
The Hi gher - or der St r uct ur e of Chr omat i n :

Evi dence f or a Hel i cal Ri bbon Ar r angement

ABSTRACT

	

Bot h i nt act and nucl ease- i sol at ed chr omat i n f i ber s have been exami ned at di f f er ent

degr ees of sal t - i nduced compact i on, usi ng a var i et y of pr epar at i on t echni ques . The r esul t s

suggest t hat t he i ni t i al f ol di ng st ep i n nucl eosome packi ng i nvol ves t he f or mat i on of a zi g- zag

r i bbon as has been pr oposed by ot her s ( Thoma F . , T . Kol l er , and A. Kl ug, 1979, 1 . Cel l Bi ol . ,

83 : 403- 427 ; Wor cel A. , S. St r ogar t z, and D. Ri l ey, 1981, Pr oc . Nad. Acad . Sci . USA, 78 : 1461-

1465) , and t hat subsequent compact i on occur s by coi l i ng of t he r i bbon t o f or m a doubl e

hel i cal st r uct ur e . Thi s t ype of f ol di ng gener at es a f i ber i n whi ch t he nucl eosome- nucl eosome

cont act s est abl i shed i n t he zi g- zag r i bbon ar e mai nt ai ned and i n whi ch t he hi st one H1

mol ecul es occupy equi val ent si t es . The di amet er of t he f i ber i s not dependent upon t he

nucl eosome r epeat l engt h .

Di r ect mass val ues f or i ndi vi dual i sol at ed f i ber s obt ai ned f r om el ect r on scat t er i ng measur e-

ment s showed t hat t he mass per l engt h was dependent on i oni c st r engt h, and r anged f r om

6. 0 x 104 dal t ons/ nm at 10 mMNaCl t o 27 x 104 dal t ons/ nm at 150 mM sal t . These val ues

ar e equi val ent t o 2. 5 nucl eosomes/ 11 nmat 10 mMNaCl and t o 11 . 6 nucl eosomes/ 11 nmat

150 mM sal t and ar e consi st ent wi t h t he r ange of packi ng r at i os f or t he pr oposed hel i cal

r i bbon .

Al t hough t he f i r st l evel of DNA packi ng i nt o nucl eosomes i s

now wel l est abl i shed ( r evi ewed i n r ef er ences 12, 14, and 17) ,

t he det ai l s of t he hi gher or der ( s) of f ol di ng, whi ch pr edomi nat e

i n i nt er phase nucl ei and chr omosomes, ar e st i l l i ncompl et el y

under st ood ( 12, 17, 28) . Ther e i s gener al agr eement t hat t he

next hi er ar chi cal st r uct ur e above t he nucl eosome i s t he " 30-

nm" chr omat i n f i ber t hat has been wi del y obser ved i n t hi n

sect i ons of i nt act cel l s and whol e mount pr epar at i ons ( 12, 14,

28) . St udi es of t he ar r angement s of nucl eosomes i n t hese

f i ber s ar e f aci l i t at ed by t he r ever si bl e sal t - i nduced t r ansi t i on

bet ween t he r el axed beaded chai n of nucl eosomes and t he 30-

nm f i ber ( 9, 35, 36) . El ect r on mi cr ogr aphs of chr omat i n

under goi ng t hi s t r ansi t i on of t en show a f ai r l y r egul ar zi g- zag

pat t er n of chr omat osome- l i nker DNA- chr omat osome ( 36,

46) , but as compact i on pr oceeds, t he i ndi vi dual nucl eosomes

ar e no l onger r esol ved and t hei r ar r angement i n t he 30- nm

f i ber becomes l ess accessi bl e t o di r ect obser vat i on . However ,

a subst ant i al body of dat a concer ni ng t he bi ophysi cal and

bi ochemi cal pr oper t i es of bot h compact and r el axed chr o-

mat i n has been accumul at ed, whi ch pl aces many const r ai nt s

on t hei r possi bl e ar chi t ect ur e ( r evi ewed i n r ef er ences 12 and

17) .
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On t he basi s of such dat a, a number of model s of t he 30-

nmchr omat i n f i ber have been pr oposed . Most of t hese model s

have i ncor por at ed a super hel i cal or sol enoi dal ar r angement

i n whi ch t he nucl eosomes ar e ar r anged hel i cal l y, and t he

l i nker DNA cont i nues i n t he same hel i cal pat h est abl i shed i n

t he nucl eosome ( 10, 18, 19, 36, 45) . A second model , based

pr i nci pal l y on mor phol ogi cal evi dence, suggest s t hat cl ust er s

or " super beads" of nucl eosomes i n some undef i ned ar r ange-

ment ar e st r ung t oget her t o make up t he 30- nmf i ber ( 23, 27,

32, 33, 47, 48) . At hi r d pr oposal suggest s t hat t he under l yi ng

ar chi t ect ur e i s a f l at zi g- zag r i bbon of nucl eosomes whi ch i s

t wi st ed t o gener at e t he 30- nmf i ber ( 34, 46) .

I n t hi s communi cat i on we show t hat wi t h i mpr oved speci -

men pr epar at i on condi t i ons, i t i s possi bl e t o r esol ve addi t i onal

det ai l s of f i ber st r uct ur e bot h i n spr ead nucl ei and i sol at ed

pol ynucl eosomes . The mi cr ogr aphs ar e consi st ent wi t h an

ar r angement based not on a si mpl e sol enoi d or super hel i x,

but , as i n t he pr oposal of Wor cel et al . ( 46) , on a zi g- zag

r i bbon . To f or m t he 30- nm f i ber , t he r i bbon i s coi l ed ( as

t hough ar ound a cyl i nder ) , f or mi ng a st r uct ur e i n whi ch bot h

t he l i nker DNA and t he f aces of t he cor e par t i cl es have a

si mi l ar or i ent at i on wi t h r espect t o t he f i ber axi s.
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MATERI ALS AND METHODS

Pr epar at i on of I nt act Fi ber s :

	

Mouse f an cel l s f r om t he Amer i can

Type Ti ssue Col l ect i on wer e gr own i n Jokl i ks suspensi on medi um suppl e-

ment ed wi t h 10% f et al cal f ser um. Chi cken cel l f i ne MSB ( obt ai ned f r om

