 bp intermediate. The most 

rapid digest showed an initial repeat length of 200 ± 3 bp which decreased to 185 

± 2 bp via a 190 bp intermediate. These results further indicated that an inverse 

relationship existed between the rate of digestion and the observed repeat length. 

Histone proteolysis was ruled out as the cause of these observations since no 

degradation was evident when the histones associated with the chromatin digested 

with the highest concentration ofMNase were analysed by SDS-PAGE after MNase 

digestion of the chromatin (Fig. 6.3 B). 
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Figure 6.3. MNase digestion of chicken erythrocyte chromatin using increasing concentrations of 

MNase. (A) Plot of repeat length versus relative Cot for MNase digestion of chicken erythrocyte 

chromatin carried out at 20°C in 10 mM NaCl, 0.6 mM Ca2
+, 10 mM Tris-HCI (PH 7.4) using 3.2 (.), 

16 (.) and 80 (0) units MNase per 20 A2GO units. The extent of digestion, D = Cot where Co is the units 

ofMNase added and t is the time of digestion, was equivalent at each time point irrespective of the 

amount of enzyme added. (B) SDS-PAGE of the histones present in chicken erythrocyte chromatin 

samples digested using 80 units MNase per 20 A260 units . The standard (S) in lane I is a total acid 

extract of chicken erythrocyte nuclei. The histones associated with the chromatin at the relative extents 

of digestion shown in A are in lanes 2 to 6. 
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6.2.3 The effect of the rate of MNase digestion on the observed repeat length of 
soy bean and calf neuronal chromatins 

To investigate whether the observation that a decreased repeat length occurred due to . 

an increased rate of MN ase digestion was unique to chicken erythrocyte chromatin, 

chromatin from two other sources was digested to equivalent extents at different rates. 

Soybean chromatin has been reported to have a repeat length of 175 ± 8 bp (Leber & 

Hembelen, 1979), which is significantly less than the 188 bp protection afforded by 

the linker histone in chicken erythrocytes. Soy nuclei were prepared from soybean 

hypercotyls and digested in buffer A (Hewish & Burgoyne, 1973) using 2.6 (Fig. 6.4) 

and 26 units MNase per 20 A260 units. Samples were .aga.in withdrawn from the 

digests at different times to compensate for the different rates of digestion, assuming 

that D = Cot. The initial repeat length for the higher concentration of MN ase was 167 

± 4 bp whilst at the lower concentration of MNase the observed repeat length was 188 

± 3 bp. 

2 3 4 5 6 7 8 

Figure 6.4. MNase digestion of soy bean nuclei at 20°C using 2.6 units MNase per 20 A260 units. 

Digestion was stopped after 0, I, 2, 5 and 10 min (lanes 2-7). Lanes 1 and 7 are Eco RJ/ Hind III digests 

on phage. Lane 8 is a Hpa II digest ofpBR322. 
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Neuronal chromatin has been reported to exhibit a repeat length of between 160 bp 

and 168 bp (Allan et a!., 1984; Pearson et a!., 1984; Brown & Sutcliffe, 1987) 

although considerably longer lengths in the range of 175 bp to 200 bp were also 

observed by these authors at early times of digestion. These longer repeat lengths 

were either ignored, attributed to glial cell contamination or to heterogeneity of repeat 

lengths. Neuronal nuclei were prepared from calf brain by sucrose step gradient 

centrifugation. Since glial cell nuclei, which have been reported to exhibit a repeat 

length of201 bp (Pearson et a!., 1984), have been reported to contaminate 

preparations of neuronal cell nuclei, the neuronal and glial nuclei preparations were 

examined by light microscopy (not shown). The neuronal fraction was essentially free 

of glial nuclei and appeared identical to that reported previously (Thompson, 1973). 

Neuronal nuclei were digested in buffer A (Hewish & Burgoyne, 1973) with either 0.6 

or 12 units MNase per 20 A260 units. The repeat length observed at the faster rate of 

digestion was 175 ± 9 bp. At the slower rate of digestion, the repeat length was 

determined to be 189 ± 4 bp after 80 min digestion and decreased to 184 ± 4 bp after 

160 min digestion (Fig. 6.5). Thus the rate of MNase digestion also influenced the 

observed repeat length of neuronal chromatin. 

2345678 

Figure 6.5. MNase digestion of calf brain neuronal nuclei using 0.6 units MNase per 20 AZ60 units 

at 20°C. Samples were removed at 40,80 and 160 min (lanes 3-5). Lanes 1 and 8 are the same partial 

digest of chicken erythrocyte nuclei as for Fig. 6.1 A. Lanes 2 and 6 are Eco FJJHind III digests of A 

phage. Lane 7 is a Hpa II digest of pBR322. 
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Neuronal nuclei differ from glial nuclei in that the neuronal nuclei display higher 

transcriptional activity and decreased linker histone content (Pearson et aI., 1984 and 

references cited therein). One or both of these characteristics are found in most short 

repeat length chromatins examined (e.g. Godde & Widom, 1992; Villeponteau et aI., 

1992; Cavalli & Thoma, 1993). It is known that linker histones exhibit a preference 

for binding to longer chromatin fragments (Thomas & Rees, 1983) and that exchange 

of linker histones can occur even in low ionic strengths buffers (Louters & Chalkey, 

1984). It is therefore possible that exchange of linker histones from shorter chromatin 

fragments produced by MNase digestion would render them more susceptible to 

nuclease induced sliding as digestion proceeds, especially when that chromatin 

contains less than one linker histone per nucleosome. 

Although the factors that determine the initial spacing of nucleosomes are still not 

well understood, charge neutralisation and chromatin topology seem to play an 

important role (Blank & Becker, 1995; 1996). However the establishment of 

intemucleosomal repeat and the intemucleosomal spacing observed after digestion 

experiments may well be different. In agreement with many other authors (e.g. Lohr 

et aI., 1977; Allan et aI., 1984; Watkins & Smerdon, 1985; Godde & Widom, 1992) 

the observed repeat length of chromatin was also found to decrease as digestion 

proceeded. Increasing the rate ofMNase digestion resulted in a concomitant decrease 

in the repeat length of chromatins differing in linker histone content, differentiation 

status and transcriptional activity. The contribution of the rate ofMNase digestion to 

the observed repeat length should not be underestimated since different rates of 

digestion affected the observed repeat length of the same chromatin digested to the 

same extent by around 20 bp. This effect was even observed in chicken erythrocyte 

chromatin where nucleosome mobility might be expected to be restricted by the 

tightly bound linker histone H5. The mechanism whereby nucleosomal sliding is 

induced by relatively high rates ofMNase digestion is difficult to conceive. Assuming 

that DNA strand separation is required prior to MNase cleavage, it is possible that this 

destabilises adjacent nucleosomes with the effect transmitted some distance along the 

nucleosomal array. Faster rates of digestion are likely to result in multiple cleavage of 

more accessible chromatin regions and would therefore enhance nuclease induced 

nucleosomal sliding in these fragments whereas at slower rates of digestion these 
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effects would be more distributed. It is possible that chromatin samples in which 

nucleosomes are less restricted in mobility, for example due to alterations in histone 

and non-histone protein content or binding affinity, are more susceptible to MNase 

induced nucleosome sliding. In this respect it is interesting to note that in newly 

replicated DNA where reduced histone-DNA interactions occur, prior cross-linking of 

histones resulted in a repeat length similar to that of bulk chromatin. Without prior 

cross-linking, however, this repeat length was significantly shorter indicating 

involvement of the digestion process in the generation of a short repeat length (Smith 

etal., 1984). 

