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ABSTRACT

	

Chi cken er yt hr ocyt e chr omat i ns cont ai ni ng a si ngl e speci es of l i nker hi st one, H1 or

H5, have been pr epar ed, usi ng r eassembl y t echni ques devel oped pr evi ousl y . The r econst i t ut ed

compl exes possess t he conf or mat i on of nat i ve chi cken er yt hr ocyt e chr omat i n, as j udged by

chemi cal and st r uct ur al cr i t er i a ; sat ur at i on i s r eached when t wo mol ecul es of l i nker hi st one ar e

bound per nucl eosome, as i n nat i ve er yt hr ocyt e chr omat i n, whi ch t he r esul t i ng mat er i al

r esembl es i n i t s appear ance i n t he el ect r on mi cr oscope and quant i t at i vel y i n i t s l i near conden-

sat i on f act or r el at i ve t o f r ee DNA. The per i odi ci t y of mi cr ococcal nucl ease- sensi t i ve si t es i n t he

l i nker r egi ons associ at ed wi t h hi st one H1 or H5 i s 10 . 4 base pai r s, suggest i ng t hat t he spat i al

or gani zat i on of t he l i nker r egi on i n t he hi gher - or der st r uct ur e of chr omat i n i s si mi l ar t o t hat i n

i sol at ed nucl eosomes . The suscept i bl e si t es ar e cut at di f f er i ng f r equenci es, as pr evi ousl y f ound

f or t he nucl eosome cor es, l eadi ng t o a char act er i st i c di st r i but i on of i nt ensi t i es i n t he di gest s .

The sci ssi on f r equency of si t es i n t he l i nker DNA depends addi t i onal l y on t he i dent i t y of t he

l i nker hi st one, suggest i ng t hat t he hi gher - or der st r uct ur e i s subj ect t o secondar y modul at i on

by t he associ at ed hi st ones.

The r epeat i ng uni t of chr omat i n, t he nucl eosome, compr i ses
t wo domai ns, a cent r al " cor e" and a " l i nker " r egi on. The cor e
cont ai ns 146 base pai r s of DNA and an oct amer of cor e
hi st ones, H2A, H2B, H3, and 114, wher eas t he l i nker r egi on
cont ai ns var i ous amount s of DNA dependi ng on t he pr ove-
nance of t he chr omat i n and up t o t wo mol ecul es of l i nker
hi st or i c . The l engt h of t he l i nker DNAmay di f f er among genes
i n t he same t i ssue, as wel l as bet ween t i ssues and speci es, f r om
a mi ni mumof zer o base pai r s i n yeast t o a maxi mumof some
100 base pai r s i n sea ur chi n sper m ( 16) .

The known r ange of l i nker hi st one cont ent l i es bet ween zer o
i n yeast ( 19) , t hr ough one mol ecul e per nucl eosome i n most
cel l t ypes exami ned, and t wo i n chi cken er yt hr ocyt es ( 26, 34,
35) . The ami no aci d sequence of t he l i nker hi st one f ound i n
di f f er ent t i ssues and di f f er ent speci es i s at t he same t i me l ess
conser ved t han t he sequences of t he f our cor e hi st or i es ( 12) . I n
a gi ven t i ssue t he amount of l i nker hi st one appear s t o be
cor r el at ed wi t h t he r at e of cel l di vi si on ( 27, 35) , wher eas t he
nat ur e of t he l i nker hi st one seems t o be a f unct i on of cel l
di f f er ent i at i on ( 12) . The addi t i on of H5 t o t he exi st i ng H1
dur i ng t he mat ur at i on of chi cken er yt hr ocyt es r epr esent s a
dr amat i c change i n t he over al l char act er of t he l i nker hi st one
cont ent , because t he t wo hi st or i es di f f er gr ossl y i n sequence
and i ndeed i n si ze ( 35) . The bi ol ogi cal si gni f i cance i n t he
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var i abi l i t y of t he l i nker hi st one i s unknown, but i t i s r easonabl e
t o suppose t hat t hi s i s r el at ed i n some manner t o gene expr es-
si on.

On t he wor ki ng hypot hesi s t hat chr omat i n st r uct ur e wi l l
pr ovi de t he key t o under st andi ng gene expr essi on, we have
f ocused on t he r ol e of t he l i nker hi st ones i n det er mi ni ng t he
hi gher - or der st r uct ur e . Pr evi ous wor ker s ( 25) have f ound t hat
hi st one H1 pr ot ect s t he l i nker DNA and especi al l y t he 10 base
pai r s adj acent t o t he cor e . The l i nker hi st one evi dent l y l i es
cl ose t o t he sur f ace of t he nucl eosome cor e ver y near hi st or i es
H2A and H3, as shown by cr oss- l i nki ng st udi es ( 5, 6) . The
cent r al gl obul ar r egi on of H1 ser ves t o l ocat e t he hi st one on
t he nucl eosome cor e, al l owi ng t he basi c ami no- and car boxy-
t er mi nal t ai l s t o ef f ect t he condensat i on of t he chr omat i n f i ber
i n t he physi ol ogi cal r ange of i oni c st r engt h ( 1) . Thi s H1- de-
pendent conf or mat i onal t r ansi t i on has been obser ved i n t he
el ect r on mi cr oscope by compar i ng nat i ve and H1- depl et ed
chr omat i n at var i ous i oni c st r engt hs ( 33) . H1- depl et ed chr o-
mat i n appear s as a di sor der ed ar r ay of nucl eosomes, r egar dl ess
of i oni c envi r onment . Nat i ve chr omat i n i s par t i al l y or der ed at
l ow i oni c st r engt h and, as t he i oni c st r engt h i s r ai sed, f ol ds up
i nt o a st r uct ur e var i ousl y descr i bed as a sol enoi d ( 10, 33) or a
super bead ( 13, 30) . Tr ansi t i ons bet ween t he l oose and di sor -
der ed pol ynucl eosome chai n and t he compact and r egul ar
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hi gher - or der st r uct ur e can be expect ed t o exer t a maj or ef f ect
on t he t empl at e act i vi t y of t he chr omat i n .

Thi s st udy i s concer ned wi t h t he ef f ect s of syst emat i c var i a-
t i on i n t he nat ur e and amount of l i nker hi st one on chr omat i n
st r uct ur e . We have t aken advant age of a r econst i t ut i on pr oce-
dur e devel oped ear l i er ( 2) , wher eby t he l i nker hi st or i es may be
di ssoci at ed f r om monodi sper se chr omat i n f r agment s, wi t hout
appar ent ser i ous di st ur bance of t he nucl eosomes or of t he
i nt er nucl eosomal spaci ng, and t hen r epl aced at wi l l . For t he
mi xt ur e of hi st one H1 and H5 nor mal l y pr esent i n nat i ve
er yt hr ocyt e chr omat i n t o t he ext ent of about t wo mol ecul es i n
al l per nucl eosome ( 26, 34, 35) , we have subst i t ut ed pur i f i ed
chi cken er yt hr ocyt e H1 or H5 or cal f t hymus H1 i n syst emat -
i cal l y var yi ng amount s and exami ned t he r esul t i ng physi cal
and chemi cal pr oper t i es of t he chr omat i n . We show t hat H1
and H5 di r ect t he r ef ol di ng of t he pol ynucl eosome chai n t o

gi ve si mi l ar hi gher - or der st r uct ur es t hat cl osel y r esembl e t hat
of nat i ve chi cken er yt hr ocyt e chr omat i n .

