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c4.a a ria) . y\/i (I by n.!i- pote i-DN r.-:rsl ink- i. r- e 1me,1l.-hod s:;e crn--m--

D2. rndcl ci. tbh h -. ciJi. 3ti on teext,tasi IIn addj.ti on , two--di imen-,sei or)v.
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eh!- c w r t. be- ra.-kthr cii. mi 1 .kr in transc-r.ipti. noal 1 y c:t i. e- and
*~r'13enomic rep i one On it-he~- other hn o:. eenac h

3 r i r :ue!?zC:rl' i p io:: 3j .r Ji.l y act.t i ve f h r oma.t i aiar e c h ar act eri. ' fC- by a
I ;--irgjr aC-i e- of nuc1e.oo l D pro cedbt!ymDNro .lpro..t nr:1db
.;.I..oF.li.-.er;t.: in and C)omee-C- i ar ty i. re l ectr-ophoret i c mob i --

1 ,

T-'J f-DJ'C J:O ON
]: '.: ;A eatabI i 'ihbeds.-> tha..t t-.hje- bul.k of the genome

i a} or-gannied Ji n r1c:1. er'o:o'f(T ( i. 2 .3) t I:thie.:, eco(ndc1'Le.v-ev1 of

.:bXr oma.|.t:i.C)n :or n'-.an'i. <4.at I , hr-- LAC C)eo 0W.som c haij. r i C- ]olded ji rt.o

r:i - IbT?r-e.-J 4! Nu. :. en 1eol- cor-e part. ci e:cone sr e of ,Abo)t-tt
145:'- h-X.--,a,,er-,e (bp.)"-of DNOAordnp at histone octa.-:tmer co-n-Ataining
t,o! 1 i- ch of hi etonea-i H2Aj H2B,ar-3c-F1And

Thu data on the tra ur j h)c:hro-a.t ins- e-itrur:A:tA.urc \'er y

c:nntro{) i:: ' v-.'?r-ii,:f. -t. ]. (r- Yvi._r--wed i n 5? -6 ) I t i ; general- 1' acc p th at

j nrea-re i ng trjt.anc-.; r i. F) i. onfr7al aC t i tv C.c sueei pro-oreai-r. \,.'te urnfo. dci-

inr of ro:1-tr-mat.i.f)nr .r-t.ructLtur- (77) -rThul the- rr--mTioval. of hi tone

i1 .and then the? c.ur-e.? histonec., -fr-om rno(er a..te].y toc-) zac t iveI.y

i.tr;-ln.or ibiit*-Xed r-j.I bosomal (8)tand heat -or:k ro-rcoph. ' 1a genE- (9)

wcii ,h hi stoe -at c..an be)c d i ep I. ac cdl by RN t pol. vmeaE.,r ( 1C0) 3 t.L.t

';ec?r: FRe,f 5e8) ieemazi to: inuri&c.em uLnfoldinig of the 3( 1tim fiber to

Ithe :10C nm -fib..F r andt-her-,,; nhr- toIirin--Ar i e i DNA. gt. the same ti.me,
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op,.sar ivy -f in .d i1-')Jhi rl;4mt-ir i- cr1-c-)A

i, J. pFj --, p?c: r tto c oc cn tf-h F, ri '- far y or nir 1 1 'mc" r ',,s C a'
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o.t.i. En.:?.t' g-t p-. .r- j.ev*2lk j.C-I .-tlf--) I 5 t-.Aci :-,-; C'' I,-4-1-, .i (::.F,A , j, )'it~F-R4:i:-y -.'i iTil r)
4 1.! i' 1 r'J('-i r c:oiiL..!'.cJ:ti

L
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an' I..:F'' ~Ci-s_s--.tT -E'ti.c:'rs ehazos a:~ (c~' ra-' I c54~ l 1 15s) h c.t. r- cr rtcr1i sr'o rtri -f on- nr r -s r sr e F h cf.. r atC r F,rJ'' i'r)'-

MATFI-PLIS(S3N'~ D ME'UrHOr)DS

I at. r.. L.t.t: I. ii and f tra:t i I=-Io t. on c5 sI c:roc c: oarrl cL. as!: e-

618 hr--old d e.mbrvoss o,-f Irsasc.) c.ph.i1.IA me).-'I catsIts.rgOEAOregons Fs

wC-ari- E cao 1 1. esC:t dit aoC:or-di og to, the mnf's-thocjl ()29 Ean-vos vi I?rit

oploLj.-.IV frozerin in 1 :i. cs'...id ns. t.rcscericand dciohori_r'nateadcl hby the pro--

C:Enri u r ( .. ) 1 M.m d.?j i.ate ]. ya e f c. r e 1 nlC 1t i i-joUlt .ion.c)nr wd..or e d rt' --

r-i. onatod tbe-fsre f reez i nc whi cth pa:r t I y ciot.jia.ate.id the tranisorip-p

1 i on f-,rahsp) 7i) oa-s-7fr-ea,rs (36 I osolI at rion of nucli:Ilwas pru-f ormed
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Ac Si; dcosciej. bed in (31. ) ni[tthe presecerF f 0 . 5 mMi cii isopr rpyl
flLJ^>:r-ophosphateS{.-n Fractionation was conducted as descr-ibe.?d in

1:;o.s.t..ion of nucleosom.al cores- from cr-osslinked Drosophia.