Analysis of the chromatin repeat lengths observed from many cell types of many 

species shows that there are distinct groupings of repeat length values at around 

165 bp, 185 bp and in excess of 185 bp (van Holde, 1989). The groupings around 

165 bp and 185 bp could be attributed to nucleosome sliding to the limit of the core 

particle and the chromatosome respectively. Several authors have reported repeat 

lengths shorter than 167 bp (Morris, 1978; Silver, 1979; Pearson et aI., 1984; Godde 

& Widom, 1992). These could presumably arise from nucleosome sliding past the 

limit of the core particle (Weischet & van Holde, 1980), since it is known that the 

histone-DNA interactions are weakest near the edges of the core particle. 
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7 Conclusions 

Although octamers containing ubiquitinated histones can be reconstituted 

successfully, few in vitro studies have been used to investigate the role of this 

modification in chromatin (Kleinschmidt & Martinson, 1981; Davies & Lindsey, 

1994). In this study, hybrid octamers containing uH2A were reconstituted onto 

random sequence 167 bp DNA and a 208 bp fragment of the Lytechinus variegatus 5S 

rDNA (Simpson & Stafford, 1983; Simpson et at., 1985). These nuc1eosomes behaved 

very similarly to control nuc1eosomes in that their thennal denaturation profiles 

(section 2) and positions on the 208 bp DNA (section 3) were essentially the same. 

This suggests that, in agreement with previous studies (Kleinschmidt & Martinson, 

1981; Davies & Lindsey, 1994), this post-translational modification has little effect on 

nuc1eosome structure. 

One of the aims of this study was to detennine ifuH2A influences linker histone 

binding since some evidence suggests that chromatin enriched in ubiquitinated 

histones has a reduced linker histone content (Davie & Nickel, 1987). The results 

discussed in sections 2 and 3 showed that under the conditions used, uH2A did not 

inhibit linker histone binding to nuc1eosomes but rather favoured it. This is in 

agreement with cross-linking studies that have shown that HI can be cross-linked to 

uH2A both in vitro (Nelson et at., 1979) and in vivo (Bonner & Stedman, 1979). This 

effect was more subtle with 167 bp nuc1eosome cores than with 208 bp nuc1eosomes 

suggesting that the length of DNA associated with the octamer may playa role in 

detennining accessibility to linker histone binding. Ubiquitin does not influence linker 

histone mediated positioning of nuc1eosomes as the positions of control and uH2A 

chromatosomes on the 208 bp DNA were also the same (section 3). Further 

investigations will be required to detennine if linker histone binding to nuc1eosomal 

arrays containing uH2A is also unaffected. 
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It therefore seems that if histone ubiquitination is involved in modulating chromatin 

structure, it is likely to influence higher order chromatin structures, as cell cycle 

studies imply (Matsui et ai., 1979; Wu et ai., 1981; Mueller et ai., 1985). As a first 

step towards investigating this possibility, the folding of control and uH2A hybrid 

nucleosomal arrays in the absence of linker histones was examined using a 

quantitative agarose gel electrophoresis assay (Fletcher et ai., 1994a,b; Hansen et ai., 

1997). Whilst the mobility of uH2A arrays in the agarose matrix was consistently 

lower than that of control arrays, the extent of folding of both arrays in response to 

2 mM MgClz was similar (section 4). Thus, under the conditions used, ubiquitin did 

not affect chromatin folding. The flexible carboxyl terminal tail of ubiquitin may 

allow movement of the ubiquitin moiety such that chromatin compaction is not 

affected by steric clashes. This model is feasible if chromatin compaction occurs in a 

three-dimensional zig-zag fashion as proposed by Woodcock and colleagues (Bednar 

et ai., 1998). This is consistent with reports of ubiquitin (Izquierdo, 1994) and uH2A 

(Baarends et ai., 1999) being associated with compact chromatin structures. It must be 

noted that in the absence of linker histones, a proportion of nucleosomal arrays can 

exist in a compact structure that sediments at ~55 S whilst most of the arrays exist as a 

structure of intermediate compaction that sediments at ~40 S (Schwarz & Hansen, 

1994). Further studies will be required to determine ifubiquitin influences the extent 

of compaction of linker histone containing chromatin. Interestingly, ubiquitinated 

nucleosomal arrays were found to oligomerise at lower MgClz concentrations than 

control arrays (section 4). This property may be of significance for stabilising 

interactions between uH2A containing chromatin regions. The absence of 

ubiquitinated histones in metaphase chromosomes (Matsui et ai., 1979; Wu et ai., 

1981; Mueller et ai., 1985) may therefore reflect the inaccessibility of histone 

ubiquitination sites to the ubiquitination machinery rather than the necessary removal 

of the ubiquitin moiety to allow chromosome condensation. It will also be of interest 

to determine if the ubiquitin released from histones at metaphase provides a source of 

free ubiquitin that is used to tag other proteins for degradation by the ubiquitin­

proteasome pathway. 
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A novel methodology was developed to reconstitute H5 onto long chromatin stripped 

of linker histones (section 5). Polygalacturonic acid (pectin) was initially used as a 

linker histone carrier but its removal from the reconstitution mixture proved to be 

problematic. The suitability of the anionic resin, CM Sephadex C-25, as a carrier to 

reconstitute H5 onto stripped pentanucleosomes and stripped long chromatin was 

investigated. Comparison of native, reconstituted and stripped chromatins after 

MNase digestion, thermal denaturation and determination of neighbouring linker 

histone orientation revealed that the reconstituted chromatin was very similar in all 

cases to native chromatin but substantially different from stripped chromatin. This 

technique provides an effective, simple and relatively quick method for linker histone 

reconstitution that could be used to reconstitute linker histones onto defined sequence 

nucleosomal arrays. 

The observed repeat length of chromatin was found to be inversely correlated to the 

rate ofMNase digestion (section 6) for chromatin from three different sources 

differing in linker histone content, differentiation status and transcriptional activity. 

This result supports previous suggestions that MNase may induce nucleosome sliding 

and result in erroneously low repeat length values (Weischet & van Holde, 1980; 

Smith et aI., 1984). The observed repeat length is therefore likely to depend not only 

on the original nucleosome spacing but also on the susceptibility ofMNase induced 

sliding of nucleosomes. These results suggest in addition to choosing conditions that 

limit end-trimming ofnucleosomes (Noll & Kornberg, 1977), low rates ofMNase 

digestion should also be used in order to minimise artifacts. 
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8 Methods 

All operations were performed at 4 °C unless stated otherwise. 