MATERI ALS AND METHODS

Chr omat i n
" Nat i ve" chr omat i n f r om chi cken er yt hr ocyt e nucl ei was pr epar ed and f r ac-

t i onat ed i nt o di scr et e si ze cl asses as pr evi ousl y descr i bed ( 2) except t hat t he

concent r at i on of mi cr ococcal nucl ease was r educed t o 500 U/ ml . HI - and H5-

depl et ed chr omat i n ( st r i ppedchr omat i n) was pr epar ed f r omnat i ve chr omat i n by

passage over a DNAcel l ul ose col umn ( 2) .

Li nker Hi st one Pr epar at i on
Pur i f i ed H1 and H5 wer e pr epar ed f r om chi cken er yt hr ocyt e chr omat i n by

chr omat ogr aphy on hydr oxyapat i t e and Amber l i t e CG50 ( 2) . Cal f t hymus H1,

pr epar ed by aci d ext r act i on, was a gi f t f r om Dr . Pet er Har t man ( Por t smout h

Pol yt echni c, Por t smout h, Engl and) , and was f ur t her pur i f i ed by hydr oxyapat i t e

chr omat ogr aphy . Each of t he l i nker hi st one pr epar at i ons was exhaust i vel y di -

al yzed agai nst 10 mM HCl , 0 . 2 mM phenyl met hyl sul f onyl f l uor i de ( PMSF) ,

bef or e pr eci pi t at i on wi t h acet one. Wei ght sampl es of each hi st one wer e di ssol ved

i n 10 mM Tr i s- HCI , 0 . 1 mM EDTA, 0. 1 mMPMSF, pH 7. 5 ( TEP buf f er ) ,

cont ai ni ng ei t her 80 mMor 1 MNaCl , and wer e st or ed f r ozen at - 20° C. Pr ot ei n

concent r at i ons wer e r out i nel y det er mi ned by t he met hod of McKni ght ( 23) , usi ng

l i nker hi st one st andar ds . Concent r at i ons of t he l at t er wer e det er mi ned by ni t r ogen

anal ysi s ( 14) , t aki ng t he ami no aci d anal ysi s i nt o account .

Radi oact i ve Label i ng of Li nker Hi st ones

Chi cken er yt hr ocyt e H5 ( 0. 23 mg/ 100 pl ) was di al yzed agai nst 2%NaHCO3

and dansyl at ed by i ncubat i on wi t h [ 3 H] dansyl chl or i de ( 50 ACi , 18 Ci / mmol ,

di ssol ved i n 150 pl of acet one ; Amer sham Radi ochemi cal Cent r e, Bucki ngham-

shi r e, Engl and) f or 3 h at 20° C i n t he dar k. The r eact i on was t er mi nat ed by

pr eci pi t at i on of t he hi st one wi t h 1 ml of acet one and st or age over ni ght at - 20° C.
Label ed pr ot ei n was col l ect ed by cent r i f ugat i on, washed wi t h act one, and dr i ed

i n vacuo.

Cal f t hymus H1 ( 50 pg) was l abel ed wi t h N- succi ni mi dyl ( 2, 33H) pr opi onat e

( 100 ACi , 43 pCi / mmol ; Amer shamRadi ochemi cal Cent r e) i n 80 mMNaCI - TEP

buf f er f or 30 mi n at 4° C, and was r ecover ed by r epeat ed acet one pr eci pi t at i on.

Label l ed Hl and H5 had speci f i c act i vi t i es of 19, 600 and 18, 000 dpm/ l ag,

cor r espondi nbg t o 0. 4%( H1) and 0. 9%( H5) modi f i cat i on of ami no gr oups.

Reconst i t ut i on of Chr omat i n
Compl exes wer e f or med bet ween l i nker hi st or i es and st r i pped chr omat i n by

di r ect mi xi ng . Pur i f i ed hi st one was di l ut ed, when necessar y, t o 80 mMNaCl wi t h
TEP buf f er , and st r i pped chr omat i n ( absor bant e, 1 . 0 at 260 r i m) i n t he same

buf f er was r api dl y addedwi t h t hor ough mi xi ng. The sampl es wer e t hen di al yzed
f or 17- 20 h agai nst 80 mMNaCl - TEP buf f er at 4° C. The st oi chi omet r y of t he

l i nker hi st or i es i n r econst i t ut ed mi xt ur es was cal cul at ed on t he basi s of mol ecul ar

wei ght s of 20, 160 and 21, 500 f or H5 and H1 hi st ones, r espect i vel y, and 145, 000

f or 215 base pai r s of DNA.

Sol ubi l i t y of Chr omat i n
Reconst i t ut ed chr omat i ns wer e cent r i f uged f or 2 mi n at 10, 000 r pmi n a

bench- t op mi cr ocent r i f uge. The super nat e was r emoved and i t s absor bant e at
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260 nm was det er mi ned. St r i pped chr omat i n t r eat ed i n t he same manner ser ved

as a cont r ol f or 100%sol ubi l i t y .

Sedi ment at i on Anal ysi s
Chr omat i ns wer e anal yzed by cent r i f ugat i on i n l i near 5- 20%or i soki net i c 5-

27%sucr ose gr adi ent s. Except wher e i ndi cat ed, cent r i f ugat i on was car r i ed out i n
80 mMNaCI / TEP buf f er f or 100- 120 mi n at 40, 000 r pmi n a Beckman SW40 . 1

r ot or ( Beckman I nst r ument s, I nc . , Spi nco Di v . , Pal o Al t o, Cal i f ) at 4° C. Sedi -
ment at i on coef f i ci ent s wer e det er mi ned i n t he Beckman model E ul t r acent r i f uge

by use of ul t r avi ol et absor pt i on opt i cs and wer e cor r ect ed t o 20° C. Anal yses wer e
car r i ed out on chr omat i n sampl es of absor bant e ( 260 r i m) 0. 8 i n 80 nMNaCl /
TEPbuf f er .

Pr ot ei n Anal ysi s
Pr ot ei n anal ysi s was car r i ed out by el ect r ophor esi s i n 15%SDSpol yacr yl ami de

gel s ( 17) . The gel s wer e st ai ned wi t h Coomassi e Bl ue and eval uat ed by densi -

t omet y.

Nucl ease Di gest i on and El ect r ophor esi s
Chr omat i n sampl es ( absor bant e, 1 . 0 at 260 r i m) wer e di gest ed at 37° C i n 80

mM NaCI / TEP buf f er cont ai ni ng 0. 6 MM CaCl 2 at a mi cr ococcal nucl ease
concent r at i on of ei t her 2 or 20 U/ ml . Al i quot s wer e r emoved at di f f er ent t i mes,
and di gest i on was t er mi nat ed by t he addi t i on of EDTA. DNA was ext r act ed as
pr evi ousl y descr i bed ( 2) . Di gest s wer e anal yzed by el ect r ophor esi s i n 1%agar ose

or 7% pol yacr yl ami de ( acr yl ami de: bi sacr yl ami de = 20 : 1) gel s as pr evi ousl y
descr i bed ( 2) .