DNi--hi.stone c:r-os- iinking was conducted within nuclei as de---

s.c: :r i.bt:e,d fi (9) Crosslink<ed nuclei we-r-e then lysed in 0.5 mM

t--DCT'A (trans--I, 2-dZ-iaffinocyclohexarie--N,NN' c,N--t!traacetic

aciid monohydr-ate) . The chr-omatin was was.¢hed twic:e with 0). 15 M

NaCi and lsdin watertrat a concentration of 40 A LsiMits/mn).

()ic SUc::h a). prepiaration of chr-omatin, the yicild was quanti-
taf.tive.<¢ H[Biproatein wac-s r-emoved frorm cro-ssiiinked chr.omat i r- on

L) .)-W 12 irn a bu+f-er containing 0.5 M NaCl , as descr-ibed:

n.n (27)J C,hromati. ( 10 Arz&., Lunits) Withou-It HI was thteni inncu1ba-
ite:-'d with mi ciococcal. nUCease (i--i.5 mnk<g/ 10 Az% Urits) At a

c0ncentrati on of 20 A,, un, i ts/Ml i ri a buf f e-r sutpplemented

with 03. 4 mM CaClI f or different periods of time at 37C)(C

Digestion wa=s terminated by addirig EDTA to 2 mM and hydr-o--

l.s-,iat.e was then fractionated by cerntrifugationi for- 5 mi.ra.xt
4000 q. The DNA fr-om the pellet and the supernatant was

e,i.trcacted and sukbj.!ected to polyacrylamid gel electrophoresis
und-e.r- DN(A deniatur ing conditions.

The hydr,c-l isate was then concentrated bty u1 traf i -tr-atio--n
thrCoglh -.I3 membr-ane ("micon ") and 1 ml of hydrol i sate was

layer-2-ed onto lnear s..ucrclse denisity gr-adienit (10-307) at a

c-rie'nr-ation c:f 50--90i A&c, units/ml in 10 mnM Tris--Cl (pH 7.4),
0.) 2 msM IEDTA. Gra,-Wi ent wa.-s centi- ifuged for 24 hir- a:t 15000 g a-ndc

nononuc:.1e;:<c:ne fr--fract. ion wasE then isolated-iand dialyzecd versus

10C) mM Tn. s-Cl (p)H 7.4) -, 0,5 mM EDTA.

.(Ar)..-.u] si. of cross). inke:ecd DNA--hisitone complex.es
LJrcr-ss)s,l ni t?ked DNNh wa s r-emoved from cr-osslinked cor es; by phe--

nol ic ,-et<tr-action as descr ibed in (8) . Two-dimensional elec.tr-o--
p:)horr esis was perfor-med a.si desc;ribed earlier (27).

DNAX el ectrophoresi s under- d.enat.turing conditi oris was

per formed axs described in (33) 1 DNP andL DNP-DNA two-dirimernsiortal
lect:r ophresis. wer-e conducted as des;cr-ibed in (34).

DNA4 tr,ansfer frrom thte gel to a nylon membrane and sequLential
hybr-idi;zation wer-e per-for-med as descr-ibed in (35) . The
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Figur e 1. Fractionation of micrococcc'l nu.'c lease--treated nuclei
Nucleieifrom dechorio,nated Drrosophi] i melanogaster embryos

were incubated with micrococcal nuclepase at :37-C over increas-
ing periods of time (1.0,20 and 41) min, correspondingly, from
left to r ight for each set). DNA was then directly e'xt--
ract:-scd from the nuclei (lanes 1-3) or chromatin and fractionra-
ted by Garrard's procedUre (732) into Si. (4-6), S2 (7-9) and P
(10-12) fractions. DNA was then extracted and sulbiected to 77.
pol yacryl ami de gel ei ectrophoresi s urider DNA denatUring condi --

tions. An ethidium bromide fluor-escence pattern is shown in
A. The DNA was transferred to a nylon membrane and hybridized
with ;:3P-labeled hsp 70 gerie codirng region probe (B). Then
the membrane was rehybridized with nontranscribed ribosomal
type II insertiorn probe (C). NLumbers at the right denote the
length of marker DNA fragments (lane M).
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hiybridization, probes were characterized in (9). These wer-e a

BamHI1--Sal f-ragment (0.9 kb) from the hsp 70 gene coding region
arnd EcoRI--EcoRI fragmefnt (0.8 kb) frcom nontranscr.kribed ribo--

somal type II insertion of Drosophila which has been c 1 oned

intoc) M 1:3 phage.