8.1 Isolation of chicken erythrocyte nuclei 

One litre of chicken whole blood was collected from freshly slaughtered chickens at 

the local abattoir using ACD buffer (12 mM citric acid, 90 mM tri-sodium citrate, 

18 mM sodium monophosphate and 13 mM D-glucose) as an anti-coagulant. The 

blood was filtered through two layers of cheesecloth and all further operations were 

carried out at 4 0c. The blood was centrifuged at 1000 g for 5 min and the plasma and 

white blood cells were removed by aspiration. Erythrocytes were washed three times 

in SSC buffer (10 mM trisodium citrate and 150 mM NaCI) by centrifugation at 

5000 g for 5 min. In order to release the nucJ ei, erythrocyte membranes were lysed by 

resuspending the pellet obtained after the last washing step into SSC containing 0.1 % 

(v/v) TritopXlOO. The suspension was centrifuged as before, and this procedure was 

repeated until the creamy coloured nuclei were free of unlysed erythrocytes. Nuclei 

were finally washed twice in 5 to 10 volumes of buffer A (15 mM Tris-HCI (PH 7.5), 

65 mM NaCI, 60 mM KCI, 0.15 mM spermine, 0.5 mM spermidine, 0.2 mM EGTA, 

0.2 mM EDTA, 5 mM ~-mercaptoethanol and 10 flM PMSF) (Hewish & Burgoyne, 

1973). Nuclei were stored at - 20°C in buffer A containing 50 % (v/v) glycerol. 

8.2 Isolation of chicken erythrocyte histones 

Stored nuclei were pelleted at 10 000 g for 5 min and washed twice with buffer A to 

remove the glycerol. The washed nuclei were homogenised with a Kinematica 

Polytron in 10 volumes of 0.25 M HCl. The homogenate was rolled for 30 min to 

ensure complete extraction of histones before centrifugation at 10 000 g for 15 min. 

The supernatant containing the acid soluble histones was dialysed overnight against 

20 litres of deionized water with one change. The dialysate was lyophilised and the 

histones were stored at -20°C. BioGel P60 (100-200 mesh) chromatography was 

performed at room temperature in 50 ruM NaCI and 20 mM HCI to resolve the 
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histones into a H2A fraction, a H2B-H3 fraction and a H4 fraction. Column 

dimensions were 5 x 90 cm and a 42 ml per hour flow rate was used. Fractions were 

analysed by SDS-PAGE prior to pooling and stored at 4 °C after the addition of 

sodium azide to 0.01 % (w/v). 

8.3 Purification of Chicken H3 and H2B 

One quarter of the pooled H2B-H3 fractions from the BioGel P60 chromatographic 

step was concentrated by ultrafiltration under nitrogen using an Amicon PM -10 

membrane to a final volume of approximately 2 ml, and chromatographed on a 

Sephadex G 100 column (1.5 x 100 cm) in 50 mM NaCI and 20 mM HCI at a flow rate 

of 8 ml per hour. One millilitre fractions were collected and analysed by SDS-P AGE. 

Fractions containing pure H3 and H2B, respectively, were pooled and stored at 4 °C 

with after the addition of sodium azide to 0.01 % (w/v). 

8.4 Purification of linker histones from chicken erythrocyte nuclei 

Extraction of linker histones from chicken erythrocyte nuclei was carried out using 

CM Sephadex C-25 as described by Garcia-Ramirez and colleagues (Garcia-Ramirez 

et aI, 1990), as it has been reported that acid irreversibly alters linker histone structure 

(Brand et a!., 1981). The pooled histone H5 and HI fractions were dialysed against 

10 mM NaCl, 0.1 mM EDTA and 10 mM Tris-HCI (PH 7.4) and concentrated by 

ultrafiltration at 4 °C under nitrogen using an Amicon PM -10 membrane. Purified 

linker histones were stored in 50 % (v/v) glycerol at -20°C and were found to remain 

stable for up to one year. Storage in glycerol counteracts the problem of histone 

precipitation that occurs upon repeated freezing and thawing of histone samples as 

reported by Kaplan et a!. (1984). 
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8.5 Isolation of calf ubiquitinated H2A (uH2A) 

8.5.1 Isolation of calf thymus histones 

Thymus glands were collected on ice from freshly slaughtered calves at the local 

abattoir. Ifnecessary, thymus glands were stored at -70°C until required. All 

manipulations were carried out at 4 0c. Blood vessels, connective tissue and excess 

fat were removed from the glands using scissors. The thymus was cut up into small 

pieces and homogenised in a Waring blender for 2 minutes in approximately 5 

volumes 140 mM NaCI, 10 mM trisodium citrate and 5 mM sodium bisulphite. The 

homogenate was filtered through four layers of cheesecloth and centrifuged at 5000 g 

for 10 min. The nucleoprotein pellet was washed 5 times in the same buffer. The 

washed pellet was homogenised in approximately 10 volumes ofOA M HCI with a 

Kinematica Polytron. The homogenate was rolled for 30 min to ensure complete 

extraction of histones before centrifugation at 10 000 g for 15 min. The supernatant 

containing the acid soluble histones was dialysed overnight against 20 litres of 

deionized water with one change. The dialysate was lyophilised and the histones 

stored at -20°C. To purify individual histones, approximately 250 mg lyophilized 

histones were dissolved in 5 ml 8 M urea and 4 % (v/v) p-mercaptoethanol, and 

chromatographed at room temperature on a 4.5 x 100 cm BioGel P60 (100-200 mesh) 

column. The column buffer was 50 mM NaCl and 20 mM HCI and the flow rate 

40 ml per hour. Histones were resolved into a H2A-H3 fraction, a H2B fraction, and a 

H4 fraction. 

8.5.2 Purification of uH2A 

H2A fractions from three BioGel P60 column runs were pooled and adjusted to 6 M 

urea and 50 mM sodium acetate (PH 5A) and loaded onto a l.5 x 20 cm Whatman 

CM 52 column equilibrated in 6 M urea, 50 mM NaCI and 50 mM sodium acetate 

(PH 5A). Bound proteins were eluted at room temperature with a linear salt gradient 

(125-175 mM NaCl) in the same buffer. Fractions were analysed by SDS-PAGE, and 
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those containing uH2A were pooled, dialysed against 40 litres deionized water, and 

lyophilised. The final purification step required pooled fractions from three Whatman 

CM 52 column runs. Lyophilised pools were resuspended in 8 M urea, 2 mM Tris­

HCI and 10 % (v/v) ~-mercaptoethanol and rolled for 4 hours at 4°C. The pH was 

adjusted to 2.2 (Thome et aI., 1987) with HCI and the solution was applied to a 2.5 x 

100 cm BioGel P60 (100-200 mesh) column equilibrated in 7 M urea and 2 mM Tris­

HCI (PH 2.2). The flow rate used was 4 ml per hour and approximately 0.5 ml 

fractions were collected. Fractions containing pure uH2A were identified by SDS­

PAGE analysis, pooled and dialysed against deionized water. Purified fractions were 

stored in acid washed counting vials at -20°C. 