The si zes of t he DNA f r agment s wer e det er mi ned by compar i son wi t h

r est r i ct i on enzyme f r agment s gener at ed by di gest i ng l ambda DNA wi t h EcoRl

or Hi ndI I I and PM2 DNAwi t h HaeI I I nucl ease .

Ther mal Denat ur at i on
Absor bant e mel t i ng pr of i l es wer e car r i ed out as pr evi ousl y descr i bed ( 2) .

El ect r on Mi cr oscopy
Chr omat i n sampl es wer e f i xed i n 80 mMN8CI / TEP buf f er cont ai ni ng 0. 1%

gl ut ar al dehyde f or 15 h at 4° C. The f i xed sampl es wer e di l ut ed at r oom

t emper at ur e t o an absor bant e ( at 260r un) of - 0 . 04, and benzyl di met hyl al kyl am-

moni umchl or i de was added t o a f i nal concent r at i on of 2 x l 0- ' %wt / vol . Af t er

30 mi n, 5- f d dr ops wer e pl aced i n i ndent at i ons on a Tef l on bl ock, and car bon-

coat ed gr i ds wer e f l oat ed on t he dr ops . Af t er 5 mi n f or adsor pt i on, t he gr i ds wer e

washed f or 10 mi n i n di st i l l ed, dei oni zed wat er and t hen dr i ed i n 90%et hanol .

The gr i ds wer e r ot ar y shadowed wi t h pl at i numat an angl e of 7° . Sampl es wer e

exami ned i n a Si emens Ehni skop I A el ect r on mi cr oscope oper at i ng at a 100 kV

and phot ogr aphed at x 20, 000 magni f i cat i on. The mi cr oscope magni f i cat i on was

cal i br at ed by means of car bon gr at i ng r epl i ca gr i d f r om Agar Ai ds ( St anst ead,

Engl and) .

Di ssoci at i on of Hi st ones
Af t er r econst i t ut i on, pol ynucl eosomes wer e t i t r at ed t o i ncr easi ng sal t concen-

t r at i ons by di l ut i ng sampl es f i vef ol d i nt o buf f er s t o gi ve t he f i nal sal t concent r a-

t i ons i ndi cat ed . TEPbuf f er was suppl ement ed f or t hese exper i ment s wi t h 10 mM

phosphat e, pH 7. 0 . Af t er 30 mi n at 4° C, t he sampl es wer e added t o Eppendor f

mi cr ocent r i f uge t ubes ( Br i nkmann I nst r ument s I nc . , West bur y, N. Y. ) cont ai ni ng

0 . 4 ml of hydr oxyapat i t e wi t h t he appr opr i at e sal t concent r at i on as descr i bed

above. The sampl es wer e t hen cont i nuousl y r ot at ed f or 30 mi n . The hydr oxyapa-

t i t e was pel l et ed by cent r i f ugat i on and t he super nat e was r emoved. Af t er addi t i on

of 50 i l g of BSA, t he el ut ed pr ot ei ns wer e pr eci pi t at ed by t he addi t i on of an equal

vol ume of col d 40%TCA. The pr eci pi t at es wer e col l ect ed on GF/ C ( What man)

f i l t er s and count ed .

RESULTS

Compl ex For mat i on
I ncr easi ng amount s of t he t hr ee l i nker hi st or i es ( chi cken

er yt hr ocyt e H1 ( ceH1) and H5 and cal f t hymus H1 ( ct H1) wer e
added t o st r i pped chr omat i n i n 80 mMNaCI - TEP buf f er , and
t he amount of DNApr eci pi t at ed was det er mi ned. The r esul t s
( Fi g . 1) show t hat wi t h none of t hese hi st ones was t her e

appr eci abl e pr eci pi t at i on at r at i os of l ess t han t wo hi st one
mol ecul es per nucl eosome. Above t hi s r at i o, r api d pr eci pi t at i on
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FI GURE 1 Sol ubi l i t y r ange of r econst i t ut ed chr omat i ns . The sol u-
bi l i t y of r econst i t ut ed chr omat i n i s shown as a f unct i on of t he
amount of ceH1 ( O) , H5 (zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ) and ct H1 ( O) added . Mol ar r at i o of H1 :
nucl eosome = r .

ensued, al l t he DNAbei ng car r i ed down when t he r at i o r eached
about 2 . 5 . Nei t her t he l engt h of t he chr omat i n ( 25- 75 nucl eo-
somes) nor t he t i me of r econst i t ut i on ( 45 mi n or 20 h) was
f ound t o i nf l uence t he pr of i l es .

The sedi ment at i on pr oper t i es of r econst i t ut ed chr omat i ns
wer e st udi ed i n t he r ange of l i nker hi st one t o nucl eosome r at i os
( r ) i n whi ch sol ubl e compl exes wer e f or med ( 0 < r < 2) . The
mean sedi ment at i on r at e of t he compl exes i ncr eases l i near l y
wi t h H1 or H5 cont ent bet ween t he l i mi t i ng val ues f or t he
depl et ed and nat i ve chr omat i ns ( Fi g. 2b) . Two poi nt s emer ge
f r om t he dat a i n Fi g . 2 a and b : f i r st l y, t he sedi ment at i on
pr of i l es of t he r econst i t ut ed chr omat i ns ar e symmet r i cal , wi t h
t he same zone hal f - wi dt h as t he nat i ve or depl et ed mat er i al .
Taken t oget her wi t h t he l i near i ncr ease of sedi menat i on coef -
f i ci ent wi t h l i nker hi st one cont ent , t hi s suggest s t hat t he l i nker
hi st ones do not bi nd cooper at i vel y i n t he condi t i ons of our
exper i ment s . Secondl y, wi t h bot h H1 and H5 i t was necessar y
t o i nt r oduce t wo l i nker hi st one mol ecul es per nucl eosome t o
gener at e a compl ex t hat sedi ment ed at t he vel oci t y char act er -
i st i c of nat i ve chi cken er yt hr ocyt e chr omat i n .

To conf i r m t hat al l of t he l i nker hi st one i n t he mi xt ur e
i ndeed bound t o t he st r i pped chr omat i n, t wo exper i ment s wer e
car r i ed out . Fi r st , al i quot s of compl exes wi t h H1 and H5
pr epar ed at a l i nker hi st one : nucl eosome r at i o of 2 wer e pel l et ed
by sedi ment at i on t hr ough a 10% sucr ose col umn cont ai ni ng
TEP buf f er , 80 mMNaCl , and t he pel l et was r ecover ed f or
anal ysi s . Addi t i onal al i quot s wer e exhaust i vel y di al yzed
agai nst 0 . 1 mMPMSF and l yophi l i zed . Al l wer e t hen anal yzed
f or pr ot ei n composi t i on by el ect r ophor esi s i n SDS pol yacr yl -
ami de gel s, f ol l owed by st ai ni ng and densi t omet r y . The r esul t s
ar e shown i n Fi g . 3 A . The pr opor t i on of l i nker t o cor e hi st one
was f ound t o be t he same i n t he pel l et ed and di al yzed sampl es .