Har ol d Wei nt r aub) was gr own i n RPMI 1620 medi um ( Gi bco Labor at or i es,

Gr and I sl and Bi ol ogi cal Co. , Gr and I sl and, NY) suppl ement ed wi t h 10%f et al

cal f ser um. Mi t ot i c cel l s wer e obt ai ned f r om cul t ur es t r eat ed wi t h col cemi d

( Gi bco Labor at or i es) at a f i nal concent r at i on of 0. 05 14g/ ml f or 2- 3 h and

har vest ed by sel ect i ve det achment . I nt er phase cel l s wer e obt ai ned f r om un-

t r eat ed cul t ur es . Cel l s wer e l ysed i n cul t ur e medi um, pH7. 2, ei t her wi t h 0 . 1 %

Noni det P- 40 or by vor t exi ng wi t h gl ass beads, pr epar ed f or el ect r on mi cr oscopy

as descr i bed by Rat t ner and Hamkal o ( 24, 25) , and. exami ned i n a Hi t achi

HC11- 500Hel ect r on mi cr oscope ( Hi t achi Amer i can, Lt d . , NY) oper at ed at 50

kV.

Pr epar at i on of Pol ynucl eosomes :

	

Chr omat i n f i ber s wer e i sol at ed

by a modi f i cat i on of t he met hod of Rui z- Car r i l l o et al . ( 29) . I sol at ed chi cken

er yt hr ocyt e nucl ei ( 29) wer e di gest ed f or 30 mi n at 5- 6° C wi t h 20- 50 Uof

mi cr ococcal nucl ease ( Wor t hi ngt on Bi ochemi cal Cor p . , Fr eehol d, NJ) per mg

of DNAi n buf f er A( 90 mMKCI , 30 mMNaCl , 0. 5 mM sper mi di ne, 0. 15

mMsper mi ne, 10 mM t r i et hanol ami ne- HCI , pH 7. 3) suppl ement ed wi t h 1

mMCaC12. The r eact i on was st opped on i ce by addi ng 2 . 5 mMEDTA and 0 . 1

mMphenyl met hyl sul f onyl f l uor i de, pH8. 0, and t he nucl ei wer e pel l et ed and

r esuspended i n buf f er C( 1 mMEDTA, 10 mMt r i et hanol ami ne HCI , 0. 4 mM

phenyl met hyl sul f onyl f l uor i de, pH 7. 3) cont ai ni ng 140 mMNaCl . Ext r act i on

of t he chr omat i n f r agment s was car r i ed out by t he sl ow addi t i on of buf f er Ct o

a f i nal NaCl concent r at i on of 50 mMf ol l owed by st i r r i ng gent l y over ni ght at

4° C. Cent r i f ugat i on of t he suspensi on yi el ded a cl ear super nat ant cont ai ni ng

5- 10%of t he nucl ear DNAas chr omat i n f r agment s wi t h a medi an si ze of - 150

nucl eosomes ( as det er mi ned f r om di r ect count s of el ect r on mi cr oscope pr epa-

r at i ons) .

El ect r on Mi cr oscopy:

	

Pol ynucl eosomes i n buf f er Ccont ai ni ng 50

mMNaCl wer e adj ust ed ei t her di r ect l y or t hr ough di al ysi s t o t he appr opr i at e

NaCI or MgCl 2 concent r at i on, and t hen f i xed wi t h 1%f or mal dehyde f or at

l east 12 h at 4° C. For ef f ect i ve adhesi on of pol ynucl eosomes t o mi ca, t he sal t

concent r at i on of t he f i xedsampl es was r ai sed i f necessar y ( 42) bef or e appl i cat i on

t o f r eshl y cl eaved mi ca f r agment s . Af t er 3 mi n f or adhesi on, t he mi ca sur f aces

wer e washed wi t h wat er , t hen 2%ur anyl acet at e, and agai n ext ensi vel y wi t h

wat er bef or e bei ng al l owed t o ai r - dr y. I n some cases, t he ur anyl acet at e st ep

was omi t t ed and/ or t r eat ment wi t h 5- 20%gl ycer ol pr eceded t he dr yi ng st ep .

Af t er dr yi ng, t he mi ca f r agment s wer e shadowed l i ght l y wi t h pl at i num- car bon

( f r om pel l et s) at an angl e of 17° , usi ng bot h uni di r ect i onal and r ot ar y modes,

and f i nal l y coat ed wi t h car bon.

Repl i cas wer e f l oat ed on a di l ut e hydr of l uor i c aci d sol ut i on, and t r ansf er r ed

t o 400- mesh gr i ds. Some r epl i cas wer e addi t i onal l y t r eat ed wi t h 70%H2SO4

and commer ci al bl each t o r emove adher i ng chr omat i n, but t hi s st ep di d not

mar kedl y af f ect t he f i nal i mage. Gr i ds wer e exami ned wi t h a Si emens 102

mi cr oscope ( Si emens Cor p . , I sel i n, NJ) , usi ng t he t i l t ed- beam, dar k- f i el d mode

at 60 kV. Par al l el sampl es pl aced on gl ow- di schar ged car bon f i l ms wer e pr e-

par ed si mi l ar l y, except t hat t he car bon r epl i cat i on st ep was omi t t ed.

Fr eeze Dr yi ng:

	

Sampl es pr epar ed on mi ca or car bon coat ed gr i ds wer e

bl ot t ed, t hen pl unged r api dl y i nt o a l i qui d ni t r ogen sl ur r y pr epar ed by dr awi ng

a vacuumon a Dewar of l i qui d ni t r ogen . The f r ozen sampl es wer e t r ansf er r ed

r api dl y t o a met al boat cont ai ni ng l i qui d ni t r ogen whi ch was i nser t ed i nt o a

i on- pumped vacuum chamber ( Var i an Associ at es, Pal o Al t o, CA) . Fr eeze

dr yi ng was al l owed t o pr oceed over ni ght at - 60 t o - 80° Cand 10 - ' Tor r , t he

sampl e t emper at ur e bei ng mai nt ai ned vi a a l i qui d ni t r ogen f eedt hr ough. Shad-

owi ng and r epl i cat i on wer e t hen car r i ed out as descr i bed above, except t hat

some sampl es wer e kept at - 80° Cdur i ng t he shadowi ng oper at i on.