8.6 Reconstitution of histone octamers 

Stoichiometric amounts of the four individual core histones were mixed to give a final 

protein mass of 2 mg. Chicken erythrocyte H3, H4 and H2B and calf H2A were used 

to assemble control hybrid octamers. Calf uH2A replaced H2A when uH2A hybrid 

octamers were assembled. The histone mixture was dialysed overnight at 4 °C against 

2litres of2 M NaCI and 10 mM Tris-HCI (PH 7.4). The dialysate was concentrated to 

approximately 1 ml by ultrafiltration under nitrogen using an Arnicon PM -10 

membrane and chromatographed at 4 °C on a Sepharose 6B column (1.5 x 90 cm) 

equilibrated in 2 M NaCI and 10 mM Tris-HCI (PH 7.4) at a flow rate of7 ml per 

hour. One millilitre fractions were collected and an aliquot of each fraction containing 

A230 absorbing material was precipitated with 15 % (w/v) trichloroacetic acid. The 

pellets were washed with acetone and 20 mM HCI and finally with acetone, and 

analysed by SDS-PAGE. Fractions containing equimolar amounts of the histones, as 

judged by comparison with gel scans of histone standards run on the same gel, were 

pooled and stored at 4 °C after addition of sodium azide to 0.01 % (w/v). 
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8.7 Cross-linking of histone octamers 

In order to establish that bona fide octamers had been isolated, pooled octamers were 

concentrated by ultrafiltration as before to approximately 5 mg/ml. Concentrated 

octamers were mixed with an equal volume of 10 mg per ml dimethylsuberimidate in 

2 M NaCI and 0.25 M borate (PH 9.8). The cross-linking reaction Was terminated at 

set time intervals by addition of 500 mM glycine (PH 8.0) to a final concentration of 

125 mM on ice. Samples were dialysed for at least 4 h against 25 mM glycine 

(PH 8.0) at 4 °C and analysed by SDS-PAGE using sample application buffer without 

~-mercaptoethanol. 

8.8 Preparation of native long chromatin and pentanucleosomes 

Chicken erythrocyte nuclei in buffer A (Hewish & Burgoyne, 1973) at a concentration 

of 1 mg DNAfml (equal to an A 2GO of 20 in 1 M NaOH) were digested at a final Ca2
+ 

concentration of 0.8 mM at 20°C with either 6 units MNase per mg DNA for 10 min 

for long chromatin or 40 units MNase per mg DNA for 10 min for pentanucleosomes. 

Digestion times could be increased with a concomitant reduction in the concentration 

ofMNase added. The digestion was stopped by addition of EDT A to 5 mM. Nuclei 

were collected by centrifugation at 4000 rpm in Beckman JA-20 rotor for 5 min and 

resuspended in and dialysed against 0.2 mM EDTA and 10 mM Tris-HCI (PH 7.4), 

for 16 hours. Nuclear debris was removed by centrifugation at 12 000 rpm in a 

Beckman JA-20 rotor. Soluble chromatin fragments were separated on linear 5 to 

20 % (w/v) sucrose gradients in 20 mM NaCl, 0.1 mM EDTA and 10 mM Tris-HCI 

(PH 7.4), and centrifuged at 24 000 rpm for 16 hours in a Beckman SW 28 rotor. 

Gradients were fractionated with 50 % (w/v) sucrose using an ISCO density gradient 

fractionator. Absorbance was monitored at 254 nm. Fractions of interest were dialysed 

against 20 mM NaCl, 0.1 mM EDT A and 10 mM Tris-HCI (PH 7.4) for 16 hours. 

Aliquots of fractions were deproteinized by extractions with phenol (PH 8.0), 1 % 

(w/v) SDS and then with diethylether, followed by precipitation with 7 volumes of 

ethanol. The DNA pellets were washed with 70 % (v/v) ethanol and resuspended in 

5 % (v/v) glycerol containing 0.01 % (w/v) bromophenol blue. The length of the 
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chromatin fragments in each fraction was determined by electrophoresis in 1 % (w/v) 

agarose gels in TBE (90 mM Tris-Borate (PH 8.3) and 2.5 mM EDTA) by comparison 

to the restriction fragments generated by digestion of pBR322 DNA with Hpa II and 

digestion of A DNA with Hind III and Eco RI. Long chromatin contained 7 to 12 

nuc1eosomes. 

8.9 Removal of linker histones from native chromatin and pentanucleosomes 

Chromatin to be stripped of linker histones was dialysed for 16 hours against 600 mM 

NaCI, 0.1 mM EDTA and 10 mM Tris-HCI (PH 7.4) and concentrated by 

ultrafiltration under nitrogen using an Amicon PM-10 membrane. Chromatin samples 

(5 mg/ml) were then centrifuged on linear 5 to 20 % (w/v) sucrose gradients in 

600 mM NaCI, 0.1 mM EDTA and 10 mM Tris-HCI (PH 7.4) at 24000 rpm for 

16 hours in a Beckman SW 28 rotor. Gradients were fractionated as before and 

fractions were dialysed against 10 mM NaCI, 0.1 mM EDTA and 10 mM Tris-HCI 

(PH 7.4) for 16 hours. Aliquots of dialysed fractions were precipitated with 10 % (v/v) 

trichloroacetic acid for 30 min at 4 °C followed by centrifugation in a Beckman JA-

20.1 rotor for 10 min at 15 000 rpm. Pellets were washed first with acetone, 0.02 M 

HCI and then acetone. The histone content of fractions was determined by SDS 

polyacrylamide gel electrophoresis to confirm the removal of linker histones. 

8.10 Preparation of 167 bp random sequence DNA 

Long chicken erythrocyte chromatin stripped of linker histones was digested with 

MNase at room temperature in 20 mM NaCl, 1 mM CaClz and 10 mM Tris-HCI 

(PH 7.4). Digestion products from trial digests were analysed on 6 % non-denaturing 

polyacrylamide gels. Conditions for the bulk preparation of 167 bp nuc1eosome cores 

were determined by scaling up optimal digestion times from the trial digests. Typical 

digests required 107 units MNase per 20 A260 units per min. Digestion was stopped by 

addition of 100 mM EDT A to a final concentration of 5 mM. Nuc1eosome cores were 

purified by chromatography using a Sepharose CL 6B (1.5 x 100 em) column in 

0.3 M NaCI, 0.1 mM EDTA and 10 mM Tris-HCI (PH 7.4) at a flow rate of8 ml per 

hour. The elevated salt concentration assists in the removal of traces ofMNase that 
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may be adhering to the cores. Fractions were analysed by 6 % non-denaturing PAGE 

and those containing 167 bp nuc1eosome cores were pooled and concentrated by 

ultrafiltration. DNA was purified from these nuc1eosomes by phenol extraction. 