The second t ype of exper i ment consi st ed i n r econst i t ut i ng
chr omat i n wi t h r adi oact i vel y l abel ed l i nker hi st one . Compl exes
pr epar ed wi t h [ 3H] dansyl at ed H5 at a r at i o of 2 wer e anal yzed
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( a) Sedi ment at i on anal ysi s of r econst i t ut ed chr omat i ns .

Sedi ment at i on pr of i l es of nat i ve ( N) and st r i pped ( S) chr omat i ns ar e

shown i n t he upper panel and t hose of chr omat i ns r econst i t ut ed
wi t h ct H1 at t he i ndi cat ed r at i os of l i nker hi st one t o nucl eosome
ar e shown i n t he l ower panel . ( b) Dependence of sedi ment at i on
coef f i ci ent on t he l i nker hi st one r at i o . The r el at i ve r at es of sedi men-
t at i on of t he pol ynucl eosomes shown i n a ( C7) , and of si mi l ar
r econst i t ut es cont ai ni ng ceH1 ( O) and H5 (" ) , ar e pl ot t ed agai nst
t he l i nker hi st one t o nucl eosome r at i o . Dashed l i nes mar k t he
posi t i on of depl et ed ( S020 . , = 58S) and nat i ve ( s °zo, w = 99S) pol y-

nucl eosomes f or r ef er ence .

by sucr ose gr adi ent sedi ment at i on . Fi g. 3 B shows t hat essen-
t i al l y al l t he l abel ed H5 sedi ment ed wi t h t he zone of absor bi ng
mat er i al . Fur t her mor e, 92% of t he t ot al l abel was r ecover ed
f r omt he gr adi ent .
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FI GURE 3

	

( A) El ect r ophor et i c anal ysi s of r econst i t ut ed chr omat i ns .

Hi st ones f r om chr omat i ns r econst i t ut ed wi t h t wo l i nker hi st one per

nucl eosome wer e anal ysed by gel el ect r ophor esi s ( a) af t er di al ysi s

and ( b) af t er cent r i f ugat i on . Anal yses wer e per f or med at f our hi s-

t one l oadi ngs ( 4, 8, 12, and 16 j Lg) i ncr easi ng f r om r i ght t o l ef t ( t op)

and f r om l ef t t o r i ght ( bot t om) t o obt ai n quant i t at i ve r esul t s . Resul t s

f or nat i ve chr omat i n ar e al so shown . ( 8) Sedi ment at i on anal ysi s of

l abel ed compl exes . Chr omat i n was r econst i t ut ed at a l i nker hi st one
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Mi cr ococcal Nucl ease Di gest i on

The degr adat i on of chr omat i n by mi cr ococcal nucl ease oc-
cur s pr i mar i l y wi t hi n t he spacer r egi on and i s per t ur bed i n t wo
ways by t he pr esence of l i nker hi st one . Fi r st l y, t he spacer DNA
i s pr ot ect ed agai nst t he enzyme, as shown by t he r educt i on i n
t he r at e of degr adat i on of t he DNAt o f r agment s cor r espondi ng
t o si ngl e nucl eosomes ( 2, 25) . Secondl y, t he nat ur e of t he
f r agment s i s changed by t he l i nker hi st ones, f or onl y i n t hei r
pr esence i s a par t i al l y r esi st ant 168 base pai r pr oduce f or med
( 2, 25) i n addi t i on t o t he 146 base pai r f r agment der i ved f r om
t he cor e par t i cl e i t sel f ( 21) .

We have f ol l owed t he t i me- cour se of di gest i on of t he st r i pped
and r econst i t ut ed chr omat i ns wi t h mi cr ococcal nucl ease and
anal yzed t he DNA pr oduct s by el ect r ophor esi s i n 1%agar ose
gel s . The r esul t s, shown i n Fi g. 4A, demonst r at e t hat each of
t he r econst i t ut ed chr omat i ns has acqui r ed a degr ee of r esi st ance
t o i nt er nucl eosomal cl eavage si mi l ar t o t hat shown by nat i ve
chi cken er yt hr ocyt e chr omat i n . Chr omat i ns cont ai ni ng ei t her
H5 or ct Hl ar e about 5- 10 t i mes mor e r esi st ant t han st r i pped
chr omat i n . The ceHI chr omat i n i s l ess r esi st ant t han t he ot her
r econst i t ut ed compl exes, t hi s ef f ect bei ng most mar ked i n t he
ear l y st ages of t he di gest i on.

To anal yze t he mononucl eosomal DNAf r agment s pr oduced
dur i ng di gest i on, t he enzyme concent r at i on was i ncr eased by
a f act or of 10 and t he pr oduct s wer e f r act i onat ed on 7%
pol yacr yl ami de gel s . The r esul t s ar e shown i n Fi g . 4B. As
di gest i on pr oceeds, a pr omi nent component cont ai ni ng 168
base pai r s of DNA appear s i n each sampl e i n addi t i on t o 146
base pai r f r agment s . The di gest of st r i pped chr omat i n cont ai ns
onl y a t r ace of 168 base pai r speci es .

Two ot her f eat ur es of t he di gest s shown i n Fi g. 4 B ar e
conspi cuous . I n t he ear l y st ages of di gest i on ( 0 . 5- 1 mi n) , t he
mononucl eosomal pr oduct s have t he f or m of a di scr et e ser i es
of f r agment s cor r espondi ng t o 146, 157, 168, 178, 189, and 200
base pai r s . Thi s pr ogr essi on i s not so appar ent i n st r i pped
chr omat i n . The bands ar e cl ear l y mul t i pl es of t he 10 . 4 base
pai r r epeat occur r i ng wi t hi n t he cor e par t i cl e ( 21) .

I n t he ear l y st ages of di gest i on, t he speci f i ci t y of mi cr ococcal
nucl ease di gest i on of t he l i nker DNA was i nf l uenced by t he
i dent i t y of t he l i nker hi st one . Thus, i n t he di gest of H5 chr o-
mat i n t he 178 base pai r f r agment pr eponder at ed, wher eas i n
t he ceHl - cont ai ni ng anal ogue f r agment s of 157 and 168 base
pai r s wer e most pr omi nent and t hat of t he 178 base pai r band
much l ess so, al t hough l ar ger f r agment s coul d st i l l be di scer ned .
For t he ct Hl - cont ai ni ng mat er i al , al l f r agment s bet ween 146
and 200 base pai r s wer e vi si bl e, t he l ar gest bei ng t he most
pr onounced . These pat t er ns r ef l ect t he accessi bi l i t y of t he
l i nker DNA backbone t o t he enzyme and t he di f f er ences
bet ween t he pat t er ns obt ai ned f r omt he t hr ee compl exes suggest
t hat t he st r uct ur e of t he compl ex i s modul at ed by t he t ype of
l i nker hi st one.

Nat i ve chr omat i n ( Fi g. 4 C) di spl ayed ear l y di gest i on pr od-
uct s consi st ent wi t h t he cont ent of bot h ceHI and H5 l i nker
hi st ones . Al l bands ( 146- 200) wer e agai n obser ved but t he
most pr omi nent wer e t hose of 157 and 168 base pai r s .