Negat i ve St ai ni ng :

	

Fi xed or unf i xed sampl es wer e appl i ed t o gl ow-

di schar ged car bon- coat ed gr i ds, r i nsed wi t h sever al dr ops of 2%aqueous ur anyl

acet at e, bl ot t ed, and ai r - dr i ed.

Scanni ng Tr ansmi ssi on El ect r on Mi cr oscopy ( STEM) : '
Chr omat i n sampl es f or mass anal ysi s wer e adj ust ed t o t he desi r ed sal t concen-

t r at i on, f i xed f or 24 h wi t h 0. 1%gl ut ar al dehyde or 1 . 0% f or mal dehyde, and

t r anspor t ed t o t he Br ookhaven Labor at or y on i ce. They wer e t hen pl aced on

gl ow- di schar ged car bon f i l ms and washed, t obacco mosai c vi r us was added,

and t he gr i ds wer e f r eeze- dr i ed and exami ned unst ai ned as descr i bed ( 43) .

Lar ge- angl e scat t er i ng was r ecor ded on magnet i c t ape dur i ng t he f i r st scan usi ng

a dose of 10- 25e- / A, and a pi xel si ze of 20. 3 or 10. 1. x . Mass val ues wer e

comput ed by summi ng t he scat t er i ng val ues over a l engt h of chr omat i n f i ber ,

subt r act i ng backgr ound ( scat t er i ng f r omt he car bon subst r at e) , and conver t i ng

t o dal t ons usi ng t he t obacco mosai c vi r us i nt er nal st andar d ( 43) .

' Abbr evi at i on used i n t hi s paper : STEM, scanni ng t r ansmi ssi on

el ect r on mi cr oscopy .

RESULTS

Fi ber s f r om I nt er phase Nucl ei and Chr omosome

I nt act chr omat i n f i ber s can be r el eased f r om i nt er phase or

met aphase cel l s by ei t her gent l e l ysi s i n a sol ut i on of 0. 1
Noni det P- 40 i n t i ssue cul t ur e medi a or mechani cal di sr upt i on

( 24, 25) . Sampl es obt ai ned f r om var i ous cel l t ypes pr epar ed

i n t hi s manner and pr ocessed f or el ect r on mi cr oscopy as

descr i bed ( 24) r eveal a consi st ent ar r angement of nucl eosomes

al ongext ended st r et ches of t he i nt act f i ber . Par t i cul ar l y pr om-

i nent ar e r egi ons of par al l el r ows of nucl eosomes t hat ext end

al ong t he f i ber axi s ( Fi g. 1 a- e) as pr evi ousl y r epor t ed ( 24) .

These r ows appear t o be f or med by t he compact f ol di ng of a

zi g- zag ar r ay of nucl eosomes, whi ch i s appar ent i n mor e

di sper sed r egi ons of t he f i ber s ( Fi g. 1 a) , as has been obser ved

by ot her s ( 46) . The r ows may be condensed so t hat onl y a

pai r of el ect r on opaque l i nes ( t he nucl eosomes) wi t h an el ec-

t r on- l ucent l i ne ( t he l i nker s) ar e appar ent ( Fi g. 1 c- g) . How-

ever , a smal l degr ee of r el axat i on r eveal s t hat t he nucl eosomes

wi t hi n t he compact par al l el r ows ar e or i ent ed so t hat t he

" t ops" and " bot t oms" of adj acent nucl eosome cyl i nder s ar e

i n cont act wi t h each ot her ( Fi g . 1 a, h, i ) . Fur t her r el axat i on

i nvar i abl y r esul t s i n t he nucl eosome f aces adher i ng t o t he

car bon f i l m as i s usual i n el ect r on mi cr oscope pr epar at i ons

( 42 ; Fi g. 1 a- J) . However , t he par al l el - r ow conf i gur at i on can

be mai nt ai ned even wi t h t hi s change i n nucl eosome or i ent a-

t i on ( Fi g. 1 b, d, e) . A common f eat ur e of f i ber s t hat show

ext ensi ve par al l el r owpat t er n i s an occasi onal shar p di scon-

t i nui t y i n t he compact zi g- zag, whi ch seems t o ar i se f r om t he

l oss of one nucl eosome- nucl eosome cont act poi nt ( Fi g. 1 d,

e, ar r ows) . Loss of t he par al l el - r ow or i ent at i on wi t hi n t hese

segment s r esul t s i n t he appear ance of " super beads" ( Fi g . 1 d,

e) , whi ch become mor e pr omi nent as such f i ber pr epar at i ons

under go r el axat i on ( 25) . I n some r egi ons, t he compl et e r i bbon

appear s t o under go coi l i ng ( bot h l ef t - and r i ght - handed) about

t he f i ber axi s ( Fi g . 1 c, g) . Thi s ar r angement i s even mor e

pr onounced i n negat i vel y st ai ned pr epar at i ons of mechani -

cal l y l ysed sampl es ( Fi g. 1 h, i ) , i ndi cat i ng t hat t he f ace- t o-

f ace or i ent at i on of t he nucl eosomes i s mai nt ai ned wi t hi n t he

coi l ed r i bbon .

I sol at ed Pol ynucl eosomes

Pol ynucl eosomes i sol at ed f r om chi cken er yt hr ocyt e nucl ei

under " physi ol ogi cal " sal t condi t i ons usi ng t he met hod of

Rui z- Car r i l l o et al . ( 29) wer e obser ved i n di f f er ent st ages of

r el axat i on by l ower i ng t he monoval ent cat i on concent r at i on.