RESULTS

Fjsp 70:s g2ene chromatin structure as r evealed by fractiona-

tion of des;ted nuclei.

A¢s a model of moder-ately trar>s.nscribed gerne wei i.nvestiga.ted a.

partly activated hsp 70) gene (five copies in genome) in decho-

ri onatecd DrosophiJ.a embryos. There was; a significant inrcr-ease

in the rate of hsp 70 genres transcription duLring dechorioInation

of ewmbryos altholuigh a. -Fully activa.-Ated gene.-? transcribed sti. ll

5-6 times moar-e intensively (9736).

More detailed information onr the chromatin sftructu.tre of hspi

70) gene was obtained by chro-matin fractionation in-to fractions

SI, S2 anld p (see Materiials anid Methods) after- micrococcal

nu-tclease digeistion of nUClei 1and gel elestrophoretic analysis

of the -fractions (Fi.g. 1.) Another aim of this study was to

compare fractionation characteristics of hsp 70 gene chroma--

tin wi th those, ofother well -known moderately trAnscribbed genes

(14v22,937) u Thel frac:tionation procedure 1 ib.beat ed aboiut
2--4- of *th-e totail mn.aterial in the Si-fr,ac:tion aind 80-857. in

the S2-2--f ract:i.on. The P-fraction contained 10".-157% of the total

nuc). c.lear 260--nm-absorbinrg mTiat er ial (Figure IA) . The rnontr-ain-

scribed ribtosomal type I.1 inser-ticn sequences wer-e represented

at. the sa.Ame level as the bulk of DNA in a].l fract-ions (FigLure
IC).

The F'--fracti-onw.as-i enriched in h-sp 7(0 gene sequkences (5-f6

fold over total) containing abouLt 60--807. o-f the total hsp 70

sequences and the Si--fraction was also enriched nearly 2--
f old (Figure 18). The enr-ichment was quantitatively meaSutred

by dot hybridization (not shown). Micrococcal nucl1eas,e--genera--

ted periodic electrophoretic pattern was gr-eatly smeared in the

total hydrolyzate and the P-fractiorn of hsp 70 genes (Figure
I8). Those features of hsip 70 gene chromatin structure closely
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A~~~~~~~~~

Figure "2' Detailed timePl--C CUrsc-' of Hl-r4 ~pleted chromatin diges-
ti.or bj' mic:rococ:cal nlL(C).8_aSE-

Chrt-om-at inr 1wit._houLkt HI from dechor ionated Drosophila emtbryos
was inicubated with microcor-cJ rlcmr over increasing periods
of time, (C:., 2.5, 5,1 IC), 20-,A41-) and 80'' mni n corresponidingl y, from
]left to. right). DN wias the-n ex,,tra_-cted and sutbjected to 77.
p0lyacryl a:kmide gel el ectrophore-s sUnder DNA denatUrino condi -

t I. ions Aon e-th I d i Um bromide.- f oecnepiattern is,-- s-hown inr
TheE. A was transferred tc a nylon membra,ne --and probed

woith hEip 70_- genie coding region (8). Numbers at the r-ight deno--
te the-.lenigth of DNA fragments.

r-c:~re~;em lb e t Iv se preivi ous . n%ienvest.i' gated mocde2ratelIy

trarm::rribed gienes 1223)

lnt.erest.lncjl.y, the ratE._ of dige?stion of the hsip 70Cn by

(n:crocaccal nuclJease was-- ver-y similar to tha-.t for inactive

i_-..hromnat in al though after a fuLlO transcr i.pt ional act ivat ionl the

hisp 70 geneC was hydrolysied by micrococcal nucle:a.Se MutAcht more
rap.9ly_,). So the hsp 70e. e very simiIar to other

ra~~~pI ) .e nepI

mo.dera-.tely -U.ncribed ge..nes as regards the ch-romatin -struACture.

omejpecul i.arities in rLc 1 eosome structUre of the moderately
transcri bed hsp:~3 70 _fe_ne
OLAr- ez.arly attemt-~niptsii~-to investigate a fine nucleosome structure

i.n ac:tij.ve- chfromf.at inr wer-e Unsucce.~,ssf+ul becazuse DN-A in hsp
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Figur-e 3. Two-dimensional DNP-DNA electrophoretic analysis o

nucleosome core particles
Chromatini fr-om dechiorionated Drosophiila embryos was mildly

depleted of histone HI in the presence of 150 mM NaCl (43)
and digested with micrococcal nuclease for 4-0 mmii. 'The mixture
was then resolved on a I-st dimension DNP electrophoresis
gel. DI-dinucleosomes, MONO--mononUCleosomes. After thie removal
of proteins, DNA was r-esolved in the II-nd dimensioni un-
der DNA deniaturing conditions. An ethidium bromidle fluorescence
pattern is shiown in A. The DNA was then transferr-ed to a

nylon membrane and hybridized with -~2P-labeled probe for hsp 70
gene coding region (B). Then the membrane was rehybridized
with overall ribosomal repeat pr-obe (C) andi nontranscribed
ribosomal insertioni probe (D). "X" marks the spots of un-
knowni origin, which cani be- seen only with ribosomal probe.

