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Properties of active nucleosomes as revealed by EMG 14 and 17 chromatography
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Su4.ER

Ncleosanes from actively transcribed genes (active nucleosmies)
contain norhistone proteins HM 14 and 17 and are preferentially
sensitive to digestion by DNse I. Active nucleosanes isolated by
artography on an l4 14 and 17 glass bead affinity colmn were

analyzed with respect to overall structure, accessory rxnhistone
ccxoponents and modifications to the DNA and histones. The experimnts
lead to the follwing corclusions: The DE in the active nucleosare is
urdernethylated conpared to bulk DNA; topoisarerase I is a
rn-stoichioretric ccupcnent of the active nucleoscme fraction; the
level of histone acetylation is enriched in active nucleosares, but the
extent of enrichmnt carmot account for M; binding; and the tw histone
H3 mrolecules in the active nucleosre can dimrerize more readily and are,
therefore, probably closer together than those in the bulk of the
nucleosocres. Additiolly it is shln that HM 14 and 17 prefer to bind
to single- vs. double-stranded nucleic acids. The role of M; 14 and 17
in producing a highly DNAse I sensitive structure and correspondingly
helping to facilitate transcription is discussed in terms of these
properties.

INIRCDUrrICN

The ost eleentary subunit of eucaryotic crarosoures is the

nucleosorre. The structure of the nucleosare has been extensively
studied, both with respect to internal stnrcture and higher order

interactions, over the past ten years using- a number of different

techniques (for a review see ref. (1)). It is xow fairly clear that a

typical rncleosorre contains approximately 200 base pairs of DNA wraped
around an octanter of four histones to yield a structure having a

two-fold axis of s try. Recently Shick et al. (2) delineated the
spatial arrang ent of the histones within the central octanrer. 19be

majority of these studies onicerned thenselves with total nucleosmres,
80% of which are not transcribed. This paper atterpts to characterize
the active nucleosaes - the 20% which are transcribed or are in a
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transcribable conformatin.

Ihe properties of active nucleosorres have been studied in two

fashions (see review by Mathis et al. ref. (3)). One has been to

attempt to physically separate, by various fractionation methods, active

fran bulk chromatin and then to investigate the differences. TIhe other

has been to use various enzymes as probes in hopes that they would

recognize scmething special about active genes.

Weintraub and Groudine (4) showed that the glcbin gene is

preferentially sensitive to digestion by DNAse I in chick erythrocyte
chramatin but not in brain, fibroblast or oviduct chrcmatin. This

sensitivity has been correlated, by reconstitution studies, with the

presence of two non-histone proteins, high nobility group proteins 14

and 17 (HMG 14 and 17) which are eluted from chromatin in 0.35 M NaCl

(5, 6). These proteins (see review edited by Johns (7)) are present in

nuclei at a level of approximately 5% by weight conpared to DNE, or at

about one per ten nucleoscmes. HPI proteins are highly conserved and

reconstitution experimyents indicated that they are not tissue or species
specific. That is, HMG 14 and 17 which have been isolated from many

different sources are able to sensitize to DNAse I, when reconstituted
on to HI*G-depleted chrcmatin, those genes which were originally active
in the cell type fria which the chrornatin was prepared. Thus it was

concluded that besides their association with HMG 14 and 17, active

nucleosares have at least one other feature which distinguishes them

fran bulk nucleosares and insures proper HM2 binding and m[se I

sensitization.
m[be interaction of HEG 14 and 17 with active chicken nucleosores

was further studied by ironitoring the sensitivity of specific genes -

globin, ovalbunin and RAV-0 and the genes coding for nuclear re - to

DNAse I after reconstitution of total 0.4 M NaCl-depleted choratin with

HI5G 14 and 17 (8). These experirrents led to the follcwing conclusions:

(1) Mbst actively transcribed genes became sensitized to £NAse I by HMS
14 and 17. (2) Either HMG 14 or 17 alone can sensitize nost genes to

DNAse I. (3) Genes which are transcribed at different rates have about

the same affinity for HMG 14 and 17. (4) HMG 14 and 17 bind

stoichiometrically to actively transcribed nucleoscmes. (5) HMG 14 and

17 can restore DNAse I sensitivity to purified nucleosame core particles

depleted of HMGs. This last observation suggests, as do reconstitution
studies of Albright et al. (9) and electrophoretic studies by Sandeen et
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al. (10), and Goodwin et al. (11) that 14 14 and 17 do not sinply

substitute for histone Hi, which is presured to bind primarily to the

internucleoscnal linker DNA.

Obviously, the nost direct approach to study active nucleosorre

structure would be to isolate and purify thean frm teplate active

chromnatin. Enrichxents of this sort have been perfonred by digesting
chratin with nucleases which cut between nucleoscires and then

separating active frao bulk nucleosares either by making use of a

solubility property of active nucleosares (12-14) or of a difference in

electrophoretic properties (15, 16). A disadvantage of the solubility
fractionation techniques is that they rely either on chrrscmnal
differences relating to higher order nucleoscie structure or on ongoing
transcription (which in itself might be related to higher order

structure). Thus, genes which are transcribed at different rates might
be represented in different proportions in the active fraction. One

also has to be cautious in interpreting electrophoretic active
nucleoscue fractionation studies since HM3s released by nuclease
digestion may rebind nonspecifically to bulk nucleosomas - when the
specific sites have been digested away - thereby changing their

electrophoretic properties.
Recently (17) a procedure to isolate active chicken nucleosares was

described based on coupling H11 14 and 17 to agarose or glass beads and

using this "H14G column" as an active nucleosome affinity column. A
preliminary characterization of the active fraction was presented.
These observations indicated a direct correspondence between chraroscrnal
regions which are capable of interacting with HMG 14 and 17 and the
regions which are highly sensitive to digestion by DNAse I. Since
sensitivity to DNAse I reflects the potential for a gene to be

transcribed and not transcription per se (4), genes which are present in
equal nurbers but transcribed at different rates are represented equally
in the HMG oolum active fraction. Chrcusosmal regions adjacent to the
highly DNAse I sensitive regions have also been shown to be
distinguishable fron the bulk of the nuclear chronrtin by their DNAse I
sensitivity which is intenrediate between expressed regions and inactive

regions (18, 19). These regions d not bind specifically to the HM1;
column and their DNAse I sensitivity could possibly be related to sore

higher order nucleosare structure. Here a nore detailed
characterization of active nucleosares is presented and a possible niodel
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for the function of HIG 14 and 17 in transcription is suggested.