Ther mal Denat ur at i on

The der i vat i ve t her mal denat ur at i on pr of i l es of nat i ve and
st r i pped chi cken er yt hr ocyt e chr omat i ns ( Fi g . 5) ar e r eadi l y

t o nucl eosome r at i o of 2 wi t h 3 H- H5 . The posi t i on of nat i ve ( N) and

st r i pped ( S) chr omat i ns and t he di st r i but i on of l abel and absor bance

of t he compl ex i s shown .



FI GURE 4 ( A) Mi l d di gest i on of r econst i t ut ed chr omat i ns wi t h mi cr ococcal nucl ease . Chr omat i n was
r econst i t ut ed at a r at i o of t wo l i nker hi st ones per nucl eosome and di gest ed wi t h mi cr ococcal nucl ease at 20
U/ ml . The r esul t s of di gest i on f or i ncr easi ng t i mes, i ndi cat ed i n mi nut es ( t op l ef t ) ar e shown f or r econst i t ut es
wi t h t he t hr ee t ypes of l i nker hi st ones . The r est r i ct i on mar ker i s a Hael l l di gest of PM2 DNA. El ect r ophor esi s
was i n 1% agar ose gel s . ( 8) Ext ensi ve di gest i on of r econst i t ut ed chr omat i ns wi t h mi cr ococcal nucl ease .
Chr omat i ns wer e r econst i t ut ed at a r at i o of t wo l i nker hi st ones per nucl eosome and di gest ed wi t h mi cr ococcal
nucl ease at 20 U/ ml . The r esul t s of di gest i on f or i ncr easi ng t i mes, as i ndi cat ed, ar e shown f or r econst i t ut es
wi t h t he t hr ee t ypes of l i nker hi st ones . The r est r i ct i on mar ker i s a Hael l l di gest of PM2 DNA; t he si zes of t he
f r agment s a- d shown ar e 167, 152, 120, and 95 base pai r s . El ect r ophor esi s was i n 7%pol yacr yl ami de gel s . ( C)
Ext ensi ve di gest i on of nat i ve chr omat i n wi t h mi cr ococcal nucl ease . Nat i ve chr omat i n was t r eat ed as t he
r econst i t ut ed chr omat i ns descr i bed i n 8 .

di st i ngui shed . St r i pped chr omat i n di spl ays a l ar ge component
of DNA mel t i ng bet ween 40° and 60° C, whi ch i s not pr esent
i n nat i ve chr omat i n . Thi s l ow- t emper at ur e t r ansi t i on r ef l ect s
t he denat ur at i on of spacer DNA ( 32) , whi ch i n nat i ve chr o-
mat i n i s associ at ed wi t h t he l i nker hi st ones and t her ef or e mel t s

at a hi gher t emper at ur e. Two pr omi nent t r ansi t i ons cent er ed
at about 73° and 83° Car e common t o bot h nat i ve and st r i pped
chr omat i ns and r ef l ect t he mel t i ng of DNA i n t he nucl eosome
cor e ( 32) .

The mel t i ng pr of i l es obt ai ned f r om r econst i t ut ed chr omat i ns
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FI GURE 5 Ther mal denat ur at i on of DNA i n r econst i t ut ed chr oma-

t i ns . The der i vat i ve mel t i ng pr of i l es of ( a) nat i ve ( N; sol i d l i ne) and

st r i pped ( S; dashed l i ne) chr omat i ns and ( b) chr omat i ns r econst i -

t ut ed wi t h t he t hr ee t ypes of l i nker hi st ones ( H1,zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ; ct H1, O; H5,

sol i d l i ne) at a r at i o of t wo per nucl eosome ar e shown . The sol vent

was 0 . 25 mMEDTA, pH 7 . 5 .

( r = 2) ar e shown i n t he l ower panel s of Fi g . 5 . I n no case was
t her e a t r ansi t i on i n t he l ow- t emper at ur e r ange as seen i n
st r i pped chr omat i n . The cur ves obt ai ned wi t h bot h H1 chr o-
mat i ns wer e si mi l ar and di spl ayed a l i ke di st r i but i on of mel t i ng
bet ween t he t wo hi gh- t emper at ur e maxi ma ( 73° and 83° C) . I n
t he H5 chr omat i n, on t he ot her hand, t he pr opor t i on of DNA
mel t i ng i n t he hi gh- t emper at ur e t r ansi t i on was gr eat l y i n-
cr eased.

Dependence of Sedi ment at i on Coef f i ci ent on
I oni c St r engt h

Nat i ve chr omat i n under goes a condensat i on i n r esponse t o
i ncr easi ng i oni c st r engt h of t he sol ut i on, i n t he r ange 0. 005- 0 . 1
M. Thi s pr ocess, whi ch i s enhanced by t he pr esence of l i nker
hi st one, i s r ef l ect ed by changes i n sedi ment at i on coef f i ci ent ( 7,
30) and t he cont our l engt h i n t he el ect r on mi cr oscope ( 33) .

Fi g. 6 shows t he i oni c st r engt h dependence of t he sedi men-
t at i on coef f i ci ent s of pol ynucl eosomes ( N = 43 nucl eosomes,
wher e N i s t he aver age number of nucl eosomes per chai n of
t he chr omat i n f r act i on) r econst i t ut ed wi t h ceH1 and H5 at
r at i os of one and t wo mol ecul es per nucl eosome, and of t he
or i gi nal nat i ve and depl et ed pol ynucl eosomes . Al l sampl es
di spl ayed a monot oni c i ncr ease i n sedi ment at i on coef f i ci ent
wi t h i ncr easi ng i oni c st r engt h i n t he r ange 5- 80 mMNaCl ,
whi ch i n no case at t ai ned a pl at eau . Al t hough t he change was
pr opor t i onat el y gr eat er f or pol ynucl eosomes cont ai ni ng one or
t wo l i nker hi st one per nucl eosome as compar ed wi t h none,
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t her e was no di f f er ence i n t he r ange over whi ch t he changes
occur r ed. At i nt er medi at e i oni c st r engt hs ( 10 and 20 mMNaCI )
a smal l di f f er ence was obser ved bet ween chr omat i n cont ai ni ng
one mol ecul e of H5 per nucl eosome and t he cor r espondi ng
mat er i al cont ai ni ng ceH1 . Thi s di f f er ence was di mi ni shed at
hi gher i oni c st r engt h . Ther e was no di f f er ence bet ween t he
compl exes cont ai ni ng t wo mol ecul es of l i nker hi st one per
nucl eosome, and t he r esponse of t hese chr omat i ns t o i oni c
st r engt h cl osel y par al l el ed t hat of nat i ve pol ynucl eosomes . The
r esul t s obt ai ned f or nat i ve and st r i pped pol ynucl eosomes ar e
compar abl e wi t h t hose r ecent l y pr esent ed by But l er and
Thomas ( 7) , al t hough t he sedi ment at i on coef f i ci ent s we have
obt ai ned wi t h st r i pped chi cken er yt hr ocyt e chr omat i n ar e si g-
ni f i cant l y hi gher t han t hose obt ai ned wi t h st r i pped pol ynucl eo-
somes f r om r at l i ver chr omat i n of si mi l ar si ze.