70 gene nuc leosomes w-As somewhat 1 orger tharn i n total nuc 1 co--

somes. We inrvestigated this fact with the aid of a more accuL--

rate electrophoretic analysis of time-cour-ses of micrococc.;-:al
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p1;..X.: *-aal (diges.-itcan (Figure 2b)Ovi nal y DNA4 rn "acl::i.ver' nutlc-

1-.r.E@-L: .cie i a I. er th-.arn in t:at.al ones er tt-he whol e tiae of

CAisgat iaFlre) e i-r i. ce. I ysi, nuc1eascames afofhe thsp 70 ge,,ne
haRve qKqL3.nqiat: i. t ie s cf 145 bp-- and 155 bp-- oangriNA0 at. the

.stndsa.rd digesitiin paint wher-e the DNA length of+ total ncl1e-

C meI)caC-iiiJAs 1.4F5 bp (Fi gure 2 1 rine Si6 imil ar data anicpirv--

ca._ rrc:aea :digeatian have. bee-nflsica obta.ined -for H--can--

ta.i nl innrX cha.:l}t-fm¢ it I n (nmat chF)cwn9ll

I)NFl--Dtwa-Ndi meni. anal cie1ct:rpharei s (29) af HI--de-pi eted

chromatinr hydral i:"ates was emp.layed to compare the canfarmation

at$ -)' i ye versu9rsLA'i51j. na ti vryLenC c-eosarmes (Fi ure Hi)Hi -

tC,I rn- Hi. waL reT,oved bv a cit).1 method (4.3.) ir, the presence

f- 1.5) mPMl NkaC]. bk:--fare microcaccal riucl ea.se digg.stionr. Hybridi--

i. aF the membrane with atahp 70 gene probe- ? shaws a speci-

* hc ii' a-.t t-he mananul easaml regi on in th-e two--di. encional

::i I r-(tiriurFi. 3L5rE, B): Di rect anr)al. ysis r- d idiffe rencres betweenr

totaalan-.d J.naJ..r.:tiye ur...(.-:). aconsr)r'Wes wasfdone y hybr izdii rig the

samnime c-hrm[rane wivth Fr---:L abe l. e.-d ci aonieci DN4r of the orverall

'R;I jR.OSOM4F.. RF.F-(EPE4iT (:F I GURUE .-C) and nantranscr i bed r- i. b sa-maI

typIrT. I: nsertiJ an (Fi QLre 3D) . In the I--ct. di men aiona0l gel I

h Sam 7Ci -Ire cric s or:l i eiaae have th1. f.-es- ..ame maf b i .i t y ass tai t onI Ies

wh i thtest i:J i. Scc tca the sa.me overa 1 raompac:t.nes-s,;. tOn th-ec- at?hE9r-

hanci;w! r-? - spw1n ; 70(-)1-gene t.-n Ici raes n t a i n s i gni f i cant 1 y 1 anger

DNA in th-te " hump"---rneiorga a.t:haUgh thez:ir mabi li ty is preser\'ed.

Snf) the,re must exii t certai n canrf rimat i anal mad i fi cat ins in

The mast stri king obseiF-rvation was that mronticleasoal regions

in) ti " arind "i acti. e" nucleosoomes in the gele.Iare rnot

a)Vf'ri' 1 ap ing.r cg i. grii -f i carit I y. Orne can conclude t.her efore that

t-here ar-e no "inactive" niuclesoames int! he, hap 70 gene chroma--

t:ir. Th-ese pec:LAlJiaritiesi of "active" rucleocsomes were. pr-eserved

afteI.Ser stan.gi_td tr d (i) 5 M NaC I--r-emoval o+ histane HI and after

riLuCeocOOneC crosisl inking inr- nuclr:ei (riot s7iihown).

X,perimental Ippr_oacih fo.r- investigating_theprimay crgani-

z.atioaifm+nuc easomec;-I within di f-f erent chromat in reions

Tao study t.ht rniucm.a.esime structure as it exists in nuclei

the method o-f locating the protein contacts ora t)N (27) was

comb i rnfed with theE "proteirn i mage" hybr i di ;?. at i on technique
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(9). Thj.s method cornistj.st s in crosslinking the protein to DNCA
partia1.lly depurin.ated under mild conditions (40). The cross--

1 inking CaLuses DNA tc) split int such a manner thtat only the

5' --ter-minrial DNA fr-agment becomes attached to pr-otein moilentCu--
les. Thus, the lensgth of a crosslinked DNA fragment shows pre--

cisely the distance of the protein crosslinking sit.e from the

DNA 5r erid. Thiis length can be assessed by two--di.me?lnsional

diagonal gel electrophoresis. The method was utsed to study the

primary organizatiorn of dif+erent nUcleosomes (27,41,48) and

the crosslinkiing data have been recently supported by

crystallographic data (.,42).