These pr epar at i ons cont ai ned t he f ul l compl ement of cor e

and l i nker hi st or i es bot h bef or e and af t er f or mal dehyde f i xa-

t i on ( dat a not shown) . I n some exper i ment s t he ef f ect s of

magnesi umi ons wer e det er mi ned by di al ysi s t o t he appr opr i -

at e M9C12 concent r at i on i n t he absence of ot her i ons . The use

of f r eshl y cl eaved mi ca subst r at es, f ol l owed by l i ght pl at i num-

car bon shadowi ng, r epl i cat i on, and dar k- f i el d el ect r on mi -

cr oscopy, was f ound t o pr oduce subst ant i al gai ns i n speci men

det ai l as compar ed wi t h di r ect st ai ni ng or shadowi ng on

car bon subst r at es . However , mi l d al dehyde f i xat i on was nec-

essar y t o pr event di sr upt i ve sur f ace ef f ect s ( 20, 36, 42) . Fr eeze

dr yi ng of speci mens af t er quenchi ng i n l i qui d ni t r ogen sl ur r y

pr oduced compar abl e r esul t s but l ess consi st ent l y t han ai r

dr yi ng, except i n t he case of f ul l y r el axed chr omat i n, wher e

f r eeze dr yi ng cl ear l y hel ped t o avoi d st r uct ur al col l apse .

LOWI ONI C STRENGTH:

	

At i oni c st r engt hs of 10 mM

NaCl or bel owand 10 AMM9C12 or bel ow, t he chr omat i n

WOODCOCK ET AL .

	

Hel i cal Ri bbon Chr omat i n St r uct ur e
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FI GURE 2 Chi cken er yt hr ocyt e chr omat i n f i ber s f i xed i n 10 mM NaCI , ai r - dr i ed and r epl i cat ed on mi ca af t er ur anyl acet at e

st ai ni ng, and vi ewed wi t h dar k- f i el d opt i cs . e i s r ot ar y shadowed wher eas t he ot her s ar e uni di r ect i onal l y shadowed. ( a) Loosel y

compact ed f i ber wi t h most nucl eosomes adher i ng en f ace t o t he subst r at e . An ar r ay of nucl eosomes wi t h f ace- t o- f ace st acki ng i s

i ndi cat ed by t he ar r ows . ( b) The t wo- nucl eosome- wi de r i bbon i s i l l ust r at ed . Most of t he nucl eosomes ar e adher i ng f ace- t o- f ace

wi t h each ot her . ( c) Whi t e l i nes i ndi cat e a cl ear case of f ace- t o- f ace cont act bet ween nucl eosomes i n t he r i bbon . ( d) The cent er

f i ber appear s t o be under goi ng a l oose l ef t - handed coi l i ng ; t he r i bbon pat t er n i s cl ear i n t he upper por t i on . ( e) Loose coi l i ng i s

appar ent i n t hi s r ot ar y- shadowed f i ber . x 150, 000 .

f i ber s wer e r el axed, r eveal i ng i ndi vi dual nucl eosomes ( Fi gs .

2a and 3) . ( The Me' val ue shoul d be r egar ded as appr oxi -

mat e i n t hat i t r ef er s t o t he MgC1 2 concent r at i on out si de t he

di al ysi s bag . ) Many of t he f i ber s appear ed i n t he f or mof t wo

par al l el r ows of nucl eosomes, but wi t hout t he r egul ar i t y seen

i n i nt act f i ber s ( Fi g . 1) . Agai n, t wo t ypes of nucl eosome

or i ent at i on wer e seen: t hose wi t h one f ace at t ached t o t he

subst r at e, and t hose wi t h t he edge at t ached t o t he subst r at e .

I n t he l at t er cases ( Fi g. 2 a, ar r ows, Fi g . 2 c, l i nes) , t he nucl eo-

somes wer e al ways at t ached f ace t o f ace wi t h each ot her .

Loose coi l i ng of t he whol e f i ber was of t en appar ent - t hi s i s

par t i cul ar l y cl ear i n Fi g. 2 d, and i n t he r ot ar y shadowed Fi g.

2 e .

MEDI UM I ONI C STRENGTH : At - 20 mMNaCl or 50

AMM9C1 2 , chr omat i n f i ber s showed par t i al compact i on, and

i n most cases, l oss of r esol ut i on of i ndi vi dual nucl eosomes

( Fi g. 3) . However , i t was at t hi s i nt er medi at e sal t concent r a-

t i on t hat i ndi cat i ons of t he mode of nucl eosome packi ng wer e

most evi dent , wi t h di st i nct hel i cal pat t er ns ( bot h l ef t - and

r i ght - handed) bei ng obser ved i n numer ous i nst ances . The

di amet er of t he chr omat i n f i ber s i n 20 mMNaCI had a r ange

of 15- 50 nm wi t h a mean of 31 nm i ndi cat i ng t hat t he

st r uct ur es bei ng exami ned wer e compar abl e i n si ze t o t he f i r st

l evel of nucl eosome packi ng obser ved by ot her s . ( These val ues

have been cor r ect ed f or t he i ncr ease i n si ze pr oduced by t he
r epl i cat i on pr ocess : i ndi vi dual nucl eosomes had a mean di -

amet er of 19 nmunder our pr epar at i on condi t i ons, i ndi cat i ng

t hat l i near measur ement s shoul d be r educed by 8 nm. ) I n a

f ew cases, i t was al so possi bl e t o see det ai l s wi t hi n t he gyr es

of a hel i x . These t ook t he f or m of cr oss- st r i at i ons appr oxi -

mat el y per pendi cul ar t o t he gyr e, and 6- 8 nmapar t ( Fi g. 3 b) .

Such obser vat i ons suggest t hat t he gyr es ar e composed of

nucl eosomes wi t h t he cyl i nder ends t ouchi ng as i n t he com-

pact zi g- zag ( Fi gs . 1 a, h and 2c) , agai n i mpl yi ng t hat t he

nucl eosome- nucl eosome cont act s of t he compact zi g- zag r e-

mai n i nt act i n t he 30- nm chr omat i n f i ber .