XPiLA ER;JE
Cells, chrcmatin and nucleosane preparation

Erythrocytes were isolated fran the circulating blood of
14-16-day-old chick eabryos by vein puncture or frxn adult Xenopus
laevis by heart puncture. MSB cells (a line of chicken leukemia cells
transformed by Marek's disease virus) were gramn in r-MI 1640 (Gibco)
supplenrented with 10% calf serum. Where noted sodiun butyrate was added
to the edinum at a concentration of 50 rmM. MSB cells were labeled with
carrier-free 32Porthophosphate (Anersham) at 1 rrCi/ml in phosphate-free
D£EM (Giboo) for 16 hrs. Nuclei were isolated by suspension in

reticulocyte standard buffer (RSB) (0.01 M Tris-HCl pH 7.4, 0.01 M NaCl,
5 mM MCl2) containing 0.5% Nonidet P-40 (NP-40) for chicken cells and
0.05% NP-40 for Xenpus cells.

Chranatin and nucleosacnes were prepared by micrococcal nuclease
digestion and sucrose gradient centrifugation as described in Weisbrod
and Weintraub (17). Nucleosares were assayed by nability on 4 . 5%
polyacrylairide slab gels, according to the rethod of Alse and
Weintraub (15). All procedures were performed in the presence of 1 nM
Phenylmethylsulfonyl fluoride as a proteolysis inhibitor. Where noted
sodium butyrate was added to 5 mrM as an inhibitor of endogenous histone
deacetylase.
Glycophase coupling

HG 14 and 17 , prepared and labelled as previously described (8),
were covalently coupled to glycophase using a modification of the
procedure of Bethell et al. (20). CDI (1:1 carbonyldiimidazole (CDI)
(Koch-Light)) was recrystallized out of TH1 (tetrahydofuran, distilled
fran lithium aluminun hydride (LiAlH4)) and kept in vacuo at 40C until
use. 10 ml of packed glycophase (CPG/460 glycophase G (Pierce)) was
thoroughly washed with dioxane (purified free of peroxides on a neutral
aluminum oxide resin (Woelm type W200)). 0.4 grams of CDI was dissolved
in 15 rnl of dioxane and was imediately added to the glycophase. The
mixture was slowly shaken for 15 minutes at roan tenperature. The
activated beads were then washed with 100 ml of dioxane, 100 ml of 50%
dioxane/50% 0 1M Naborate, pH 9.7 and finally with 100 ml of 0. lM
Naborate, pH 9.7.. 5 mg of H!4 14 and 17 (doped with 10 cpm 3H-SP
HMG-14 and 17, S.A. 1 x 105 cpaW/g was then added to the packed beads in
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25 ml of 0.1 M Naborate, pH 9.7. mhe coupling was allowed to proceed
for 36 bours at 40C on a wrist-action shaker. 2be resin was then washed

alternately 5 tin-es with 0.1 M NaBicarbonate and 0.1 M NaAcetate (pH
4.0) each oontaining 0.5 M NaCl. Usually greater than 60% of the label

was bound to the resin. The HlG-resin is than stored in 0.9 M NaCl; 5

mM NaPhosphate (NaP); 0. 01% NaAzide, pH 7.0 at 40C. For long tire

storage glycerol is added to 50%.

HlG resin birding and elution.
HMG resin was washed two tines with 0.4 M NaCl; 5 IrM NaP, pH 7.0

and corbined with sheared, labeled, HM-depleted-chraratin (8) at a

ratio of 1 mg HMG to 0.5 mg chrrratin or with depleted nronarers at a

ratio of 1 mg HM to 5 mg rronamers. All subsequent procedures were

perfonred at 40C. The mixture (approximately 10 to 20 ml) was then

placed in a 6800-1W-cutoff dialysis bag (Spectropore) which was wired

inside a 2.5 L roller bottle, filled with 5 mM NaP, pH 7.0, so as to

prevent the bag from noving with respect to the axis of the bottle. A

stir bar was also placed inside the bottle. rIhe bottle was then placed

on a roller bottle apparatus which had been nrodified by attachnent of a

comnrercial stir plate. the bottle was then rolled at approximately 5

rpn to keep the resin suspended during the dialysis, which was enhanced

by stirring, for 16 hrs. bie slurry was then packed into a 25 ml
econocolum (Biorad) and fractions were collected by washing with 5 ntm

NaP, pH 7.0 containing various NaCl concentrations, to yield a bound and

unbound fraction.
The unbound or inactive c tn elutes at 5 mM NaP. Non-specific

binding fractions elute at 0.1 M NaC]/5 mM NaP. Bound or active

chrcnBtin elutes at 0.4 M NaCV5 'n* NaP. Extrane care should be taken

to avoid either over- or under-loing the colunm as both will yield a

bound fraction not totally representative of the active nucleosonres.
The capacity of each new affinity colum should be calculated
empirically by varying the aront of nucleoscires loaded and hybridizing
the subsequent bound and unbound DM to specific prcbes. Once the

capacity of column is calculated it has remained constant for up to 6

months.
DNA hridization and dot-blottin.

DNA preparation and dot-blot analysis were perfonned as described
in Weisbrod and Wintraub (17) except that the hybridizations were

perfored in the presence of 50% formanide, 10% dextran sulfate at 420C
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(21). The chicken DNA clones used to assay the various column runs are

surnarized by Stalder et al. (18). X DNA clones ware generous
gifts of Geoff Partington (B52, B-globin), Ron Reeder (PxlrlOl, rRNA),
Jeff William (E7, vitellogenin) and Donald Brown (Px1o8, 5S RNA).
Preparation and Assay of Topoisarerase I from Active NucleosaTes

TopoisaTerase I was prepared by a modification of the mathod of Liu
and Miller (22). Active nucleosomes were diluted 2:1 with 2 x HPAB

(Hydroxyapatite buffer) (HAB is 2 M NaCl; 1 mM Tris-HCl, pH 7.4; 1 nrM
EDYA; 0.01% DITr). Hydroxyapatite (Biorad) was thinly suspended in HAB

and a 2 ml columr was prepared in a 5 ml disposable syringe.