DNA tr ansfer from a two-dimensional gel to a nylo;>n membrane.

and sequentiial hybr-idization with various cloned ;;2P--1abeled

DNA probes enrables one to determine the length of nudle{
osomnal DNA fraqmentts crosslinked to ezi*h his-:,tone f-rrac-ition
from different chromatin regions. Thus,s our method of investi--

gat i.ron of nucl eosome structure in spec i-Fi c chromat in regionsi

consists of four following steps.,

1. Crosslinking his-taories to DNA in nucleii.

2. RFemoving ihistone HI fr-om crosslinrked chromatin and isolation

cf nuclecsomes. The removal of histone HI significarntly in-

cr-eases the yield and length homogeneity of nucleosiomal DNA4.
. Conducting two-dimensional electrophoresis of crosislinked

complex<es whiich mak:es it possible to deter-mine the length of

crosslinked DNA on the diagornals of differ ent hi st:iones.

4. Blotting o.ff DNA fragments from the gel to a nylon membrane

and seqluential hybridization with clotned probes from differenrt

chromatin regions.

Let us co.nsi.der some possible artef acts of thisi approach.
There is rio redistribution and prnoteolysis of proteins duArif.rng
)Nr--proteinr crossl i nkinrig in nuclei (9). NuCi1f;cOsomes cross.linked

in nuclei were very similar to uncrossliriked ornes as r-e-

gar ds thr.-eir DNF' electrophoretic mobility annd DN-1 length (data

not showtn). There are no additional breaks in tl.he crosslinked

cor:e DNA. Therefore DNA-protein crosslinking in nuLclei arnd
sLAbsiequenrt nttcleosome isolation do not induce. any rearrange-

ments in core nucleosomei struCture.
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M

: A

Figcjure 4. Frac:tilonati. on of mic roccal r!nuclease-treated chro--
matind.rieple-ted of histonet_il

(:.,hr omnat. n wi th0Lt H-il frovm derhori onated Drosophiila embryos
was; irncubated with miicrococcal. nLuCl;.eSe at 3.7-C over increasing
pe-riods of time (020 nand 8X mi n cor- respDndinriqly, fr?om
eft tor rj.gh1.:t -fo,r eacVh Set.) Chromatin w<.as then -fraction-

afted int-oti super-nEa.ltant (lanes 1-4.) and( pei let. (5-8) fractions.
DNA was extracte-d Farnd subjected to 7 % polyacrylamid gel
elitratphoresi s utndefr DNAdenNaturing c:ondi ti ons. An ethi di urm
bromide -fl.Llorescence pattern is shoswn inr A. Thce DNA was trarns-
fe r- r-re.d toa:)-, nylorn mnembranre arnd hybridized to the s;ame probes
ai.s i rn Fi gLur e 1. Number-s a th-le r i .gh)t denote thie positions, of
r-_c.o:].a so mal *-..c:ore: DNA, calc'uilat-E:d from the length of DN fr-ag-
menits obtained from DNase I digesits of Drcosophila embryos
r-nuCleiA-. (1M) (57).
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FigUre 5. Two-di_ensional electrophoretic analysis of histone--

De lated nuLcl eosomes
Nucleosome core particles isolated from dechorionated Dro-

sophila embryos were crosslinked by dimethylsulphoxide. Cross--
linked DNA--histone complexes were isolated and el]ectrophoresed
on a I-st dimension gel. After the digestion of proteins
with Pronase, DNA was resolved on a II-nd dimerioion gel undier
DNA denaturing conditions and transferred to a nylon membrane.
The membrane was analysed by hybridization with tthe hsp
70 gene coding region probe (A) and then witlh nontranscr-ibed
ribosomal type II insertionr (B). The thin lines show positiorns
in the gel and figures give the length of DNA fragments
crosslirnked to different histones and arranged on separate di-
agonals. At the left are the atitoradiograms of the top part
after a shorter exposUtre.

The yield of chromatinr before micrroicoccal nucleasie digestion

was nearly quntitative (see METHODS). However based on tthe

chr-omatini fractionation data obtained by us (Figur-e 1) and

other auithors (173,14,22,37), we had expected that. micrococcal
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I'

FiiLot-ec 6. Two-dimensional elect!rophoreti1c anialysis of hi stone--
DNAt complexes ini nUCl1eoSOMes crosslir-inked in nuclei

Nucl1eosomc core par-rti cles were isolated from dechor-iconat ec1
DrcsohiLanutclei crossilinked by dimethyisuiphoxide. Cross-

linked DNA-histone-i complexes were- then isoilated and ~-analysed by
two-dime-.nsional cilec-trophoresi s. The designations arc the same
as, in FigUre.-? 5.

nut1 asedi gest ion s~houldci1.:ao soime- cot-irchment of- th-e pcillet
ttat \'Vt? g99115 nut:C)1 oSiOrneS 50 th-at subsequentliy we WOULid be

able. -to analysethe solIub1.e chromnatin fraction depleted of

'actv&uclesom's.We have analyse-.d thisi possibility bjy com--

p~ar i ng th-e c.etohrtic patterns of the active hsp 7(i gene

in th 2spt- nt .-:r iatt a nd palletn ft-actions of the HL--depileted
chromit in hydrol izate (Fi gure_, 4).