To det er mi ne whi ch st r uct ur es woul d be consi st ent wi t h

t he obser ved hel i ces, measur ement s of f i ber di amet er , hel i x

FI GURE 1

	

( a- c) Chr omat i n f i ber s r el eased f r om MSB met aphase cel l s by det er gent l ysi s . a i l l ust r at es t he f ol di ng of t he zi g- zag

nucl eosome ar r ay i nt o a t wo- par al l el - r ow or i ent at i on . Regi ons showi ng f ace- t o- f ace st acki ng of nucl eosomes wi t hi n one or bot h

of t he r ows ar e i ndi cat ed by si ngl e ar r ows . b i l l ust r at es t hat t he t wo- par al l el - r ow ar r angement i s mai nt ai ned i n r el axed r egi ons

wher e t he f ace- t o- f ace i nt er act i on i s l ost ( doubl e ar r owheads) . A si mpl e t wi st of t he r i bbon i s i ndi cat ed by t he si ngl e ar r ow. c

i l l ust r at es sever al coi l s of t he r i bbon ( doubl e ar r ows) . Bar s, 50 nm. x 220, 000 . ( d and e) I nt er phase chr omat i n f i ber s r el eased

f r om a mouse L929 cel l by det er gent l ysi s i l l ust r at i ng t hat t he par al l el - r ow ar r angement i s a gener al f eat ur e t hat ext ends f or l ong

di st ances . Occasi onal di scont i nui t i es ar e i ndi cat ed by t he ar r ows . Wi t hi n t hese di scont i nui t i es t he par al l el - r ow or i ent at i on may

be l ost gi vi ng r i se t o a super bead appear ance ( e, ar r ows) . Bar s, 100 nm. x 220, 000 . ( f ) Met aphase chr omat i n f i ber r el eased f r om

a mouse L929 cel l by mechani cal l ysi s . The f i ber i l l ust r at es t he t r ansi t i on f r om a l oosel y packed r i bbon t o a compact f i ber ( r egi on

i n br acket s) . Bar , 100 nm. x 130, 000 . ( g) I nt er phase chr omat i n f i ber r el eased f r om a mouse L 929 cel l by mechani cal l ysi s . A t wi st

of t he f i ber i s i ndi cat ed by t he ar r owheads and t he ar r ows i ndi cat e t he el ect r on t r ansl ucent ( l i nker ) r egi on bet ween adj acent r ows

of t i ght l y packed nucl eosomes . Bar , 50 nm. x 100, 000 . ( h and i ) Negat i vel y st ai ned chr omat i n f i ber s f r om mouse L929 met aphase

chr omosomes obt ai ned by mechani cal l ysi s i n whi ch a coi l i ng of t he par al l el r ows i s evi dent . The f ace- t o- f ace cont act s ( ar r ows

i n h) est abl i shed wi t hi n t he r i bbon appear t o be mai nt ai ned as t he r i bbon coi l s about t he f i ber axi s . Ar r ows i n i i ndi cat e a

pr omi nent gyr e . Bar s, 10 nm. x 500, 000 .

WOODCOCK ET AL.

	

Hel i cal Ri bbon Chr omat i n St r uct ur e

	

4 5



20

10

` c20
m
E
0

ó10

E

6

220
z

10

FI GURE 3

	

Chi cken er yt hr ocyt e chr omat i n f i ber s f i xed i n 20 mM NaCl , pr epar ed as i n Fi g . 2 . ( a) Coi l ed r i bbon ar r angement i s
cl ear l y seen . ( 6) Hi gher magni f i cat i on of a showi ng cr oss- st r i at i ons whi ch ar e i nt er pr et ed as del i neat i ng adj acent f ace- t o- f ace

nucl eosomes . ( c- f ) Exampl es of hel i cal f i ber s t hat wer e not pr et r eat ed wi t h ur anyl acet at e, and so appear mor e f l at t ened . Hel i cal

pat t er ns ar e st i l l evi dent ( l i nes) . ( a and c- f ) x 150, 000 ; ( b) x 300, 000 .
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10 20 30 40 50 0

	

10 20

	

0 40

	

0

Fi ber wi dt h ( nm)

	

Pi t ch angl e

	

Gyr e spaci ng ( nm)

pi t ch, and hel i x gyr e spaci ng wer e t abul at ed ( Fi g . 4 a- d) . Hel i x
pi t ch was est i mat ed usi ng t he angl e bet ween t he gyr es and a
per pendi cul ar t o t he f i ber axi s ( see Fi g. 4 d) and wer e conf i ned

t o f i ber s i n whi ch t hi s par amet er coul d be measur ed unequi v-

ocal l y ; t hi s account s f or t he smal l er number of angl e dat a

poi nt s ( Fi g. 4a- c) . At 20 mMNaCl ( Fi g . 4b) t he mean pi t ch
angl e was - 25° , wi t h a st andar d devi at i on of - 10% wher eas

t he gyr e spaci ng was mor e consi st ent , wi t h a mean val ue of
14 nm( because a shadow t echni que was used, t hi s measur e-
ment does not necessar i l y r epr esent gyr e wi dt h) . Si mi l ar val -
ues wer e obt ai ned f or hel i cal st r uct ur es obser ved i n 10 mM

NaCl ( Fi g . 4a) .
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FI GURE 4 ( a- c) Hi st o-

gr ams of hel i x par amet er s

f r om f i ber s such as t hose

shown i n Fi gs . 2 and 3 . ( a)

Chr omat i n f i xed i n 10

mM NaCl , pr est ai ned

wi t h ur anyl acet at e . ( b)

Chr omat i n f i xed i n 20

mM NaCl , pr est ai ned

wi t h ur anyl acet at e . ( c)

Chr omat i n f i xed i n 20

mMNaCI , no pr est ai ni ng .

( d) Aver age hel i x mea-

sur ement s pr esent ed

gr aphi cal l y . The f i gur e

al so def i nes t he t hr ee pa-

r amet er s, f i ber di amet er ,

pi t ch angl e, and gyr e

spaci ng used i n a- c and

t he t ext .

Fi g. 4d has been dr awn t o i l l ust r at e a hel i x wi t h t he aver age
di amet er , gyr e spaci ng, and pi t ch. I t i s cl ear f r omt he r el at i on-
shi p bet ween pi t ch and f i ber di amet er t hat a si mpl e hel i x i s

an unl i kel y ar r angement , but t hat a doubl e- hel i cal ar r ay, or

t wo- st ar t hel i x i s consi st ent wi t h t he dat a.