El ect r on Mi cr oscopy

El ect r on mi cr oscopy was used t o exami ne t he st at e of ext en-
si on of t he r econst i t ut ed pol ynucl eosomes . Thi s st udy was
car r i ed out on a pol ynucl eosome f r act i on wi t h a nar r ow DNA
si ze di st r i but i on ( Fi g . 7 c) . Al l sampl es wer e f i xed wi t h gl ut ar -
al dehyde i n 80 mMNaCl bef or e spr eadi ng f or el ect r on mi -
cr oscopy . Fi g . 7 a shows mi cr ogr aphs of compl exes f or med at
a ser i es of ceH1 r at i os, t oget her wi t h nat i ve and depl et ed
pol ynucl eosomes .

Depl et ed pol ynucl eosomes wer e i r r egul ar i n st r uct ur e, ex-
hi bi t i ng wi t hi n chai ns bot h het er ogeneous aggr egat es and i so-
l at ed nucl eosomes . At a r at i o of one H1 per nucl eosome,
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FI GURE 6 Dependence of sedi ment at i on coef f i ci ent on i oni c

st r engt h . Chr omat i ns wer e r econst i t ut ed wi t h one or t wo l i nker
hi st ones per nucl eosome and di al yzed agai nst TEP buf f er wi t h NaCI
concent r at i ons var yi ng bet ween 5 and 80 mM. The compl exes wer e
t hen sedi ment ed i n i soki net i c sucr ose gr adi ent s at t he same sal t
concent r at i ons, al l t hose cont ai ni ng a gi ven t ype of l i nker hi st one
bei ng anal yzed i n par al l el , t oget her wi t h a sampl e of depl et ed
chr omat i n at 80 mM NaCl as a mar ker . Sedi ment at i on coef f i ci ent s
cor r espondi ng t o t he di st ances of sedi ment at i on wer e est abl i shed
by anal yt i cal cent r i f ugat i on usi ng ul t r avi ol et absor pt i on opt i cs on
r ef er ence sampl es spanni ng t he r ange of val ues obser ved . The
r esul t s f or nat i ve ( O) , depl et ed ( * ) , ceH1 r econst i t ut ed (" ) , and H5
r econst i t ut ed ( O) chr omat i ns ar e shown, at t he st oi chi omet r i es of
one ( 1) or t wo ( 2) i ndi cat ed i n br acket s .



r econst i t ut ed chr omat i n was l ar gel y i n t he f or m of t hi ck f i ber s

of di amet er s r angi ng up t o - 350 A. The t hi ck f i ber s had a
di st i nct l y beaded appear ance and wer e occasi onal l y i nt er r upt ed
by unr avel ed sect i ons di spl ayi ng i sol at ed nucl eosomes . As t he

r at i o of l i nker hi st or i es per nucl eosome appr oached t he l i mi t i ng
val ue of t wo, t he chr omat i n f i ber s became mor e homogeneous
i n di amet er al ong t hei r l engt h and l ess beaded i n appear ance,
and unr avel ed st r et ches of nucl eosomes no l onger occur r ed.
These changes wer e accompani ed by a r educt i on i n t he mean
l engt h of f i ber s; t he di st r i but i ons of f i ber l engt hs i n t ypi cal
f i el ds ar e shown i n Fi g . 7 b . Al t hough t he i ndi vi dual f i ber
di amet er s wer e var i abl e at l ow H1 r at i os, t he aver age di amet er
i n t he condensed r egi ons was al ways - 340 A, whi ch i s al so t he
aver age val ue f or t he mor e homogeneous f i ber s f or med at t he
hi gh H1 : nucl eosome r at i os . The r educt i on i n l engt h br ought
about by i ncr easi ng pr opor t i ons of H1 was t hus unaccompan-
i ed by any appr eci abl e change i n f i ber di amet er .

Fr omt he dat a of Fi g . 7 b and c, t he packi ng r at i os of DNA
i n t he r econst i t ut ed and nat i ve chr omat i ns wer e ext r act ed and
ar e expr essed i n Fi g . 7 d as a f unct i on of t he l i nker hi st one r at i o
i n t he compl ex . The condensat i on f act or of t he DNA i s seen t o

be pr opor t i onal t o t he H1 cont ent , i ncr easi ng f r om32 at a r at i o
of one mol e per nucl eosome t o 50 at t wo . The agr eement of t he
l i mi t i ng val ue wi t h t hat pr edi ct ed f or t he sol enoi dal model of
chr omat i n ( 10) i s excel l ent . The est i mat ed packi ng r at i o f or
nat i ve chr omat i n i s consi st ent wi t h an H1 cont ent of about 1 . 8
per nucl eosome .

Li nker Hi st one Di ssoci at i on

Because t her e ar e t wo l i nker hi st one bi ndi ng si t es per nu-
cl eosome, we sought t o det er mi ne whet her t hese wer e di f f er ent
i n pr oper t i es. For t hi s pur pose, mi xt ur es of l abel ed and unl a-
bel ed ct H 1 wer e used t o pr epar e r econst i t ut ed compl exes con-
t ai ni ng one or t wo mol ecul es of H1 per nucl eosome . For t he
l at t er , one equi val ent each of l abel ed and unl abel ed Hl wer e
added ei t her si mul t aneousl y or ser i al l y . The l i nker hi st ones
wer e el ut ed f r om t he r econst i t ut ed chr omat i ns, whi ch wer e

bound t o hydr oxyapat i t e, by r ai si ng t he NaCl concent r at i on of

t he el uant i n st eps up t o 0 . 7 M. The i oni c st r engt h r equi r ed t o
el ut e t he H1 i s a quant i t at i ve measur e of t he bi ndi ng af f i ni t y .

I n each case, r egar dl ess of t he st oi chi omet r y or sequence of
l abel ed hi st one bi ndi ng, al l of t he hi st one was di ssoci at ed
wi t hi n t he same nar r ow r ange ( 0 . 4- 0 . 6 M NaCl ) of i oni c
st r engt h ( Fi g. 8) .

DI SCUSSI ON

The st ar t i ng poi nt of t hi s i nvest i gat i on was our ear l i er obser -
vat i on ( 2) t hat addi t i on of a sat ur at i ng amount of hi st one H5,
der i ved f r om chi cken er yt hr ocyt e chr omat i n, t o t he denuded
chr omat i n r esi due l ed t o f ul l r ecover y of t he nat i ve st r uct ur e .
We have her e pr esent ed an anal ysi s of t he mechani sm and
st oi chi omet r y of t he i nt er act i on of t he DNA- cor e hi st one com-
pl ex wi t h t he l i nker hi st or i es H1 and H5 f r omchi cken er yt h-
r ocyt es and H1 f r om cal f t hymus, and have shown t hat each
i ndi vi dual l y i nduces t he f or mat i on of t he hi gher - or der st r uct ur e
char act er i st i c of t he nat i ve chr omat i n .