8.11 Purification of defined sequence DNA templates 

p5S 208-12 plasmid containing 12 tandem repeats of a 208 bp sequence derived from 

the Lytechinus 5S rRNA gene (Simpson et ai., 1985), were amplified and extracted by 

alkaline lysis (Maniatis et ai., 1982). The original plasmid was named p5S 207-12 but 

later results indicated that the length of the tandem repeat fragment was 208 bp and 

not 207 bp (Dong & van Holde, 1991). The plasmid was purified using Nuc1eobond 

(Machery-Nagel) columns. 208-12 DNA and 208 DNA were excised from the 

plasmid by Hha I and Ava I digestion respectively according to the manufacturer's 

instructions (Boehringer Mannheim). DNA fragments of interest were separated from 

the remainder of the plasmid by centrifugation through a linear 5-12 % (w Iv) sucrose 

gradient in TE (10 mM Tris-HCI (PH 8.0) and 1 mM EDTA) for 16 hours at 4°C in a 

Beckman SW 40 Ti rotor at 30 000 rpm. Gradients were fractionated with 50 % (w/v) 

sucrose using an ISCO gradient fractionator. Aliquots of fractions were analysed by 

agarose gel electrophoresis in order to identify and pool fractions containing the DNA 

fragment of interest. DNA fragments were concentrated by ethanol precipitation 

according to standard protocols. 

8.12 Reconstitution of nucleosomes 

Nuc1eosome cores were reconstituted onto purified 167 bp random sequence or 

defined sequence 208 bp 5S rDNA fragments using the reconstituted hybrid chicken 

erythrocyte octamers as a histone source, containing either calf H2A (control) or calf 

uH2A. The final DNA concentration ranged from 20 to 50 flg/ml. The DNA and 

octamer mixtures were dialysed against TE (pH 7.4) containing 2 M NaCI for 1 hour 

followed by dialysis periods of3-4 hours against TE (PH 7.4) buffer containing 

decreasing salt concentrations (1.2 M, 0.9 M and 0.6 M NaCI). This was followed by 

overnight dialysis against TE (PH 7.4) with one change of buffer. Trial reconstitutions 

were carried out in microdialysers with increasing molar ratios of octamer to DNA 
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ranging from 0.5 to 3, and analysed on 0.7 % (w/v) agarose nucleoprotein gels in 

0.5 x TBE (45 mM Tris-borate and 1 mM EDTA). Optimal input ratios thus derived 

were utilised for bulk reconstitutions. Reconstitutes were stored for up to one week at 

4°C. 

8.13 Reconstitution of linker histones onto nucleosome cores 

8.13.1 Direct addition 

Reconstituted nucleosome cores were incubated with various amounts of chicken 

erythrocyte linker histones as stated in the text in 50 mM NaCI, 1 mM EDTA and 

10 mM Tris-HCI (PH 7.4) for 30 min at room temperature (Hayes & Wolffe, 1993). 

The average molecular weight of chicken erythrocyte HI was taken as 21 782 Da 

(Sugarman et al., 1983). 

8.13.2 Salt dialysis 

Reconstituted nucleosome cores and linker histones in 550 mM NaCI, 1 mM EDTA 

and 10 mM Tris-HCI (PH 7.4) were mixed in the ratios stated in the text and dialysed 

for at least 4 hours against 10 mM NaCI, 1 mM EDTA and 10 mM Tris-HCI (PH 7.4). 

8.14 Purification of reconstituted nucleosomes and chromatosomes 

Reconstitution products were applied to linear 5-20 % (w/v) sucrose gradients in 

10 mM NaCI, 1 mM EDTA and 10 mM Tris-HCI (PH 7.4) and centrifuged in a 

Beckman SW 40 Ti rotor for 16 hours at 30 000 rpm. Gradients were fractionated as 

described above and aliquots of fractions were analysed by 0.7 % (w/v) agarose gel 

electrophoresis in 0.5 x TBE. 

8.15 Gel retardation assays 

Reconstitution products were adjusted to 5 % (v/v) glycerol and analysed by gel 

retardation assays on 0.7 % (w/v) agarose gels in 0.5 x TBE. Gels were stained with 

ethidium bromide and photographed on a UV trans-illuminator. 
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8.16 Ultraviolet absorbance versus temperature profiles 

Samples at a concentration of 50 J.1g/ml in the buffer specified in the text were heated 

at 1°C/min from 30°C to 100°C in a 2 mm x 10 mm quartz cuvette (Helma, 

Mulheim, Germany). Absorbance at 260 nm was recorded every 0.3 °C using a Pye­

Unicam SP 1800 spectrophotometer equipped with a custom made temperature 

controller interfaced to an analog to digital device (Oasis/4; 3 D Digital Design and 

Development Ltd, London) and an IBM 386 computer. Where indicated, the first 

derivatives of A260 versus temperature profiles were numerically deconvoluted by 

fitting a sum of Gaussian curves using a Marquardt-Levenberg algorithm (software 

provided by Dr P. Husler, unpublished). 

8.17 Determination of nucleosome and chromatosome positioning 

Nucleosomes and chromatosomes reconstituted onto 208 bp Lytechinus 5S rDNA 

were digested with 0.3 units ofMNase per 10 )lg DNA at a final CaCh concentration 

of 0.8 mM. Naked DNA was digested with 0.06 units ofMNase per 10)lg DNA. 

Optimal digestion times required for production of 146 bp and 167 bp intermediates 

respectively were determined from trial digests. Ten micrograms of DNA was used 

for bulk digestions. Digestion products were phenol extracted and analysed by 6 % 

(w/v) non-denaturing PAGE. Gel slices containing the bands of interest were cut out 

using a sterile scalpel blade and crushed. The DNA was eluted in 0.3 ml TE overnight 

on a rotator in the dark at 4 dc. The DNA was purified from the gel pieces by 

filtration through siliconised glass wool and concentrated by ethanol precipitation. 

The pellet was washed with 70 % (v/v) ethanol, resuspended in TE and digested with 

the specified restriction enzyme according to standard procedures. Digestion products 

were analysed by 8 % (w/v) non-denaturing PAGE. Gels were stained with SYBR 

gold (Molecular probes). 
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8.18 Reconstitution of nucleosomal arrays 

Nucleosomal arrays were reconstituted by salt dialysis from purified 208-12 DNA 

fragments and reconstituted hybrid chicken erythrocyte octamers containing either 

calfH2A (control) or calfuH2A by salt dialysis as described previously for the 

reconstitution ofnucleosomes. The number ofnucleosomes per DNA template was 

estimated by overnight digestion of an aliquot of the reconstituted material with Ava I 

(20 units per ~g DNA) and analysis of the digestion products on 0.7 % (w/v) agarose 

nUcleoprotein gels in 0.5 x TBE (45 mM Tris-borate and 1 mM EDT A). Gels were 

stained with ethidium bromide and photographed on a UV trans-illuminator. 