HI GHER SALT CONCENTRATI ONS : Bet ween 50 and
100 mM NaCl , or MgC12 concent r at i ons above 100 wM,
f ur t her compact i on of t he chr omat i n f i ber s was not ed, but
t he hel i cal pat t er n was st i l l obser ved, t hough l ess f r equent l y
( Fi g . 5) . The hel i x par amet er s wer e l i t t l e changed, al t hough
t her e was a di st i nct i ncr ease i n f i ber di amet er whi ch now

showed a mean val ue of 40 r i m and a r educt i on i n mean

a d
7= 27nr n z=25 1 x=13nm

SD=7- 8 SD=12 . 3 SD= 4- 5

'
n'

~y` se°
aoo

z=31nm R- 25* z- 14nm

SD- 7- 7 SD=9- 8 SD- 4- 6

W
~Al n5 nnn t i

Pi t ch an91e
. . . . . . . . . . . . . . . . . . . . . . i . . . . . . . . . . . . .

C

z=32nm x=28* x=12nm

I

I F- Fi ber -

SD=8- 2 SD=9- 7 SD=3- 7 di amet er

~ n. 1

d

11 111 J

u

n



FI GURE 5

	

Chi cken er yt hr ocyt e chr omat i n f i ber s f i xed i n 100 mM

NaCl and pr epar ed as i n Fi g . 2 . Hel i cal st r uct ur es ar e agai n seen

( whi t e l i nes) . x 150, 000.

pi t ch angl e t o 22° ( not shown) .

DI VALENT VS . MONOVALENT CATI ONS: Al t hough

Na' and Mg" pr oduced si mi l ar degr ees of chr omat i n com-

pact i on at t he di f f er ent i al concent r at i ons not ed, t her e wer e

quant i t at i ve and qual i t at i ve di f f er ences i n t he mor phol ogy of

chr omat i n f i ber s wi t h t he t wo i on t ypes . Most obvi ous was

t he gr eat er het er ogenei t y of f i ber di amet er i n Mg" , especi al l y

t he pr esence of a cl ass of t hi nner f i ber s and t hi nner ar eas

wi t hi n f i ber s t hat had a 10- 20- nm- di amr ange . The qual i t at i ve

di f f er ences wer e not i ceabl e i ncr eases i n mor phol ogi cal het er -

ogenei t y, wi t h a gr eat er pr opor t i on of i r r egul ar l y shaped par -

t i cl es .

Some exper i ment s wer e al so car r i ed out on chr omat i n t hat

had not been exposed t o pol yami nes: agai n, hel i cal st r uct ur es

wer e seen wi t h par amet er s si mi l ar t o t hose i n Fi g. 4 a- c ( dat a

not shown) .

EFFECT OF PREPARATI ON CONDI TI ONS ON HELI X

PARAMETERS: Fi ber s showi ng a hel i cal st r uct ur e wer e

common onl y i n pr epar at i ons t hat had been ai r - or f r eeze-

dr i ed on mi ca, or f r eeze- dr i ed on car bon . These met hods

usual l y al so i ncl uded st ai ni ng wi t h aqueous ur anyl acet at e

af t er deposi t i on of t he chr omat i n on t he subst r at e, f ol l owed

by an ext ensi ve wat er r i nse . To det er mi ne whet her t he ur anyl

st ai n was i nf l uenci ng t he f i nal st r uct ur e, t hi s st ep was omi t t ed

i n some exper i ment s . Al t hough t he omi ssi on of st ai n al t er ed

t he appear ance of t he chr omat i n ( Fi g. 3 c - f ) , i t di d not r educe

t he f r equency of hel i cal f or ms or si gni f i cant l y al t er t he pi t ch

angl e ( Fi g . 4 c) . The mai n ef f ect of omi t t i ng st ai n was a much

gr eat er f l at t eni ng of t he f i ber s ; measur ement s of shadow

l engt h showed t hat , wher eas st ai ned f i ber s wer e sl i ght l y f l at -

t ened, wi t h a mean wi dt h/ hei ght r at i o of 1 : 0 . 75, unst ai ned

mat er i al was sever el y di st or t ed wi t h a wi dt h/ hei ght r at i o of

1 : 0 . 1 .

The i ncl usi on of gl ycer ol i n t he f i nal wat er wash was al so

expl or ed, si nce dr yi ng f r omgl ycer ol has been shown t o have

a pr ot ect i ve ef f ect when used i n conj unct i on wi t h a mi ca

subst r at e ( 39) . For chr omat i n f i ber s, gl ycer ol pr oduced no

mar ked changes i n di amet er , hel i x par amet er s, or on t he

wi dt h/ hei ght r at i o ( not shown) , but t her e was a subt l e i ncr ease

i n t he def i ni t i on of sur f ace f eat ur es .

Negat i ve st ai ni ng wi t h ur anyl acet at e has been wi del y used

f or exami ni ng i sol at ed chr omat i n f i ber s ( e . g . , 6, 10, 15, 28) ,

and al t hough i t of t en r esol ves i ndi vi dual nucl eosomes i n

par t i al l y r el axed f i ber s, t her e i s usual l y no di scer ni bl e or der ed

ar r angement . Our obser vat i ons i n usi ng t hi s t echni que have

been si mi l ar ( 44) , but occasi onal l y r egul ar hel i cal st r uct ur es

wer e seen ( Fi g. 6) . I n t hi s par t i cul ar f i ber t he gyr e spaci ng was

12 nm, and t he pi t ch angl e 55° ( see Fi g. 4d f or pi t ch angl e

def i ni t i on) .