Approximately 20 OD(260 units of HMG-bound nucleosomes were applied to

the colum. Fractions were eluted stepwise with HAB, HAB containing
0.15 M NaP, and HAB containing 0.5M NaP at 65 C. The fractions

containing the topoiscrerase activity (eluting in HAB) were pooled and
subjected to chrcnatography on phosphocellulose P-11 according to Liu

and Miller (22). The histones subsequently were eluted in 0.15 M

NaP-HAB and the DNA eluted at 0.5 M NaP-HAB.

T[poisonerase activity was nresured by the relaxation of

superhelical DNA. A 30 ul reaction contained 50 mM Tris-H1l (pH 7.4),

120 irM KC1, 10 mM MgCl2, 0.05 mM DIr, 0.5 ruM EDTA, M13 RF DNA (1 pg),
and various arounts of nucleosares or topoisorerase purified from active
nuclecsosres.
HPA II methylase preparation and assay.

HPA II n-ethylase was extracted according to the procedure of Mann
and Snith (23). The incorporation of nethyl groups into DtA was

ieasured as described by Quint and Cedar (24). A typical reaction

mixture contained 0. 1 - 5 ng DNA, 5 units HPA II methylase, 50 mM

Tris-HCl (pH 7.9), 5 mM DYT and 5 iCi S-Adenosyl-L- (rethyl- H)
methionine (78Ci/mrrle) (Arrersham). The reaction was incubated for one

hur at 370C and stopped by the addition of 1 ml of 10% WCA and 25 .1l of

1 mg/ml BSA. The precipitated DNA was collected on 4Matman GF/A filters
and counted in Aquasol-2 (New England Nuclear).
DNA Nucleotide Analysis.

5 lig active nucleosoare and unbound nucleosoanl 32DNA fn MSB

cells were digested don to 5' nucleotide rrnophosphates in 50 mM
Tris-HCl (pH 8.0), 15 mM gC' 2' 0.5 mM CaC12 with 2.5 mg/m l Pancreatic
DNAse I (Sigma) and 0.5 mg/ml snake venom phosphodiesterase
(WDrthington) for 24 hrs. at 370C. The digests were analysed by
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two-diniensional chromtography on cellulose thin-layer plates (20 x 20

cm, Merck) according to Silaberklang et al. (25). The first ditension

consisted of iso-butyric acid/NH4CH/H20 (66/1/33) and the second

dirrension consisted of 0.1 M NaPhosphate, pH 6.8/amroniun
sulfate/n-propanol (100/60/2, v/w/v). Thin layer plates were exposed
using a Dupont Cronex intensifying screen for 3 days using Fuji Rx film.
After identifying each spot the analysis was quantitated by scraping off

each spot and counting in a Beckman scintillation counter.

Histone H3 Oxidation.
Active nucleosonres and unbound nucleoscnres were dialyzed into 5 rrM

NaP (pH 7.0), 1 mM $-mercaptoethanol. They were then dialyzed for 12 to

16 hrs. at 40C against 10 mM Tris-FUl (pH 8.0), 0.5 mM EDTA, 100 nmm H202

containing various NaCl oocentrations as described in the figure
legend. Alternatively, the nucleoscres were dialyzed first into 5M

urea, 2 M NaCl, 5 mM Tris-H2l (pH 8.0), 0.5 mM EDTA with or without 8-

mercaptoetharl, and then subjected to gradient dialysis down to 10 nmM
Tris-HCl (pH 8.0), 0.5 mM EDIA as described by Camerini-Otero and
Felsenfeld (26) except that all buffers after the urea step contained
100 mM H202. The extent of H3 diTnerization was neasured by SDS
polyacrylamide gel electrophoresis. Histcnes were isolated by
hydroxyapatite chranatography by a nmodification of the nethod of Simon
and Felsenfeld (27). Chrrratin was bound to hydroxyapatite in 0.7 M
NaCl, 0.1 M NaP, pH 6.8. The colunn was extensively washed with this
buffer to re-rove any traces of histones Hl and H5. The core histones
were then eluted with 2M NaCl.
Gel electrophoresis.

18% polyacrylanLide sodiuxn dodecyl sulfate gels were run using the

procedure of Laemli (28) and stained with 0.1% coomassie blue. Where
indicated 8-nercaptoethanol was omitted fran the sanple buffer. Agarose

gels were prepared and electrophoresed in TEA buffer (40 irM
Tris-acetate, pH 8.3, 20 mM NaAcetate, 2 mrM EDTA). Nucleoprotein
particles were analyzed on 4½% polyacrylamide gels in ½ TEA buffer.
Triton-acid-urea polyacrylamide slab gels were prepared as described by
Alfagawe et al. (29). Histones were isolated by extraction with 0.4 N

H2SO4 followed by precipitation in 20% TC1. Gels ware stained with
coorassie blue, as above. Native and denaturing DM gels were prepared
according to Peacock and Dingman (30) in TBE buffer (0.09 M Tris-borate,
pH 8.3; 2.5 mM EDTA). Denaturing gels ccntained 8 M urea.
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RESULTS AN) CSC7CtIONS

Isolation of Active Xenrpus laevis Chraratin on a Chicken H1G 14 and 17

Column.