Negatives were scanned using a Nikon LS-4500 AF film scanner and analysed using 

ImageQuant software. This method has previously been shown to be a sensitive assay 

for nucleosome loading (Tse & Hansen, 1997). The results from trial reconstitutions 

were used to adjust input ratios of octamers to DNA template to yield saturated 

nucleosomal arrays (> 50 % of templates containing 12 nucleosomes). Reconstitutes 

were stored for up to one week at 4 0c. 

8.19 Intermolecular Association Assay 

Reconstituted nucleosomal arrays were concentrated by ultrafiltration under nitrogen 

using an Amicon PM -10 membrane. The A260 of the reconstituted nucleosomal arrays 

was determined and adjusted to 1.6 with 10 mM Tris-HCl (pH 7.4) and 5 mM EDTA. 

Fifteen microlitres each of nucleosomal array sample and MgCb solutions were 

mixed to yield the final MgCb concentrations reported in the text and incubated for 

10 min at 22°C. Samples were centrifuged at 16000 in a Beckman JA 20.1 rotor for 

10 min at 20°C. The A260 of the supernatants was determined following 

centrifugation, and the proportion of unaggregated nucleosomal array was expressed 

as (A260 of supernatant after centrifugation / A260 in TE) x 100. 
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8.20 Quantitative agarose gel electrophoresis 

8.20.1 Materials 

Low EEO agarose from four different manufacturers (Hispanagar, Biometra, Promega 

and Seaplaque) was tested and all samples were found to be unsuitable for 

quantitative agarose gel electrophoresis. Either nucleosome core disruption was 

evident as judged from smearing and lack of histone staining following Coomassie 

staining or the agarose gel matrix was too fragile. Sigma type II agarose was found to 

be suitable for nUcleoprotein gels although it has slightly higher EEO than that of 

agarose used in previous reports. Seakem Gold agarose, which is assumed to be 

electroendo-osmosis free (Hansen et aI., 1997), was used in the )lE detenninations. 

Bacteriophage T3, which was used as an internal standard, was obtained from A TCC, 

amplified and purified according to the protocol of Serwer and colleagues (Serwer et 

aI., 1983). 

8.20.2 Determination of)l and )l' 0 

A nine lane multigel system as described by Hansen and co-workers (Fletcher et ai., 

1994a,b; Hansen et aI., 1997) was utilised to detennine the electrophoretic mobilities 

of reconstituted nucleosomal arrays in 0.2 to 3.0 % (w/v) agarose. Rwming gels were 

prepared in 40 mM Tris-HCl (PH 7.8) and 0.25 mM EDTA (E buffer) containing a 

final concentration of 0 or 2 mM MgCh. Samples containing 0.6)lg of bacteriophage 

T3 and approximately 0.5 )lg either nucleosomal arrays or DNA were electrophoresed 

at 2.65 V.cm- 1 at 20 ± 2 °C for 8 hours with buffer recirculation. Buffer recirculation 

was started 6 min after the start of electrophoresis. Gels were stained with ethidium 

bromide and photographed on a UV trans-illuminator. Negatives were scanned (Nikon 

LS-4500 AF film scanner) and values of)l (distance of migration from the well in em) 

were calculated from the distance of the middle of the bands to the well. Values were 

detennined using either Prolmage software (Prolab Tech Co., ltd) or by measuring the 

distances from an enlarged A4 size printout of the gel. Values were calibrated using a 

ruler that was included in the photograph alongside the gel. The gel free migration 

was calculated by the extrapolation of the line fitted by linear regression to a plot of 

migration distance (~ 1 % (w/v) agarose) versus percentage agarose concentration. 

The gel free migration was then converted to 11'0, the gel free mobility (cm2V-1s-1
). 
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The Il of electro-osmotically driven buffer in Sigma agarose, IlE, was determined by 

subtracting the Il' 0 T3 in Seakem gold agarose from the Il' 0 T3 in Sigma agarose. The 

value of IlE was -2.68 x 1O-5cm2y -l s-l in E buffer and -1.91xl0-5 cm2y-1s-l in E buffer 

containing 2 mM MgCb. 

8.21 Reconstitution of linker histones onto stripped chromatin 

8.21.1 Pectin reconstitution protocol 

A thirty fold weight excess of pectin (10 mg/ml in 20 mM NaCl, 0.1 mM EDT A and 

10 mM Tris-HCI (PH 7.4)) with respect to the DNA content of chromatin to be 

reconstituted was mixed with the amount of histone H5 specified in the text. The 

molar input ratio ofH5 in reconstitution mixtures was determined by assuming that 

1 mole ofH5 weighs 20 580 g, and 1 mole nucleosomal DNA (200 bp) weighs 

132,000 g. The extinction coefficient of H5 was determined spectrophotometric ally at 

230 nm based on an A230 = 3.2 for 1 rug/ml H5 for a lyophilised sample of histone H5 

that had been exhaustively dialysed against double distilled water and sUbjected to 

amino acid analysis. Densitometric scans of SDS polyacrylamide gels of known 

amounts of native chromatin (from 3 to 15~g) were used to generate a calibration 

curve from which the amount of histone H5 present in 0.1 mg native chromatin was 

determined. The corresponding amount of stock H5 was determined from 

densitometric analysis of known amounts of stock H5 (from 3 to 15~g) 

electrophoresed in parallel to the native chromatin. The two methods of determination 

of input molar ratio ofH5 correlated to within 6 %, corresponding to 0.16 mg H5/mg 

DNA. Polynucleosomes (4-5 nucleosomes) stripped oflinker histones, in the same 

buffer were then added to a final concentration of 0.1 mg/ml. Reconstitution mixtures 

were incubated at 4 °C for one hour on a rotator prior to purification on linear 5-20 % 

(w/v) sucrose gradients in 20 mM NaCI, 0.1 mM EDTA and 10 mM Tris-HCI 

(PH 7.4). Centrifugation was performed using a Beckman SW 40Ti rotor for 16 hours 

at 4 °C at 24 000 rpm. Gradients were fractionated with 50 % (w/v) sucrose using an 

ISCO density gradient fractionator (model 640). 
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8.21.2 CM Sephadex C-2S linker histone reconstitution protocol 

A ten fold weight excess ofCM Sephadex C-25, (20 mg/ml in 20 mM NaCI, 0.1 mM 

EDTA and 10 mM Tris-HCI (PH 7.4)) with respect to the DNA content of chromatin 

to be reconstituted was mixed with histone H5. The amount of histone H5 used 

depended on the experiment. Stripped chromatin in 20 mM NaCI, 0.1 mM EDT A and 

10 mM Tris-HCI (pH 7.4) was then added to a final concentration of 0.1 mg/ml. 

Reconstitution mixtures were rolled in polypropylene tubes at 4 °C for 4 hours with 

both rocking and rolling motions since it is important that thorough gentle mixing 

occurs. Following centrifugation at 4000 g for 10 min, the supernatant was carefully 

withdrawn avoiding contamination with CM Sephadex C-25. The percentage of 

chromatin recovered after reconstitution was determined by comparison of the A260 of 

the sample with a mock reconstitution containing only stripped chromatin. In the case 

of bulk reconstitutions, the supernatant was filtered through a Whatman #1 filter. 