Mass of I sol at ed Pol ynucl eosomes

I sol at ed pol ynucl eosomes, pr epar ed as descr i bed, wer e ad-

j ust ed t o 10, 20, 50, 100, or 150 mMNaCI or KCI , f i xed wi t h

f or mal dehyde as descr i bed above or wi t h gl ut ar al dehyde ( 36) ,

and f r eeze- dr i ed on t hi n car bon subst r at es t o whi ch t obacco

mosai c vi r us had been added as a mass st andar d. Lar ge angl e

el ect r on scat t er i ng was t hen r ecor ded wi t h t he Br ookhaven

STEM( 41) . I t was pr evi ousl y shown f or chr omat i n par t i cl es

t hat mass val ues cal cul at ed by t hi s met hod wer e ver y cl ose t o

t hose expect ed ( 43) . The unst ai ned chr omat i n f i ber s showed

t he i r r egul ar mor phol ogy t ypi cal of i sol at ed pol ynucl eosomes

( Fi g . 7) , but t her e wer e f ai r l y st r ai ght and uni f or m r egi ons

especi al l y at 50 mMNaCI and above, and i t was f r om t hese

t hat mass measur ement s wer e t aken . Tot al scat t er i ng f r oma

r egi on was cor r ect ed f or backgr ound ( scat t er i ng f r om t he

car bon subst r at e) , conver t ed t o mass usi ng a t obacco mosai c

vi r us- der i ved cal i br at i on f act or ( 43) , and expr essed as dal t ons/

nanomet er . The mass per uni t l engt h of t he f i ber s was st r ongl y

dependent on sal t concent r at i on, r angi ng f r om 6 . 0 x 10°

dal t ons/ nm at 10 mMNaCI t o 27 x 10 ° dal t ons/ nm at 150

mM ( Tabl e I ) . At 10 and 20 mM NaCl , t he mass val ues

showed t he hi ghest var i at i on, wi t h st andar d devi at i ons ap-

pr oachi ng 20% of t he mean ( Tabl e I ) , but at t he hi gher

concent r at i ons, t he st andar d devi at i ons wer e 10%of t he mean

or l ess. Thi s var i at i on r ef l ect s t he i r r egul ar i t i es i n t he f i ber s

( Fi g. 7) , r at her t han i naccur aci es i n t he STEMt echni que ; as

t he f i ber s became mor e r egul ar i n mor phol ogy wi t h i ncr easi ng

sal t , so t he mass per uni t l engt h was mor e consi st ent ( Tabl e

I ) . Al t hough t he el ect r on beamcauses some l oss of mass, t he

l owdoses used i n t hese exper i ment s r esul t s i n a l oss of 5%or

l ess ( 43) .
The mass per uni t l engt h of chr omat i n f i ber s i s of t en

expr essed i n t er ms of t he number of nucl eosomes per 11 nm,

FI GURE 6

	

Exampl e of t he occasi onal hel i xl i ke st r uct ur e ( bl ack l i nes)

seen i n unf i xed f i ber s, negat i vel y st ai ned wi t h ur anyl acet at e . x

270, 000 .
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FI GURE 7

	

Exampl es of unst ai ned chi cken er yt hr ocyt e chr omat i n f i ber s obser ved by STEMf i xed i n ( a) 10 mMNaCl , ( b) 20 mM
NaCl , ( c) 50 mM NaCl , ( d) 100 mMNaCl , ( e) 150 mMKCI . TMV, t obacco mosai c vi r us st andar d . x 300, 000 .

TABLE I

Mass per Uni t Lengt h Val ues f or Chr omat i n Fi ber s Fi xed at
Var i ous Sal t Concent r at i ons

cor r espondi ng t o a compl et e t ur n of super hel i x wi t h an I I -

nmpi t ch . Taki ng t he mass of t he chi cken er yt hr ocyt e nucl eo-
some t o be 2 . 55 x 105 dal t ons ( 210 base- pai r s [ bp] of DNA

pl us 8 cor e hi st ones pl us one ver y l ysi ne- r i ch hi st one) , t he
number of nucl eosomes per 11 nmof chr omat i n f i ber r anges

f r om 2 . 5 at 10 mMNaCl t o 11 . 6 at 150 mM( Tabl e 1) .

DI SCUSSI ON

We have shown t hat under a var i et y of condi t i ons, i sol at ed
and i nt act chr omat i n f i ber s have a di st i nct hel i cal ar chi t ect ur e

based on t he f ol di ng of a nucl eosomal r i bbon . I n al l cases, t he
chr omat i n was pr event ed f r omcompl et e unf ol di ng by mai n-
t ai ni ng an appr opr i at e sal t concent r at i on t hr oughout t he pr ep-
ar at i on. Thus, t he st r uct ur es we obser ve ar e not caused by t he
r ef ol di ng of r el axed chai ns of nucl eosomes : i n t he case of
st r uct ur es based on r ef ol ded f i ber s, t her e i s no guar ant ee t hat

t he nat i ve conf or mat i on wi l l be r egener at ed, par t i cul ar l y i f

hi gher - or der f ol di ng f i r st r equi r es t he est abl i shment of a uni -

f or m nucl eosomal r i bbon . Pr epar at i on f or el ect r on mi cr os-

copy may r esul t i n mor phol ogi cal changes such as shr i nkage

( 15) , and chr omat i n i s par t i cul ar l y suscept i bl e t o sur f ace
ef f ect s ( 20, 36, 42) . To avoi d ai r - dr yi ng ar t i f act s, some sampl es
wer e f r eeze- dr i ed, and al l wer e st abi l i zed agai nst sur f ace de-
nat ur at i on by mi l d al dehyde f i xat i on ( 20, 36, 42) . I t was
r eassur i ng t o f i nd t hat unst ai ned f r eeze- dr i ed f i ber s obser ved

wi t h t he STEM( Fi g . 7) had a mean di amet er of 28 nmi n 50
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FI GURE 8

	

Repr esent at i on of t he st ages i n f ol di ng of a nucl eosomal

chai n ( l ef t ) vi a t he zi g- zag r i bbon i nt o t he hel i cal r i bbon ( r i ght )

conf or mat i on . To avoi d conf usi on, t he DNA i s shown onl y i n pl aces,

and some under l yi ng nucl eosomes have been shaded .

mMmonoval ent i ons, ver y si mi l ar t o t hat i n r epl i cas of
si mi l ar ai r - dr i ed speci mens .