From Figu"kre4i-t is, :apparent that tot.al chromatin and chro-

mat in from act i vs,/ a.nd inact.ivye gennomic regions are simi lariy
diis5tribuhLkt Ed?1 bet-EwPEen thel supernattant and pellet. DNAi frzactions,

e\'-ven t hough -ti ri, atlve intensitv of longer DNA fragments
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ca -cr-eas- during hybridization (compare 40 wit:h 4B, 4C).

the pF- 1.elet f-r act ions were loaded on electr-ophior-esis three

ti acs asEf mUch as supernataant fractions. Sc) dUring digestion

of Hi.--depleted chrocmat i. bby micrococcal nuclease the pellet

was-, nct.)t e-nriched inr active hsp 70 gernes. The Hl--containing chro--

mat i. rn was s i mi l ar-l y distributed between different chromatin

f r :a.ct j. ciis aft er- micrococcal nuclease hydr olysis, (not shorwn).

Obviously, the chromatin characteristics wer-e greatly perturbed

durin g lysis in nucl: I ei at a low ionic strength, because

no ismearing of the electrophoretic patter-ni of the P--fraction

of hsp 70 genes (Figur-e 1) was obser-ved after micrococcilx. nuc--

lease htydrcIlysis. of lysed nuclI ei (nrot showr).

Arangemet of hi stones orn TNW i n "act i ve" nucle osomes

A good resolution of two---dimensional gels can be attained

only with nucleosomal DNA of homogeneous length. So in the

subsequent e.xepe?riments micrococcal. nucl ease di gestiron was con-

ducted during lonrger periods of time. Two--dimensional electro-

pihoretic analyses of c rosss irked DNA--h istone complexees are

iho:iwn i.rn FigLtr-e.s 5 and 6 after subsequent hybridization with

probes -From at:ctive and inactive chromatin regionsr,
Af ter hybr i di zati on with nontranscr-i bed ri bosomal insertion,

the pictur.e was very similar- to the structutre of total

nucleosomes obtaiined by direct end--labeling aralysis (27,41).
There- are three diagonals of Drosophila¢x histones (H3,H4 and

H2A--H2B) because the mobil i ty of hi stones H2A and H2B were

very similar and the DNA fragmernts crosslinked to them cou.ltd

nrot be separated comp1letely.

The locations of crro)sslinkirgi sites for four core his,tones

alon.cng cr er ONA of nontranscribed r ibosomal inser-tion can be

read directly fr-orm the positiorns of radioactive spots on these

diagorials. The spots on the crosslinked histone H3 diago-
narl. were smeareird fro m top to bottomi. Perhaps, thiis smesariign
wA.ss, dLue toc) some slight modifications in the original method

of r-nLc:leosome isolatiorn which we incorporated in ocrder- to in--

crease the core yield. However the overall two--dimensional

p.attern is very similar to the pictur-es >obtairnedJ by the DNA end-

labeling method (see for example F igure 5 in Ref. 27). One can

see that th-ie overal l. primary organization of nucleosomes in
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t ihe rnne' iof tDNi lenr-qthi fr-m 6)6to 1 5C hp ic;, ver'ri issini.lar For"

nr? I c) c:,; e,os-nen C:r c Ij.ik.edc i n r :1'. Ji. (Fj gore 6) andl'j -f t -r t .h r

i so,,]1. -et 3. or-, (fg. Are a)lc thogh somne-. 3r d etai.'r off2vfthe1,3Porl
nis o gci-! i.:'.ctJnj r) f tmay be;? bs.m..emnt. onr- these,' n- s*

Hybrich.ciiat ion of the: same 7nmrresiLia~ C( genprb

(Fi g LA r5- end5ARt r i c)l6 Li i. vy s -FA i. C t rei; e hi 3i. r h .- . m r o the

pr. nryrgr-ai :at.io.nof ` inac:t iye` noi..--eoor .T'3.. f Ff3nr.

ra.!-ne.r.ng e?ern2t of hi.t-A:ones al.ong nrul'.1eosoma.l 2NAi- not. hn

er i. Y.e
C

romat. inI-roma red w ih tta ir v
1 1om'--

t: i rt fiobseoent 1 y thtie s m:ea. mec-,m br ane)es, wetr- F r-} t E,- ('11. th othfeiE.-!r

c- I o gene prob-es-orThsra)erc v e r- :1 hbcbsorn]. r .r-!p F? nd one-!

r:o)py Los e) .?kEeri-n)j. CC e'. I C' toLLU1.in. We-E did notfr!t i r-idC rdi-Fn-.:rj---

e?I-)rsC i l@s i i:he pr-i. m;er-y or-garn i .at .i oI-,of cor s on 1e I thFI-23 n'riEs?