Ei t her l i nker speci es i s t aken up by depl et ed chr omat i n t o a
l i mi t of t wo mol ecul es per nucl eosome, and by t he cr i t er i a of
mi cr ococcal nucl ease f r agment at i on, t her mal denat ur at i on of
nucl eosome DNA, i oni c st r engt h dependence of sedi ment at i on
coef f i ci ent , and el ect r on mi cr oscopi c i mage of t he chr omat i n,
t he r egai ni ng of t he nat i ve st r uct ur e i s t hen compl et e . The

capaci t y of chr omat i n t o bi nd t wo mol ecul es of l i nker hi st one
i s not uni que t o er yt hr ocyt e chr omat i n, f or i t has r ecent l y been
shown t o appl y equal l y t o cal f t hymus chr omat i n ( 24) . As t he
l i nker hi st ones ar e di r ect l y associ at ed wi t h t he cor e hi st ones ( 5,
6) , t he abi l i t y of chr omat i n t o accommodat e t wo mol ecul es of
H1 per nucl eosome suggest s t hat t he t wof ol d symmet r y of t he
l at t er st r uct ur e ( 11, 36) may be ext ended t o i ncl ude t wo HI
bi ndi ng si t es. However , as t he pr i mar y H1 si t e of i nt er act i on
wi t h t he nucl eosome i s cont ai ned i n t he gl obul ar domai n of
H1 ( 1) , and because t he exper i ment we have car r i ed out t o
assess t he equi val ence of bi ndi ng of t he t wo H1 mol ecul es ( Fi g .
8) i s pr i mar i l y a r ef l ect i on of t he basi c t ai l s of t he H1 mol ecul e
( 3) , we ar e not abl e at pr esent t o say whet her t he nucl eosome
has equi val ent bi ndi ng si t es f or t wo HI gl obul ar domai ns .

Al t hough chi cken er yt hr ocyt e chr omat i n i s except i onal i n
t hat i t i s t he onl y pr epar at i on known t o cont ai n t wo l i nker
hi st ones per nucl eosome ( 26, 34, 35) , i t r epr esent s onl y one
ext r eme of t he r ange of l i nker hi st one t o nucl eosome r at i os t hat
have been f ound i n chr omat i ns of di f f er ent or i gi ns . Yeast
chr omat i n cont ai ns no H1 ( 19) , wher eas t he pr opor t i on of
l i nker hi st one i n pea chr omat i n depends on t he sour ce of t he
t i ssue, i ncr easi ng by as much as a f act or of t hr ee dur i ng
mat ur at i on ( 9) . Fi nal l y, Pehr son and Col e ( 27) have r ecent l y
demonst r at ed t hat , when t he gr owt h of HeLa cel l s i s ar r est ed
i n cul t ur e, hi st one H1 ° accumul at es i n t he chr omat i n wi t h no
di mi nut i on i n t he amount of t he nor mal HI . I t woul d appear ,
t her ef or e, t hat a wi de var i at i on i n l i nker hi st one t o nucl eosome
r at i os bet ween t he l i mi t i ng val ues of zer o and t wo i s an i nt r i nsi c
f eat ur e of chr omat i n, and t hat i ncr eases i n t hi s r at i o ar e i n-
var i abl y associ at ed wi t h decr ease i n t he t empl at e act i vi t y of t he
chr omat i n, bot h i n r epl i cat i on and i n t r anscr i pt i on .

The capaci t y of a nucl eosome t o accommodat e t wo mol e-
cul es of l i nker hi st one r ai ses t he possi bi l i t y t hat , even i n t hose
t i ssues cont ai ni ng onl y one mol ecul e of HI per nucl eosome,
t he di st r i but i on of t hat H1 i s not r andom ( one per nucl eosome) .
Renz et al . ( 30) have shown t hat H1 di spl ays a pr ef er ence f or
bi ndi ng t o chr omat i n t hat i s l ong enough t o f or mhi gher - or der
st r uct ur es such as woul d be f ound i n t he sol enoi d model ( 10,
22, 33) . The abi l i t y of chr omat i n t o f or m hi gher - or der st r uct ur e
i s t her ef or e a f eat ur e t hat H1 can r ecogni ze . I n t he event t hat
a subst ant i al por t i on of t he genome must be mai nt ai ned i n an
unf ol ded, ext ended conf or mat i on, such as mi ght be envi saged
t o occur f or t r anscr i pt i on or r epl i cat i on t o t ake pl ace, t hen t hi s
chr omat i n, bei ng unabl e t o f or m hi gher - or der st r uct ur e, may
be a poor subst r at e f or H1 bi ndi ng . Such a si t uat i on woul d
l ead t o an asymmet r i c di st r i but i on of H1 and, as a r esul t , a
par t i t i oni ng of condensed and ext ended chr omat i n . Nonhi st one
pr ot ei ns coul d i nf l uence t he di st r i but i on of H1 ei t her by com-
pet i ng wi t h H1 f or DNAbi ndi ng si t es or by hel pi ng t o mai nt ai n
r egi ons of t he chr omat i n i n an ext ended ( or condensed) con-
f or mat i on. I n addi t i on, t he pr ef er ence t hat H1 di spl ays f or
DNA sequences enr i ched i n adenosi ne + t hymi di ne cont ent
( 28, 29) coul d add a degr ee of speci f i ci t y t o t he pr ocess .

The nat ur e of t he hi gher - or der chr omat i n st r uct ur e i s de-
pendent not onl y upon t he pr esence of l i nker hi st one but al so
upon on i t s r el at i ve amount f or , as t he l i nker hi st one t o
nucl eosome r at i o i s i ncr eased f r om one t o t wo, an addi t i onal
cont r act i on of t he f i ber s ensues, r esul t i ng i n a 50% f ur t her
i ncr ease i n t he over al l packi ng r at i o of t he DNA ( Fi g . 7 d) .
Thi s, however , need not si gni f y a qual i t at i ve change i n st r uc-
t ur al or gani zat i on, because t he obser ved changes can be r eadi l y
accommodat ed wi t hi n t he f r amewor k of t he sol enoi d model
( 10, 33) . The aver age l engt h cor r espondi ng t o t he maxi mal
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FI GURE 7

	

( a) El ect r on mi cr ogr aphs of r econst i t ut ed chr omat i ns . Pol ynucl eosomes of nar r owl y def i ned si ze ( c) wer e compl exed

wi t h var i ous amount s of ceH1, f i xed wi t h gl ut ar al dehyde i n 80 mMNaCl and spr ead f or mi cr oscopy . Reconst i t ut ed chr omat i ns

pr epar ed at t he i ndi cat ed r at i os of H1 r el at i ve t o nucl eosome cor es ar e compar ed wi t h nat i ve and st r i pped chr omat i n used f or t he

r econst i t ut i on . ( b) Anal ysi s of t he l engt h di st r i but i on of r econst i t ut ed chr omat i n . The hi st ogr am shows t he r esul t s of measur ement s

on 90 mol ecul es i n a t ypi cal f i el d . ( c) Mol ecul ar wei ght di st r i but i on of pol ynucl eosome DNA. The mol ecul ar wei ght di st r i but i on

of t he DNA i on t he chr omat i n used f or mi cr oscopy ( see a) was det er mi ned by el ect r ophor esi s i n an 0 . 8% agar ose gel , her e shown

st ai ned wi t h et hi di um br omi de and phot ogr aphed under ul t r avi ol et i l l umi nat i on . Densi t omet r y of t he negat i ve r eveal ed t hat 60%

of t he DNA was bet ween 8, 200 and 12, 000 base pai r s ( 38- 56 nucl eosomes) , a f ur t her 15% bei ng l ar ger t han 5, 750 base pai r s ( 27

nucl eosomes) . The aver age DNA si ze was f ound t o be 9, 175 base pai r s ( 43 nucl eosomes) . ( d) Li near condensat i on of DNA as a

f unct i on of l i nker hi st one cont ent . The mean chr omat i n f i ber l engt hs ( der i ved f r om b) and t he mean DNA l engt h base pai r s ( as

descr i bed i n c) wer e used t o det er mi ne t he packi ng r at i o of t he chr omat i ns, shown as a f unct i on of t he l i nker hi st one t o

nucl eosome r at i o .