Where necessary, the reconstitution mixture was concentrated by ultrafiltration as 

before. Any H5 not bound tightly to nucleosomes was separated from the 

reconstituted sample by centrifugation through linear 5-20 % (w/v) sucrose gradients 

in 0.1 mM EDTA and 10 mM Tris-HCI (PH 7.4) at 16000 rpm in a Beckman SW 40 

rotor for 16 hours. Following fractionation as before, samples were dialysed into the 

appropriate buffer. 

8.21.3 Salt dialysis linker histone reconstitution protocol 

Linker histone and chromatin stripped of linker histones, both in 550 mM NaCI, 1 

mM EDTA and 10 mM Tris-HCI (PH 7.4), were mixed in the ratios specified in the 

text and dialysed against this buffer for one hour. Reconstitution mixtures were then 

dialysed against 250 mM NaCI, 1 mM EDTA and 10 mM Tris-HCI (PH 7.4) for 

3 hours and finally against 10 mM NaCI, 1 mM EDTA and 10 mM Tris-HCI (PH 7.4) 

for at least 4 hours. 
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8.22 Determination of pectin concentration 

Pectin concentration was detennined using a colourimetric assay for uronic acid 

(Davidson, 1966). Briefly, 1 ml of sample was incubated with 3 ml orcinol reagent for 

40 min at 100°C. The orcinol reagent consists of 400 mg orcinol, 155 mIlO M HCl 

and 10 ml of 1.5 % (w/v) ferric chloride dissolved in 0.01 M HCl. Samples were 

cooled to room temperature and the absorbance was measured at 660 nm. The pectin 

concentration of a sample was detennined by comparison with a standard curve 

ranging from 50 to 700 I-lg pectin per ml. 

8.23 Pectinase digestion 

Reconstituted samples in 20 mM NaCl, 0.1 mM EDTA and 10 mM Tris-HCl (PH 7.4) 

were digested with pectinase (14 units pectinase/ mg pectin) for 10 min at 37°C and 

dialysed against the same buffer at 4 °C for four hours. 

8.24 Micrococcal nuclease digestion of pentanucleosomes and long chromatin 

Native, stripped and reconstituted pentanuc1eosomal chromatin samples (50 I-lg in 

1 m120 mM NaCl, 0.1 mM EDTA and 10 mM Tris-HCl (PH 7.4», were digested at 

20°C with 9 units MNase at a final Ca2
+ concentration of 0.33 ruM. Native, stripped 

and reconstituted long chromatin samples (80 I-lg in 1 m120 mM NaCl, 0.1 mM 

EDTA and 10 mM Tris-HCl (PH 7.4», were digested at 20°C with 1 unit MNase at a 

final calcium concentration of 0.6 mM. Aliquots were taken at different times and the 

reactions tenninated by addition of phenol (PH 8.0) and SDS to a final concentration 

of 1 % (w/v). The samples were deproteinated by phenol extraction followed by 

diethylether extraction. The DNA was precipitated from the aqueous phase with 7 

volumes of ethanol. The DNA pellets were washed with 70 % (v/v) ethanol and 

resuspended in 5 % (v/v) glycerol containing 0.01 % (w/v) bromophenol blue. Digests 

ofpentanuc1eosomes were analysed by electrophoresis in 6 % (w/v) acrylamide gels 

containing 30 mM Tris-HCl (pH 7.5), 36 mM NaH2P04 and 0.1 mM EDT A. Digests 

oflong chromatin were analysed by electrophoresis in 1 % (w/v) agarose gels in TBE. 
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Following electrophoresis, gels were stained with ethidium bromide and 

photographed on a UV trans-illuminator using Ilford Pan F plus film. DNA fragments 

were sized by comparison with the restriction fragments generated by digestion of 

pBR322 with Hpa II and digestion of A DNA with Hind III and Eco RI. Film 

negatives of long chromatin digests were converted to bitmap images using a Nikon 

LS-4500 AF film scanner and Adobe photoshop 3.0. Densitometric analysis of gel 

scans was performed using Geltrak software (written by Dr. D. Maeder) which is 

obtainable at http://www.uct.ac.zaldepts/biochern/service.htrn#software. 

8.25 Determination of the arrangement of histone H5 molecules in native and 

reconstituted chromatin. 

This was carried out essentially as described by Thomas and co-workers (Lennard & 

Thomas, 1985). Chromatin samples were dialysed against 10 mM borate (PH 8.0) and 

0.1 mM EDTA, and adjusted to 0.25 mg DNA/ml. Dithiobis (succinimidyl 

propionate) was added from a stock solution (10 mg/ml in dry dirnethylformamide) to 

30 ml of chromatin to a final concentration of 0.2 mg/ml. The cross-linking reaction 

was terminated after 6 min at 25 DC by placing the reaction on ice and by the addition 

of 500 mM glycine (PH 8.0) to a final concentration of25 mM. Longer cross-linking 

times led to the formation of extensive cross-links with core histones. Linker histones 

were extracted with 7.5 % (v/v) perchloric acid for 30 min at 4 DC. Perchloric acid 

soluble material was recovered by centrifugation at 15 000 rpm for 15 min in a 

Beckman JA-20 rotor and was precipitated with 10 % (v/v) trichloroacetic acid for 

30 min at 4 DC followed by centrifugation as above. The histone pellet was washed 

with acetone and 0.02 M HCI, and then with acetone. The dried pellet was 

resuspended in 600 l .. tI 6 M urea and 50 mM NaCI (PH 1.7) and applied to a 

BioGel P60 (9 mm x 1 m) column in 50 mM NaCI (PH 1.7) at a flow rate of 4 mllh. 

The elution profile was monitored at 230 nm and fractions were analysed by SDS­

polyacrylamide gel electrophoresis .. p-mercaptoethanol was omitted from the sample 

application buffer. Cross-linked products eluted in the first peak. Fractions containing 

cross-linked products were pooled, precipitated with trichloroacetic acid as above, 

resuspended in 50 mM Tris-HCI (pH 7.4) and digested with a-chymotrypsin for 5 min 

at 37 DC at an enzyme:histone ratio of 1 :600 (w/w). The digestion was stopped with 
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0.2 mM PMSF and samples were again trichloroacetic acid precipitated before being 

sUbjected to two-dimensional SDS polyacrylamide gel electrophoresis to detennine 

the composition of the cross-linked products. 