Active nucleosomes from chicken red blood cells and tissue culture

cells can be purified by chrcmatography on a chicken H*4 14 and 17

agarose or glass bead column (17). With chicken NESB cells approximately

18% of the input material bound to the column and hybridized to greater

than 40% to hnrNA, while the renaining unbound DN hybridized to less

than 5%. Weisbrod et al. (8) have shown that IZAse I sensitivity can be

restored on the integrated kous Sarccna Virus (RSV) genxre, using

1*4-depleted chrorratin from quail erbryo fibroblasts transforned by RSV,

with chicken H*G 14 and 17. Therefore it seemed reasonable that active

nucleoscaes fran one species could be purified on a colum containing

H14Gs prepred fran a different species.

laevis red blood cell nDnonucleosarres were prepared by

sucrose gradient centrifugation through 0.55 M NaCl after an extensive

digestion of the nuclei with micrococal nuclease. These nucleoscmes

were depleted of histone Hl and nost nonhistone proteins inclding H1

14 and 17, as shown by SDS gel electrophoresis. te Xenopus nucleosaces

in 0.4 M NaCl, were mixed with a glass bead HMG colun and dialyzed down

to 0.01 M NaPhosphate. The HMGs on this coln we prepared fran adult

chicken red blood cells and the binding capacity of the column was

previously determined using chicken red blood cell H14-depleted

nucleosares (see Materials and Methods). Approximately 23% of the

s erythrocyte nucleosorres bound to the colunn, 5% were eluted with

0.1 M NaCl and 18% with 0.4 M NaCl. When the two major fractions were

reapplied to the colun both ran true and, as previously show for

chicken red blood cell nucleosores, both contribute a small anunt of

material to the 0.1 M NaCl fraction. In most of the experirrents
presented below only one NaCl step is taken - at 0. 4 M. This fraction

is terned the bound fraction and the nucleosares which do not bind

carprise the unbound fraction.

In order to test whether the fractionation was specific, the DNAs

fran the so fractions were spotted onto and covalently linked to DBM

paper. The ENAs were then assayed by dot blot hybridization to various

seuence specific proes in probe excess. Figure 1 shows the results

frmn this analysis. 10 ig of DNA fran the two fractions were spotted,

in duplicate, and the filters were hybridized to a globin cDNA clone
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FIGURE 1. Analysis of Xenopus PBC bound and unbound rnoners as
isolated by HMG 14 and 17 chromatography by dot blot hybridization. 10
ig each of unbound and bound DNA were spotted in duplicate onto DBM
paper and hybridized to various cloned DNAs. B52 was isolated by Dr. J.
Paul, E7 was isolated by Dr. J. Williams, pXlo8 was isolated by Dr. D.
Brown, and pXlrlOl was isolated by Dr. R. Reeder.

(B52) - an expressed gene, a vitellogenin cDNA clone (E7) - a

ron-expressed gene, and an oocyte type 5S RNA clone (px1o8) and a

ribosonal FM (rPNA) clone (pclrl0l) - tw multi-copy genes, sore copies
of .tich might be expressed.

Ihe analysis shows that the Xenopus glcbin gene is specifically

bound to the chicken H14 columrn while the vitellogenl and 5S genes are

not. [he asall amrunt of binding seen for the 5S gene is probably
nonspecific but camot be proven by these experinients. SLhe rRNA gene

binds socrwhat. This could be due either to only sore of the rMA genes

being active or to relatively tight, but nonspecific, birding between an

altered ribMl chranatin structure and Hi{ 14 and 17. Wiile it
has been shown that ribosanal genes, which are transcribed by RA
polymerase I, are ENAse I sensitive (31), it has not been shown that the

sensitivity is due to H14 14 and 17, as with genes transcribed by RNA

polyserase II (8). Nevertheless the data clearly indicate a separation

between the active globin gene and the inactive vitellogenin gene.

Active Nucleosafe IS is Depleted in 5-Methyl Cytosine
Over the last couple of years an inverse relationship has ererged

between the degree of DA methylation, as 5-rethyl cytosine, and gene

activation (see ref. 32 for a review). The nodification predxninantly
ocours (90%) at the dinucleotide sequence CpG. The pattern of DNA

irethylation has been studied by making use of a class of restriction
enzymres knon as isoschizcrers. The isosclhizcrers 'SP I and HPA II have

been used mrost often. Both recognize the sarre tetranucleotide C(C3G, but
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only MSP I cuts if the internal C is nathylated. Navah-Many and Cedar

(33) have recently shown, by nearest neighbor analysis of

nick-translated active genes, that 20-30% of expressed genes' CpGs are

mrethylated, conpared to 70% of the total. A correlation between DNAse I

sensitivity and undernethylation has been siown by Kuo et al. (34) in

the chicken oviduct and by Weintraub et al. (35) who have shown a

relationship, in the chicken a-globin genes, between undermethylation,

DNAse I sensitivity and in vivo and in vitro transcription by endogenous
MNA Polymerase II.

To investigate if the active nucleosome fraction was depleted of

m5C, a nucleotide analysis was performred on 32P-in vivo labeled chicken
MSB cell DNA fron bound and unbound nucleosome fractions generated by

HMG column chromatography. The DNA was digested to 5' nucleotide

monoposphates using DNAse I and snake venan phosphodiesterase and was

analyzed by two-dimensional chromatography cn cellulose thin layer

plates. Figure 2 shows a typical analysis. Four or five main spots are

observed corresponding to pG, pA, pT, pC and p 5C. The obvious

difference one observes in ccrrparing the pattern of spots between the

UNBOUND BOUND

FIGURE 2. Nucleotide analysis of .t-bound and unbound DNA HG colum
chromatography was perforn-ed on P-HIMG-depleted n-ononucleosar-es fran
MSB cells. The DNA was digested down to 5' nucleotide ironophosphates
with DNAse I and snake venom phosphodiesterase. 5 :g of each fraction
was subjected to chromatography on cellulose thin layer plates as
described in Materials and Methods. The spots were identified by
con-parison with a parallel plate seeded with a mixture of the five pure
mronophosphates (not shcwn). The light spot next to A in the bound
nucleosorres has not been conclusively identified, but might be
6-rethyl ademine.
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5
bound and unbound fractions is the lack of a spot correspcnding to pmnC
in the bound fraction. The autoradiograph actually accentuates the

difference because the chromatography plate had to be overexposed to see

the prn5C spot, since the ratio of pC to rm5C is normally only about

20:1. On longer exposures the spot corresponding to pC obscures the

Pn5C spot. The chrrmatography plates were quantitated by scraping off

the spots and scintillation counting. Tme analysis shwed roughly a 5:1

ratio of Ewn5C in the unbound (bulk) DNA (approximately 4% of the total

C) o d to the bound (active) DNA (approximately 0.75% of the total

C) .