(not. shown

DISCUJSSION

T-Ihe aeSi rnopt in thti t therme -are m diJ.-F. cr . C)on i. . t.h i3.iI.4 Li fre

Cronifozr-mtna ion u-f art. i. vs, r:1- r-c:hrole kq;|<; C t.3 n we;$ I.i,f--hO de e Ui .I- rP O..

diEr,st.Lirion atrclie'(-.44 4.5) thatf rhowd that-:A N.ee 4 EAcr-ar..n--ed

rti ite *:h.oc meIj in!- ,siet 1.ii gh1r- - -r ^ On the h - iiI-. h77e

sensiti vi. ty o- a. r- t. cVS r hrc)fr-ioti.r-t t.0:o r r) or: r'.; nir- '3.C w-:;

InfICdf.l Theref ore .,h ;aut suggesr,s- 0-t g g tt e hr-i on1-i1: cin DN:aT e I

Cr;En re- rogni. :.e.' St: r-Lr:to.UimodIi.L.4 iic31n nS;J,-ii rac t 3i r` ri_L_ I.

risomes.T-t*ie F)refeCren l Sit. :i1. DNasie 1 en-;:ijt:i vi ,yi eywe-., a.-s rjnd toC

FHiMG 1.4, 17 (1.7 ) a rid hi s-.tr-ie ar:ety 'Ji. on (46)

Horw eve_r- IHMG 14 s 1. 7 binI-i d J. no t o n-or:tc 'L eoso-.rm!es .r: hng-Ev g s rn-i. t- rI- tht

o v r I1. i n 1 rcI r;om.s.,c -;C(Y ie Cror-for met! rn,,i ,t (r47) r-,:c .) i,the p.r niary orr nI--zIire-

t. i o:?r-I ,.) nr..t eo (' i'mes4i. st cin a e 1: ynI at i on I o r-'hie'o i;-

t:he r :le:-f.s. orn7 L-cir.om o slei. ght y (4c9A) t. r- (--,E j t it. UasomedC

that thhe) pr-efc-ir-enft aleansiti.\.istJ .y 1,toci DN4sr-isE,e 1. is r:eu.s by some

relaI atin i i. ri ensl.r)r- acri 'j. e.snIJ0n.-O3rJr.r-it .I! C..c . 7 C.."C i. c'r' oin'

t: i ri (5i---527) F Lkmapaby in. Elo se ei..l :!ri c: oif1fj.h - ir1so I. d1-d 1 r- ion.r

i. rn rc:t i. -vcs c- hr ,o'.met.:: i (9 ,5 1.

Oini tIhe other hand 1.so. aEAtPi no:II er3.or.rSes ha-av-e beeFs-!rr.irnv tot.

he:vve a gr-eatl: ).f i ri i ty for HMIG 14A-17 protE.e,i r;s fr-om ictt vjve -I :-i

freat J. ri (1. 7 F 573) ,Ouvr res.) ts (F-J. ooirre 2 'Cso est tht. nor.'

I. e,:soamn es f r-rcin -rct i ye hrhromeinxlev 1nert gerr- ONO,eNn;.. OmpomrrE. d

with to)tal nUC.l.E-OSomeS, axfter hydrolysis by micrococrral nfo]e--
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ase both Hi--containing and HI-depleted chr-omatin. Therefore

the preferential bindirg of HMO 14,17 proteins to "active"

nucleosomes can occur during micrococcal nuclease digestion

Si.mply Cute tcj a greater affinity of HMO 14,17 for nucleosomes

with l3nger DNA leng th (54).

The longer DNA length in "active" nutcleosomes cran be CaUsed

by a preferential protection of the ends of nuL.cleosomal DNA

by histones H2A and H3 (27). The existence of nucleosomal con-

*for-mer-s with different arrangement of H2A histone was shown

by DNA-proteiri crosslJinkinc (55) and X--ray diffraction

(3,42). Obviously, nucleosomes in active chromatin may have

some suLbtle conformational modifications which are not discerned

by DNA -protein cr-osslinking methods. These pecuLliarities

can be respornsible for the additional protection of the rudcle-

osomal DNA ends (Figure 2) and specific electrophoretical char-

ac-terist.icss(Figure 3-) of "active" nucleosonmes. FPerhaps, the--

se structural changes are also the catise of a gr-eater- accessi-

bility of histone H3 SH-grOUps to modifications in isolated

"active" nut-tcleosomes (24--26).