condensat i on at t ai ned i n our syst em ( Fi g . 7 b, r = 2) i s
consi st ent wi t h a r egul ar sol enoi d of pi t ch 100 A cont ai ni ng
about seven nucl eosomes per t ur n . The l ower packi ng r at i o
obser ved wi t h chr omat i n r econst i t ut ed wi t h a si ngl e l i nker
hi st one per nucl eosome coul d be account ed f or by an i ncr ease
i n t he pi t ch of t he sol enoi d t o - 150 f 1 or a r educt i on i n t he
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number of nucl eosomes per t ur n t o about f i ve, or a combi nat i on
of bot h ef f ect s . Thoma and co- wor ker s ( 33) have measur ed t he
pi t ch of sol enoi ds obt ai ned f r om nat i ve cal f t hymus chr omat i n
under condi t i ons si mi l ar t o t hose used her e . They est i mat ed
t hat each t ur n cont ai ns appr oxi mat el y si x nucl eosomes and
obser ved a pi t ch var yi ng bet ween 100 and 150 A. I n t he l i ght
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of our dat a, t hese val ues ar e expect ed f or a sol enoi d cont ai ni ng
about one mol ecul e of l i nker hi st one per nucl eosome, as i s
i ndeed f ound f or t hi s chr omat i n ( 15) .

Regul ar cl eavage si t es ext endi ng beyond 146 base pai r s of
DNA have been obser ved pr evi ousl y on di gest i on of yeast
chr omat i n wi t h DNase I ( 18, 20) and of chi cken er yt hr ocyt e
chr omat i n wi t h exonucl ease I I I ( 31) . These r esul t s suggest ed
t hat t he l engt h of t he spacer DNA i n t hese chr omat i ns was
quant i zed and, as a r esul t , r egul ar bands l ar ger t han 146 base
pai r s wer e gener at ed by cl eavage wi t hi n adj acent cor e pani cl es.
A si mi l ar i nt er pr et at i on f or our r esul t s woul d r equi r e ext ensi ve
sl i di ng of nucl eosomes bef or e di gest i on as wel l as doubl e-
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FI GURE 8 Sal t - dependent di ssoci at i on of l i nker hi st ones f r om r e-

const i t ut ed chr omat i ns . Reconst i t ut ed chr omat i ns wer e pr epar ed

wi t h ei t her one or t wo mol ecul es of 3 H- l abel ed ct H1 . The l abel ed

pr ot ei ns wer e t hen el ut ed f r om t he chr omat i n by i ncr easi ng t he

i oni c st r engt h . Fr ee hi st ones wer e separ at ed f r om t he nucl eopr ot ei n

compl ex on hydr oxyapat i t e . The f r act i on of H1 el ut ed i s expr essed

as a per cent age of t he t ot al H1 el ut ed by 2 M NaCl . Di ssoci at i on

exper i ment s wer e per f or med wi t h chr omat i n cont ai ni ng one H1 per

nucl eosome ( O) or t wo H1 mol ecul es per nucl eosome, added si -

mul t aneousl y ( 40) , or wi t h one l abel ed equi val ent added af t er r e-

const i t ut i on wi t h one unl abel ed equi val ent of H1 ( O) .

st r anded cl eavage wi t hi n adj acent cor e par t i cl es . The r esul t s
pr esent ed i n Fi g . 4 A suggest t hat sl i di ng does not occur dur i ng
st r i ppi ng or r econst i t ut i on, and i t seems unl i kel y t hat ext ensi ve
sl i di ng woul d occur dur i ng t he br i ef per i od of di gest i on ( 30 s)
r equi r ed t o gener at e t he speci f i c bands obser ved ( Fi g . 4 B) .
Fur t her mor e, nat i ve chr omat i n, whi ch has not been subj ect ed
t o t r eat ment t hat coul d i nduce sl i di ng, di spl ays a bandi ng
pat t er n si mi l ar t o t hat of t he r econst i t ut es ( Fi g. 4 c) . Al t hough
mi cr ococcal nucl ease does make doubl e- st r and cut s wi t hi n t he
cor e par t i cl e ( 8) , t hese ar e not appar ent , under our condi t i ons,
unt i l l at e i n di gest i on, when DNA f r agment s shor t er t han 146
base pai r s begi n t o accumul at e ( Fi g . 4 Band C) .

We bel i eve, t her ef or e, t hat t he di scr et e monomer - si zed DNA
pr oduct s t hat ar e pr oduced by mi cr ococcal nucl ease ar i se not
f r om quant i zat i on of t he spacer DNA and cl eavage wi t hi n
adj acent cor e pani cl es, but r at her by cl eavage at r egul ar l y
spaced cut t i ng si t es wi t hi n t he spacer DNA i t sel f . The spacer
DNA must , t her ef or e, be or gani zed i n such a way as t o make
i t accessi bl e t o nucl ease at 10 . 4- base- pai r i nt er val s t hat ar e i n
phase wi t h t he cut t i ng si t es i n t he cor e par t i cl e ( 21) . The
si mpl est i nt er pr et at i on of t hi s obser vat i on woul d i nvol ve an
ext ensi on of t he super coi l ed pat h of t he DNA i n t he cor e
par t i cl e i nt o t he spacer DNA and on t o t he adj acent nucl eo-
some, a pr oposal t hat has been made i n pr evi ous st udi es ( 22,
37) .

I t i s evi dent f r om Fi g . 4 t hat access of mi cr ococcal nucl ease
t o r egul ar l y spaced cut t i ng si t es i n t he spacer DNA i s under
t he i nf l uence of t he l i nker hi st one. Di st i nct , char act er i st i c
monomer DNA pat t er ns wer e obt ai ned f or r econst i t ut es wi t h
t he t wo speci es ( cal f and chi cken) of H1 and wi t h hi st one H5 .
Var i at i on i n t he nat ur e of monomer DNA pat t er ns obt ai ned
af t er di gest i on of chr omat i ns f r om var i ous t i ssues has been
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obser ved pr evi ousl y ( 4, 18) . The r esul t s pr esent ed i n t hi s wor k
suggest t hat t hi s var i at i on may be, at l east i n par t , a r ef l ect i on
of t he t ypes of l i nker hi st ones pr esent i n t he chr omat i n of t hese
t i ssues.

We t hank Dr . James McGhee and Dr . Howar d Davi es f or val uabl e
suggest i ons .

Thi s wor k was suppor t ed by Medi cal Reseach Counci l Pr oj ect gr ant
G979/ 1094/ SA, a Wel l come Seni or Resear ch Fel l owshi p ( J . Al l an) , a
Medi cal Resear ch Counci l St udent shi p ( P . Cat t i ni ) , and a Sci ence
Resear ch Counci l St udent shi p ( R. Cr ai gi e) .

Recei ved f or publ i cat i on 2 Januar y 1981, and i n r evi sed f or m 13 Mar ch

1981 .
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