A possible artifact of the above experin-ent could arise if active

genes as a whole were depleted in CpG sequences. ¶Ib avid this problem,
the actual amrount of unnethylated CtGG sites was neasured in the bound

and unbound fractions using HPA II methylase and 3H-S-adenosylmethionine
(SAM) as the methyl donor. Figure 3A shows DNA dosage curves using

saturating amrounts of enzyme for one hour. The slope of the curve

obtained by plotting the degree of methylation as a function of input

DNA is a gauge of the number of methylatable sites. Figure 3B shows a

tine course of methylation in enzyme excess. When saturation is reached

the number of available methylation sites determines the extent of

incorporation. Both of these assays indicate the presence of roughly

three to five tines more methylatable sites in the active versus the

inactive DNA fraction in agreement with the thin layer chromatography
assay above.

Tl[poisomerase I Copurifies with Active Nucleosomes.

Previously we have shown that the inner histones in both the active
and inactive nucleosare fractions are equimolar and that they ccmprise

greater than 90% of the total protein in the two fractions. ;Nhen bound

and unbound nucleosores fron chicken red blood cells are overloaded on a

15% SDS polyacrylamnide gel any residual histone Hl and H5, which were
not remcved by the high salt sucrose gradient centrifugations, are

mainly found in the unbound fractions and a nunrber of other nonhistone

proteins appear in both fractions. The most prevalent nonhistone

protein is a 70K protein which is found only in the bound fraction

(Figure 4A). Densitonetry scans of the gel indicate that the 70K

protein is present at approximately 1 copy per 10 of each histone, or
about one per 5 nucleoscires. The 70K protein remains with the bound
nucleosones through to more rounds of sucrose gradient centrifugation
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FIGURE 3. Kinetics of mrethylation of bound and unbound nucleosorral DNA
frcmr 14-day chick RBCs. A) DNA excess rrethylation analysis of bound
j *) and unbound (fl) fractions using 10 units HPA II mrethylase, 2 6Ci
H-SAM (78 Ci/rrtVleT and increasing arrounts of DNA for 2 hours at 37 C.

B) Time course of methylation in enzyre and SAM excess of 0. 5 p g DNA.
Symbols are as in (A).

in 0.63 M NaCl and after gel filtraticr on Bio-gel A SM (not shon).
Therefore it is unlikely, hbt still possible, that the 70K protein or an

aggregte of more than one mlecule of the protein, sedinents at llS

(with the nncleoscnes) and is partitiored by its inherent ability to

bind to 1M4 14 and 17.

Recently it has been shown that HMG 1 and MG 17 could increase the

rate in which topoisarerase I relames supercoiled EA in an in vitro

reactio (Javaherian et al. personal corilnication). Eucaryotic
tcpoiscaerase I (reviewed by Gellert (36)) is a ubiquitous enzyrme, found
in all eucaryotes and is analogous to the w protein in E.coli. Various

reports indicate that the enzyre is corrposed of a single polypeptide

chain with a molecular weight between 70,000 and 120,000 daltons. Liu

and Miller (22) have shown by partial peptide maps that the 70,000

dalton protein is a functional proteolytic product of the 100,000 dalton

topoisarerase in Hela celis. It thus seemed reasonable to test whether

the 70K protein fractionating with the active nucleosrres was

topoiscrerase I.
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FIGURE 4. Tbpoisacerase I coisolates with active nucleosares. A) 15%
SDS gel of 14-day chick RBC proteins fran: 1) total nuclei; 2) unbound
mnonucleosares; 3) bound nronucleosares; 4) 70K protein purified frcm
bound nononucleosares; and 5) BSA. Sanples 2-4 were prepared by
precipitation with 20% TCA and subsequent neutralization in SDS sanple
buffer with 1M NaBorate. The 70K protein is acetone soluble, therefore
acetcne washing of the precipitate must be avoided.
B) Relaxation of 0.5 ug Ebrm I M13 E4 with increasing arrounts of bound
nucleosaoes, unbound nucleosares, a 50:50 mixture of bound and unbound
nucleosonres and the 70K protein purified frman the bound nucleoscnes.
The concentrations presented for the 70K protein are in tenis of the
equivalent anount of nucleoprotein fran which it was isolated.

Figure 4B shows that the bound but rt unbound nucleosares possess
an activity which will relax supercoiled M13 DNA, under standard
topoisonerase I assay oonditicrs (22). That the unbound fraction does
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not contain an inhibitor of topoisarerase is shcwn by the acxorpanying
mixing experiment. In order to ascertain whether the 70K protein found
in the bound fraction was responsible for the relaxation activity,
topoisonrerase I was purified from this fraction according to standard
methods (see Materials and Methods). Figure 4 shows that the enzymatic
activity copurifies with a 70K protein after hydroxyapatite and

phosphocellulose chrcartography.
Whether topoisom-erase I is an actual ccrponent of active

nucleoscrres or simply copurifies with them by the ability to bind HMG 14
and 17 cannot be concliued from these experiments. Either mechanism

strongly implicates its importance in transcription and/or gene

activation. It is a highly abundant enzyme, present in a minimm of
70,000 molecules per cell (37). The topoiscrrerase I which copurifies
with the active nucleosames is only a subset of the total, the majority
elutes from chroratin at around 0. 3M NaCl and is lost prior to

chromatography, when the nucleosars are stripped of Hl and the HI4s.
[bpoisc rase I could possibly act by untwisting a transcribing DNA

mrolecule to leave the coding strand in a planar position, thereby
preventing entanglement of the nascent RNA strands as the RNA polymerase
molecules negotiate the helix. This would be especially necessary when

transcription (38) or transcription and replication (39) converge on
opposite strands of the same piece of DNA at the same time. The DNA
could not rotate in tw directions at once, therefore sace type of
internal swivel is mandatory.
Histone Hyperacetylation is a Characteristic of Active Nwxleoscres, but

it is not the Reason for Binding to H;s.
Histone acetylation has been repeatedly invoked as the mechanism

whereby chraratin is activated for transcription (see review by Mathis
et al. (3)) Acetylation occurs on the basic N-terminal regions or

"fingers" of all four histones. There are nurerous correlations between
an increase in histone acetylation and increased RNA synthesis (e.g.
ref. 40). Vidali et al. (41) and Sealy and Chalkley (42) have shown
large enrichm-ents in acetylated histone H4 molecules after

solubilization by limited DNAse I digestion. Supporting these
experiments is the finding that the active fraction in the fractionation
techniques of Bloom and Anderson (12), Levy et al. (13) and Gottesfeld
(14) are enriched in nultiacetylated fornms of H4. It is important to
note, though, that these studies are all correlative; none approach the
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question of causation.