The above data showing that both the electr-ophoretic mobil--

ity and primary organization are similar ini active as well

as irn inac:tive nUc1eosiomes witnessses against the? alleged exis-

tence in active genes of nucleosomes with a highly distorted

strU.ctUre, su-ch as the Unfolded nucleosomes found in ribosomal

genes of P. polycephal um (23). A model for such unfolded

nrLuCleOsOmes should unavoidably incorporate- consider-able changes

irn histone contacts with DNA, in particular a simujltaneous

contact of histone H3 witch the cerntral and terminal regions

of nucleosomal DNAN would become impossible. Yet we observed

no such charnges in the primary orgcanizatiorn of active nukc--

leosomes. Freservation of electrophoretical and some other

chearacteristics in activte nr-ucleosomes have bee?n also demon-

sitrated in other papers (11,1.,20,21). However several authors

have reported recentetly sigrnificant smearing in the nulcleoso-

mal repeat of some active genes (13, 22,3.2,37), incltuding par-t-

l.y activated hsp 70 gene (FigLre 1). These observations couldl

hlave beern interpreted on the basis of consider-able distor-

tions in the nucleosomal structure. Our data on the similar-
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it:y of general conformation and primary organization of nuc--

1eosrmes from active anLd inactive genfomfe r IgiodrhaV?l LiS,

however, to a di 4 f erent siuggest ion, namel y that the o 1 ipuari-
t-i. es. in c hrorma.t in st rutctU r e o-F a.ctivetC genrescould be. better-

accounted fra by siome changes in the - ,uprpanruc leossomal organ i.

zation that c:an disturbe the regLular arrangement of FnLuC].oRSOmnes-

dUring tr-anscription.

Changes, in the nuLAcleosomal repeat could be also brouAght about

by an asisaociat ion of the transcribed genes with nuclI ear-

mat r- ix, si nce i t is in thete P--fraction of the nUClear matrix

that the changes in nucleosomal repeat ar-e most pronounced

(Fi gure 1). The, latter suggestion is supported by the observa--

tion that the periodical pattern of micrococca.Jl nuclease di--

gestionj.of.cr th.e hsp 70) gene is restored after the nucleIi have

been lysed at a loQ) ionic strength (Figure 4) and thereby the

association with the maxtrix;. ha.ih been broken ((54)?

These an.d other characteristics of active chrom1atin, for

exnap le its sensitivity towards leases seefn to arise from

the deple.tion of histone 1-il ('9,51).. It sIhosuld be stressed here

that thEe primary organization of core nUClIeosomes Jisj not

depenrderit orn the pre-sernce o_f histo:)ne HI ('27.55) although cores

an-d Fl--conrtai ni n nLC I ecosomes demionstrzate s-,i gri ig iicant Iy

differ-erit properties.

Otr approach i nvol \'o5some seriouscx per i merta. di f f i cul ties.

First, soime he-p 7) gene c:opies may be present-i irn atn inacrltive

chromatin conformationrl arnd thus the- characteristic featu-Lres of

active chromatin might be 'masked". However, histone tHl is

actua.l l.Iy' absent from ttihsptis-p 70) gene chromifatinr) dUring mTioderate

transc:ription (9), and all of h-ep 70:3 nucleosomes have-abnYor-mal

el ec:trophoret i.c mobi lit.ty (Figlure -T.) "Ther-ef c:ore it can be

assu..tmed that there are no "inactive-," nclteosomes. i.r-t hsp 70-
gerne^s.
Second, var- i a.t i ons in nuc ]ease SuSc ept i bi Ii t y and pr ef erent i a.

aggregation otf active chromatin mray cause enri c-himen-1:t o.f the

analysed (solUble) fr--ractiorn irn "injactive' r-uLcAl eosoMrnes. In fact,

however, the digestion r-ate of moder-ately trarnscribed h p 70
genesi is the same as. -for inactive chromatin (Figure 1.) and

pr-eferential sedimenitation orfIf"active" nuc.leosomes irn th-e in--
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oDl1UbJ.e fraction1 was.s not observed after the lysis of nuclei at

a low ionic strength- (Figure 4). It should be stressed that in

some experiments (Figure 6) crosslinking was conducted in

nuclei before isolation of nucl eosomes.

It should be further notedi that nucleosomes mu-tst undergo

considerable changes in the sites of transcription directly

ocCUpied by RNA polymerase molecules in the process of r-ever-

sible r emoval of histones (9). The removal appears to be indu-

ced by RNA polymerase molecules (10, but see Ref. 58). The

deplet:ion of histones proreeids in parallel with the intensity
of transcription increasing irn the series H1>H2A,H2B:>H3,H4
andJ can go as far as the stage of partial or complete un+old-

i ng o-f nucleosomes, (8). However, the DNA in active chromatin

r-egions that are free from RNA polymerase molecules, reassoci-

ate with histones and thus a compact strulCture of nucleosomes

is.:, restored.
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