8.26 SDS-Polyacrylamide Gel Electrophoresis 

SDS polyacrylamide gel electrophoresis was perfonned essentially as described by 

Laemmli (1970). Resolving gels contained 20 % (w/v) acrylamide, 0.1 % (w/v) N,N'­

methylenebis(acrylamide), 375 mM Tris-HCI (PH 8.8), 0.1 % (w/v) SDS, 0.1 % (w/v) 

ammonium persulfate and 0.05 % (v/v) N,N,N',N'-tetramethylethylenediamine 

(TEMED). Stacking gels contained 6.67 % (w/v) acrylamide, 0.03 % (w/v) N,N'­

methylenebis(acrylamide), 125 mM Tris-HCI (PH 6.8), 0.1 % (w/v) SDS, 0.25 % 

(w/v) ammonium persulfate and 0.05 % (v/v) TEMED. Sample application buffer 

contained 1 % (w/v) SDS, 37.5 mM Tris-HCI (PH 6.8), 10 % (v/v) glycerol, 360 mM 

~-mercaptoethanol and 0.01 % (w/v) bromophenol blue. Electrophoresis was 

perfonned at 20°C in running buffer (25 mM Tris-base, 200 mM glycine and 0.1 % 

(w/v) SDS) at a constant voltage of 150 V until the dye front reached the bottom of 

the resolving gel. Gels were stained either with 0.1 % (w/v) Amido Black in 7 % (v/v) 

acetic acid and destained in 7 % (v/v) acetic acid or with 0.2 % (w/v) Coomassie blue 

in 25 % (v/v) methanol, 7 % (v/v) acetic acid and destained in 7 % (v/v) acetic acid 

unless otherwise mentioned. 

For two dimensional electrophoresis, chromatographically purified cross-linked 

samples (50 Ilg) were resuspended in sample application buffer without ~­

mercaptoethanol and electrophoresed in the first dimension on a 0.5 mm thick gel 

with 0.8 cm wide wells (stacking gel 1.5 cm, resolving gel 12 cm). Following 

electrophoresis, the gel strip containing the sample was carefully excised and soaked 

for 10 min in 100 ml280 mM ~-mercaptoethanol, 375 mM Tris-HCI (PH 8.8) and 

0.1 % (w/v) SDS in a sealed container under gentle agitation. This was followed by 

two 5 min washes in 50 ml 125 mM Tris-HCl (PH 6.8) and 0.1 % (w/v) SDS. It was 

found that increasing the length of these washes resulted in loss of protein material. 

The gel strip was then bonded lengthwise to the top of a 0.9 mm thick second 

dimension gel (stacking gel 1.5 cm, resolving gel 18 cm) with 1 % (w/v) agarose in 
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125 mM Tris-HCI (PH 6.8) and 0.1 % (w/v) SDS. Following electrophoresis, the gel 

was soaked in 50 % (v/v) methanol and silver stained according to the method of 

Wray et al. (1981). A partial chymotryptic digest of histone H5 or linker histones was 

included as an internal standard for the determination of the arrangement of 

neighbouring linker histones in extended reconstituted and native chromatin 

respecti vely. 

8.27 SDS-PAGE densitometric scanning 

Gels were destained to remove all traces of dye from the background and scanned 

using a Hoefer GS 300 scanning densitometer. Data were processed using associated 

Hoefer GS 365 W software in order to determine areas of densitometric peaks. There 

was a linear relationship between the area under the Amido black or Coomassie blue 

stained peak of each histone, except H2B, and the input of histone when total acid 

extracted histones in the range 3 to 20 Ilg were electrophoresed. To determine the 

percentage of linker histone incorporated in reconstituted samples, the ratio of linker 

histone to histone H4 or core histones in the reconstituted samples was divided by that 

of a native chromatin sample of similar densitometric intensity run on the same gel. 

The ratio of H5 to H4 was calculated as H4 is well resolved from the other core 

histones. As an internal control, the ratio ofH2A to H4 was also determined and 

found to vary by 5 to 10 % (not shown). 

8.28 Chromatin repeat length determination 

Chromatin was digested in with MNase (Sigma) using the specified conditions after 

the addition of 100 mM CaCh to a final Ca2
+ concentration of 0.6 mM. Where the 

effect ofMNase digestion was investigated using different enzyme concentrations, 

samples were withdrawn from the digest at different times to compensate for the 

different enzyme concentration. Thus, assuming a linear relationship for the range of 

MNase concentrations used, the extent of digestion D = Cot, where Co is the units of 

MNase added and t is the time of digestion, was equivalent at each time point 

irrespective of the amount of enzyme added. In order to maintain equivalent extents of 
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digestion when carrying out the digest at different temperatures, the rate of digestion 

at the stated temperature relative to that at 20°C was determined. 

The rate of digestion carried out in 20 mM NaCl and 10 mM Tris-HCl (PH 7.4) at 

20°C, using 16 units MNase per 20 A260 units, was taken as the standard digestion 

rate. This corresponds to a molar ratio ofMNase: DNA base pair of approximately 

1: 320, using a molecular weight of 16 807 glmol for MNase (Taniuchi et aI., 1967) 

and 660 glmol for a base pair. This assumes that the average activity of Sigma MNase 

is 200 units per mg protein (Sigma catalogue). Relative rates were determined from 

trial digests by comparing the extent of digestion as a function of time using the same 

chromatin sample and an identical amount ofMNase. The extent of digestion was 

determined by measuring the relative mononucleosome and dinucleosome content. 

These results were used to determine the frequency of time points for the digestions at 

the various temperatures such that equivalent extents of digestion were compared. 

DNA was prepared by phenol extraction and ethanol precipitation from samples after 

digestion. Samples were electrophoresed on 1 % (w/v) agarose gels. Gels were stained 

with ethidium bromide and photographed on a UV trans-illuminator. Each gel had 

molecular size standards from 200 bp to 21 kbp as well as identical samples of a 

chicken erythrocyte nuclei partial MNase digest applied to the outer lanes to verify 

that electrophoresis was parallel across the gel. The sizes of the DNA fragments were 

calculated from the standard curve generated from the concurrent electrophoresis of a 

Hpa II digest of plasmid pBR322 and an Eco RlI Hind III digest of A bacteriophage. 

The number of base pairs associated with a particular nucleosomal band was plotted 

versus the n-meric fragment for 2 = n ~ 6. The nucleosomal repeat length was 

calculated from the slope of the line generated by linear regression analysis of the 

digestion data at each time point (Noll & Kornberg, 1977). Only linear plots with a 

correlation coefficient ~0.9983 were used. 
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8.29 Preparation of soybean nuclei 

Hypercotyls from germinating soybeans were excised and homogenised in 10 mM 

NaCI, 10 mM MgC}z, 0.4 M sucrose and 50 mM Tris-HCI (PH 7.8). The homogenate 

was filtered through cheesecloth and the nuclei collected after centrifugation of the 

filtrate at 800 g for 5 min. The nuclei were washed in buffer A (Hewish & Burgoyne, 

1973) and digested with MNase as described in the text at 20°C. Digestion products 

were analysed and extracted as before. 

8.30 Preparation of calf neuronal nuclei 

Neuronal and glial cell nuclei were prepared from calf brains freshly collected from 

the local abattoir as described by Pearson et al. (1984). The nuclei were examined by 

phase contrast microscopy to confirm their authenticity. The nuclei were washed in 

buffer A (Hewish & Burgoyne, 1973) and digested with MNase at 20°C. Digestion 

products were analysed and extracted as before. 
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