T[o test if the active fraction was enriched in acetylated histones,
bound and unbound nucleoscre fractions, treated in various ways with

sodium butyrate, were electrophoresed on triton-acid-urea polyacrylamide
gels. Candido et al. (43) have shown that sodium butyrate is an

effective inhibitor of cellular histone deacetylases. Tissue culture

cells grown with low levels (50 mM) of sodium butyrate in the nedium
show greatly enhanced levels of histone acetylation. Since the

treatment does not alter the acetylation reaction, the highly acetylated
molecules have presumably been modified at their proper in vivo sites.
Figure 5 I-V shows the acetylation pattern of active and bulk
nucleosones fram chicken red blood cells and MSB cells prepared with or

without sodium butyrate to inhibit deacetylation. In all five cases the
bound fraction ccmprised approximately 12-20% of the input chrcmatin and
was enriched in active sequences. The preparations handled with sodium
butyrate show an increase in the level of acetylation of histones H3 and

11 Ili IV v
U B l1 B U B U B u B

*n~- w ~ qmmiA

FIGURE 5. Triton-acid-urea gel analysis of bound (B) and unbound (U)
proteins. I) 14-day chick RBCs; II) 14-day chick RBCs prepaLred with 5
mM NaButyrate in all buffers; III) t4SB cells; TV) MSB cells prepared
with 5 ntM NaButyrate in all buffers; and V) MS5B cells grown with 50 rmM
NaButyrate in the mredium and subsequent preparation i-n the presence of 5
mM NaButyrate.
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H4 in the bound fraction. In all five cases the degree of acetylation

is nonstoichianetric and is less than one hyperacetylated histone per

bound nucleosoue. Thierefore, histone irodification alcme cannot be the

signal for HM;s to bind to active rucleoscres.
Ihe Histone Octamer is Conformationally Different in Pctive and Bulk

Nucleosares.

The experiments above have dealt with conpositional features of

HEl-containing nucleosares. Alternatively, the signal for specific HM;
binding may lie in a distinct nucleoprotein confornation peculiar only

to active nucleosones. Chicken histone H3 contains a single sulfhydryl
residue at position 110 of the polypeptide chain. Ihis residue has been
preserved with the exception of yeast throughout evolution (44). Imge

reonstruction experiments (45) have suggested that this sulfhydryl lies

adjacent to the dyad axis of syretry of the histone octanrer. Prior et

al. (46) have deronstrated the close proximity of the two sulfhydryl

groups of the tw H3 mrlecules in the nucleosone using pyrene labeled H3

mrolecules both in vivo and in vitro. Several workers have claned to

have isolated H3 diners, which form by oxidizing the two H3 iolecules

yielding a disulfide bridge across the -dyad axis, and have attributed to

them important biological roles in the regulation of mitotic chr(omsoe
condensation and in transcription (47, 48). Since conformtional
differences in the histone core will be reflected in the ability of the

sulfhydryl groups to oxidize, there exists an opportunity to ccspare the

relative conformation of histones around the dyad axis between active
and bulk nucleosanes.

Active and bulk nucleosones were first dialyzed into a buffer

cntaining -inercaptoethanol to reduce any pre-existing H3 diers and

then into buffers of increasing ionic strength. After equilibration,
hydroge peroxide was added to 100 mM, as an oxidizing agent, and the

dialysis was continued for 24 hrs. Diner fornation was assayed by SDS
gel electrophoresis. Figure 6 shows the per cent H3 diner as a function
of NaCl concentration for the two fractions. Greater than 60% of the
active nucleosones are capable of dimrerizing at 0.4 M NaCl, whereas the

bulk nucleoscire fraction dinerizes to less than 5%. At 2M NaCl as nuch
as 20% of the bulk nucleosnes can dinerize.

Canerini-Otero and Felsenfeld (26) have shown that nucleosares
reconstituted with H3 diniers by step dialysis fran 2M Nacd/M urea, as

above, are indistinguishable, by bulk strwctural criteria such as
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FIGURE 6. In vitro H3 dimer formation. 14-day chick RBC bourni *) and
unbourxi ([J nleosores wpre dialyzed into various NaCl concentrations
and then treated with 100 nMl hydrogen peroxide, as an oxidizing agent.
Dimarization was assayed by purifying the histones on hydroxyapatite,
mixing with 2X SDS sanple buffer without B -mercaptoethanol arn
electrophoresing in an 18% SDS polyacrylamide gel. Alternatively, as
sIwn in the bar graph, the tw fractions were dialyzed into 2M NaCl/5M
urea ard then renmstituted by step dialysis to 10 mM NaCl (thr
steps of 2.0, 1.2, 1.0, 0.8 and 0.6M NaCl) cotaining 10 mM Tris-HCl, pH
8.0; 10 mM ED: arid 100 mM H 0 Also shov is an SDS gel profile of
unbound (U) and boud (B) tion in 0.4M NaCl as a representative
ccrparison of the extent of dinerizaticn.

susceptibility to nucleases, from native nucleoscrres. A nzrber of

laboratories (see ref. (1) for review) have also reported that native

core particle cysteine sulfhydryls do not react with fluorescent

reporter groups but can be made to in high salt and urea. Men the

active and bulk nucleosones are reconstituted in this manner, in the

presence of hydrogen peroxide, there is ro difference in the extent of

dimerization (Figure 6). Therefore it can be concluded that there is a

conformational difference between the central octomers in the two

fracticns which is preserved in 2M NaCl but which is abolished upon

exposure to 5M urea.

The oxidation results reveal either a different or a floppier
structure enabling more degrees of freedcn for the H3 sulfhydryl groups

in active nucleosorres and ircreases the probability that, in vitro, they
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will core into contact and oxidize. The difficulties in proving that a

dimer exists in vivo have been extensively reviewed by Garrard et al.,

(49). The uncertainty probably arises because of the high cellular

level of glutathione. Therefore this experiment is a measure of

conforwational differences and does not prove that the H3 sulfhydryl

groups in active nucleoscres are oxidized in vivo. The results do,
though, add weight to the irportance of the central role of the

arginine-rich tetramrer.

A confirmation of the above result is shown in Figure 7. Total,

bound and unbound nucleoscms were electropihresed in a relatively high

ionic strength polyacrylamide gel (15). The bound, or active,

nucleoprotein particle, containing only histones and DNA (and no HM4S)
migrates slower than the unbound particle. Ihis is not sinply due to

the presence of H!G proteins since they had been reroved prior to the

separation procedure. Nr is the difference a reflection of a

NuolIoproteIn DNA-DeNatured DNA-Natlve

T U B T U B T U BHP''2T U B

160

.24 ~~~~~~~~~~110

FIGURE 7. Polyacrylamide gel analysis of HIG columr fractions. 14-day
RBC total (T), unbound (U) and bound (B) fractions were assayed by
electrophoresis on a 4 h% nucleoprotein gel, an 8% 8M urea denaturing
DNA gel and an 8% native DNA gel as described in Materials and Methods.
The DNA gels were calibrated with an HPA II digest of PBR 322.
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NaCl-induced confornational change occurring during the colum elution

since each fraction was extensively dialyzed into 5 mM NaPhosphate prior
to electrophoresis. !breover, the difference is abolished in 0.4 M NaCl

(under the sane conditions which release HMGs); as shwn by

electrophoresing the particles in the column elution buffers (as shown

previously, Weisbrod and Weintraub, (17)). Albanese and Weintraub (15)

using the sare gel systen have shown that the noner heterogeneity is

based on charge and not on DNA length. They speculate that this could

be due to differences in internal organization of the nucleosorne such

that fewer charged residues actually interact with the electric field

and are neutralized by tightly bound counterions. This is backed up by

the differential binding of spermidine by the different mononucleosorre

species. Moreover, they showzed that the slower migrating nonoer band

was enriched in active sequences.

Also shown in Figure 7 are native and denaturing DNA gels of the

DNA purified from the nucleoprotein particles (see Materials and

Methods). Surprisingly, there appears to be less internal cleavage by

micrococcal nuclease in the bound active nucleosare than in the unbound

bulk nucleosorres. Additionally, the discrete stops at 146 and 160 base

pairs seen in total nucleosomes are less pronounced in the bound

fraction. While this could suggest possible ways in which Ht4 14 and 17

bind to the nucleosorre or other more subtle change in nucleosome

structure, the differences are not stoichiorretric and are, consequently,

not responsible for HMG binding. In fact, IM column binding does not

depend on DNA length, since the separation still %orks with nucleosares

which have been trinried to 145 base pairs with exonuclease III

(unpublished observation).

HMGs Bind to Single-Stranded DNA Better than to Double-Stranded DNA.

The characterization of active nucleosorres discussed so far in this

paper has not dealt with the question of how the HMGs confer DNAse I

sensitivity and what role they might play in transcription. A clue to

how this interaction might take place cores from binding studies of HF4
14 and 17 to different nucleic acids. Figure 8 shows elution profiles

of 3H Form I and Form II SV40 DNA, 3 P-single-stranded M13 DNA and

3H-PBR 322 cPNA on an HrG colum. Notice that single-stranded nucleic

acids or ones which have sorre single-stranded regions (i.e. supercoiled

SV40) bind to the colum more tightly than double-stranded DNA with

respect to the NaCl concentration necessary for elution. Since rather
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0*1 0*4
[NaCd

FIGJRE 8. Birding of various nucleic acids to imrobilized H*4 14 ard
17. Samples were dialyzed onto an a* column, in colum excess, fran
0.4M NaCl don to 0.O1M NaCi. Theyw?e then step eluted with 0.01,
0.1, 04 and 2M NaC. DS DEA, Form III "H-S740 cbuble-strarded DNA; SS
D, 32PM13 singestraled DN; MA, H-PmR cRNa; and SC DNA,
supercoiled Ebrm I -SV40 DNA.

large NaCl steps were taken nothing can be concluded with respect to the
relative affinities of the different fractions eluting at 2M NaCl. This
result is in agreeent with recent data of Isackson and Peeck (50) using
the opposite approach - chrcrnatography of HMGs on single- and
double-stranded DNA colums. Together with the known affinities of DNA
for active and bulk nucleoscnms (8, 10) the following hierarchy of
salt-sensitivity of binding can be concluded: Single-stranded DA (or
RNA) > active nucleosones >double-stranded DA >bulk nucleosares.
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DISCUSSION

It is now clear that transcribed DNP sequences are packaged into a

nucleosonre or nucleosore-like structure, as is the rest of the gencme.
Active nucleosomes are distinguished fron bulk nucleosomes by their high
sensitivity to digestion by DN1se I. DNAse I sensitivity has
subsequently been used as a handle to study their structure. In
vertebrates, the sensitivity has been shown to be due to HMG 14 and 17
interacting with soare alteration of the basic nucleosome structure.
This interaction is responsible only for the highest level of DNAse I
sensitivity, characteristic of the coding, but not the flanking regions
of active genes (17). The rrodified nucleosane conformation and
composition are, presumably, needed to facilitate transcription.

Active nucleosanes can be isolated from total NaCl-depleted
nucleosomes by BMG 14 and 17 affinity chromatography. Sandeen et al.
(10) and Albright et al. (9) have shown that all nucleosorres actually
have the ability to bind HMG 14 and 17. To insure optimal separation
the ratio of active nucleosorres to functionally bound HI-s has to be
greater than or equal to one. Therefore, only the relative affinities
for HMGs of active and bulk nucleosorres are distinguished by the HMG
column. The high affinity for HMGs of active nucleosonmes can be due
either to a difference in histone and/or DNA composition or to a
difference in nucleoprotein conformation. The experiments presented
here result in a characterization of active nucleosorres, but it is
difficult to distinguish between those features which are responsible
for HMG binding and those which are a consequence of transcription or
replication of active genes.

Hyperacetylated histones and topoisorrerase I are found in a
minority of active nucleoscmes. Therefore, they are prcbably accessory
characteristics of active genes and are not necessary for the formation
of the basic active nucleosome structure. Perhaps, then, they play a
role in oontrolling rates of transcription or act in conjunction with
HMGs to destabilize the nucleosomre as a prelude to transcription.

The two characteristics which are ccmmxn to most (or perhaps all)
active nucleosonres in chickens are undermethylation and an altered
histone octarrer conformation. It is tempting to suggest a cause and

effect relationship between these two phenonena with respect to

nucleosone assembly. That is, during replication, the DNA polymerase
machinery will recognize a stretch of underrethylated DNA as a gene to
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be transcriptionally active. When DNA is packaged into a nucleosomTe,
the arginine-rich histone tetrarrer is asserrbled first (51). Therefore,
once the initial recognition event occurs, the active histone
conformation - as evidenced by the altered positioning of histone H3 -

can be initiated very close to the replication fork; prior to the

conpletion of the octarner with histones H2a and H2b. It is not knwcn
when the HMG proteins beccre associated with active nucleosorres, but

Weintraub (52) has shown that the DNAse I sensitive structure is

established very soon after replication. Presumably, HMi, 14 and 17 are,

then, assenbled soon after the histone octaner is axrplete.
One of the many possible nxxdels for the behavior of active

nucleosones during transcription can be weighed with respect to the data

presented above. The nucleosome could be in a dynamic equilibrium
between being stably bound to duplex DNA, not interacting with ENA
polymerase (the ground state), to being transiently bound to the

non-coding strand (the excited state) as the polymrerase copies the

coding strand. The active octomrer of histones need not move to the non-

coding strand as long as enouglh of the coding strand is free of histone
contacts in order to relieve any topological barriers to polyrerase
nuverrent. As the polymerase reads through, the DNA. will begin to

reanneal, thereby enabling the nucleosorre (either in parts or all

together) to fall back to the energetically rre favorable ground state.
HMG 14 and 17 cannot melt double-stranded DNA (10) but do possess a

preferential affinity for single-stranded DNA. Their function in
transcription, thien, might be to impose a polarity on the otherwise

syrrmetrical nucleosonre and, thereby, facilitate moverrent to the

noncoding strand. There are two rajor assumptions in this nmodel. One
is that the nucleosome can stably interact with single-stranded DNA.

Palter et al. (53) have shown that the histone octarrer can be

transiently bound (intact) to single-stranded DNA but not to RNA.
Additionally, Dunn and Griffith (54) have shown that an PNA/DNA duplex

cannot be reconstituted with histones into a nucleoprotein ccmplex by
NaCl gradients. Therefore, the anti-template preference of the

nucleosome in this model is not unreasonable. The second assumption is
that the histone octarrer stays together (as it does in replication,
Leffak et al. (55)) during transcription. This could be facilitated by
transient histone H3 disulfide bridges between the two heterotypic
histone tetrarrers.
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Ihe position of the 114Gs in the nucleoscrre is not known. The ncdel

presupposes that they are assenbled in such a fashion so that they are

oriented towards the non-coding strand or that they will naturally

orient themselves (after asserbly) during transcription to the strand

not being used by RNA polynmerase. Bakeyev et al. (56) have

characterized a subnucleosonal particle (SN3) which contains histone H4,

27 base pairs of DNA and HMG 14 or 17. Histone H4, which is positioned

down the dyad axis of symmetry from the possible H3 dirmr, has also been

shown to preferentially crosslink to H1MG 14 and 17 (M. Leffak, personal

comrTunication). Moreover, trypsin digestion of the N-terminal regions

of the histones abolishes the ability of active nucleosores to bind to

HMGs (Weisbrod and Weintraub, unpublished observations) and abolishes

the electrophoretic heterogeneity of total nucleosors (15). These

results are in accordance with earlier experiirents of Weintraub and

Groudine (4) where it was shown that after (hbt not before) trypsin

digestion, active mononucleosares becoire preferentially sensitive to

digestion by rnicrococcal nuclease. Ihus it is likely that the HMGs are

interacting with the basic histone fingers, (perhaps exclusively H4)

probably through their acidic moieties. Conversely, two different

2-dimensional electrophoretic nucleosome fractionation systems (10, 16)

have shown that one or two HMG molecules can be bound per nucleosome

depending on the length of the internucleosomal linker DNA - predicting

that the HMGs way also be interacting with DNA through their basic

nmieties. Taken together these experirents suggest that HMG 14 and 17

bind to the nucleosone core and cover, or interact with the

internucleoscrral linker DNA.

The experiments reported here deal with the structure and function

of active nucleosones. TITporally anticedent to this is the problem of

establishnent - that is, how the cell knows how to package sane DNA into

an active nucleosane conformation and sane into an inactive one. One

aspect of establishment is propagation. Alberts et al. (57) have

subdivided propagation into two types. Ihe first concerns itself with

propagation of the active structure down the length of the transcription

unit. This could occur in nucleosome-length junps initiated either by

underrrethylation or by sequence-specific interactions of histone

octamers and DNA; or in larger junps e.g. the size of a replicon. The
second type of propagation is from mrther to daughter cell. Seidman et

al. (58) have shown that the histone octamer segregates assymretrically
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during cell division; the intact octanrer preferentially going to the

leading strand, which is also the coding strand. An intriguing
possibility is that, besides giving the nucleosome polarity for

transcription, FMG 14 and 17 also function in replication by helping to

insure the inheritance of a stable phenotype. This can be investigated
more fully once the segregation pattern of HMG 14 and 17 is known.
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