An i mpor t ant f eat ur e of t he mi cr ogr aphs of i nt act f i ber s

r el eased f r om nucl ei and chr omosomes i s t hat t her e i s a

smoot h t r ansi t i on f r omt he compact zi g- zag r i bbon t o t he 30-

nm f i ber ( Fi g . I f ) . Thi s suggest s t hat no maj or changes i n

basi c st r uct ur e, especi al l y t he l oss or addi t i on of nucl eosome-

nucl eosome cont act s t akes pl ace dur i ng t he r i bbon ; : - - - f i ber

t r ansi t i on . Thus, i n t he 30- nmf i ber , as i n t he compact r i bbon,

i t seems l i kel y t hat f ace- t o- f ace cont act bet ween nucl eosomes
i s mai nt ai ned . I n ot her wor ds, t he 30- nmf i ber i s const r uct ed

by f ol di ng t he zi g- zag r i bbon i n a way t hat mi ni mi zes changes

i n nucl eosome- nucl eosome cont act s . One met hod of achi ev-

i ng t hi s, whi ch f i t s our mor phol ogi cal obser vat i ons, i s shown

i n Fi g. 8 .

Monoval ent sal t

concent r at i on

mm

Mass per l engt h

( mean ± SD)

dal t onsI nm x 104

Number of nu-

cl eosomes per 11-

nml engt h of f i ber

10 6 . 0 ± 1 . 3 2. 5

20 7. 1 ± 1 . 4 3 . 1

50 12 ± 1 . 2 5 . 2

100 19 ± 1 . 8 8. 2

150 27 ± 0. 4 11 . 6



The Doubl e Hel i cal Ri bbon

Si mpl e coi l i ng of t he compact zi g- zag r i bbon cr eat es a

doubl e hel i x wi t h a r ange of di amet er s and pi t ch angl es t hat

ar e dependent on t he degr ee of coi l i ng but i ndependent of t he

si ze of t he nucl eosome r epeat . ( The nucl eosome r epeat wi l l

af f ect t he wi dt h of t he r i bbon, but not t he wi dt h of t he coi l . )

As di scussed i n mor e det ai l bel ow, t he hel i cal st r uct ur e shown

i n Fi g . 8 accommodat es t he f ul l r ange of nucl eosome- packi ng

densi t i es r equi r ed by our el ect r on scat t er i ng measur ement s .

An al t er nat i ve way of f or mi ng a f i ber f r omt he r i bbon i s t o

t wi st t he r i bbon about i t s axi s. Thi s, however , r esul t s i n a

st r uct ur e i n whi ch t he l i nker DNA st r ands r un mor e or l ess

per pendi cul ar t o t he f i ber axi s, a condi t i on t hat i s di f f i cul t t o

r econci l e wi t h r ecent el ect r i c di chr oi smdat a ( 18, 19) . Twi st i ng

al so di st or t s t he r i bbon mor e sever el y, t endi ng t o di sr upt t he

f ace- t o- f ace cont act s bet ween adj acent nucl eosomes .

Pat h of t he DNA

Al t hough t he pr eci se pat h of t he DNA i n t he compact

r i bbon cannot be det er mi ned f r om our mor phol ogi cal dat a,

possi bl e al t er nat i ves mer i t di scussi on because each i mposes

di f f er ent const r ai nt s on t he const r uct i on of t he f i ber . The

si mpl est case i s t hat i n whi ch t he DNA makes t wo compl et e

l ef t - handed t ur ns ar ound a hi st one cor e, and t hen passes

acr oss t he r i bbon ( as l i nker DNA) t o a second cor e ( Fi g. 9) .

Cl ear l y, such an ar r angement r equi r es a cer t ai n mi ni mal

l engt h of l i nker DNA. Space- f i l l i ng model s i ndi cat e t hat t he
mi ni muml i nker l engt h al l owabl e f or r i bbon f or mat i on i s - 10
by ( 3 . 4 nm) , r esul t i ng i n a nucl eosome r epeat of ~176 bp .
Thi s r epeat si ze i s f ound i n Chi nese hamst er ovar y chr omat i n
( 14) , al t hough most hi gher eucar yot es have r epeat s l ar ger t han
t hi s ( 14) . One st r i ki ng except i on i s t he mammal i an cer ebr al
cor t ex neur on wi t h a r epeat of ~165 by ( 22, 38) . Her e, t he
DNA must pass f r omchr omat osome ( 30) t o chr omat osome
wi t h no l i nker , and i f t he DNAi s at t ached t o t he hi st one cor e
t hr oughout t wo compl et e t ur ns, t hen any sor t of r i bbon
ar r angement woul d be f or bi dden . Al t er nat i vel y, t he 166 by
of t he chr omat osome coul d consi st of 145 by at t ached t o t he

hi st one cor e, wi t h t he r emai ni ng 21 by of DNA unat t ached,

yet par t i al l y pr ot ect ed f r om nucl ease at t ack by H1 ( Fi g. 10) .

Thi s woul d pr ovi de an addi t i onal - 7- nm of r el at i vel y f r ee
DNA, al l owi ng r i bbon f or mat i on even wi t h such shor t r epeat s .
I n t hi s r espect , i t i s wor t h not i ng t hat r ecent mi cr ogr aphs of
cor t i cal neur on chr omat i n ( 38) f i xed i n 5 mMNaCl , an i oni c

st r engt h at whi ch t he chr omat osome i s st abl e ( 36) , cl ear l y

FI GURE 9 DNA pat h i n a si mpl e zi g- zag r i bbon wi t h AL = - 2/

nucl eosome .

c

FI GURE 10

	

Di agr am of chr omat osomes wi t h t wo compl et e t ur ns

( 166 bp) of DNA at t ached t o t he hi st one cor e ( a and b) and 1 . 75

t ur ns ( 145 bp) of DNAat t ached t o t he cor e ( c and d) , showi ng t he

addi t i onal l i nker f l exi bi l i t y i n t he l at t er ar r angement . St i ppl ed ar eas

show t r ue l i nker ; ast er i sks i ndi cat e t he put at i ve posi t i on of hi st one

H1 .

show st r et ches of " l i nker " bet ween nucl eosomes . I t al so ap-

pear s t hat t hese neur al cel l s cont ai n a r educed amount of

hi st one H1 . Si mi l ar l y, H1 seems t o be absent f r om yeast

chr omat i n whi ch al so has a smal l r epeat , and l ar ger t han
expect ed l i nker s i n el ect r on mi cr oscope pr epar at i ons ( 26) .

Per haps, i n t hese chr omat i ns, t he r educt i on of H1 r ef l ect s an

accommodat i on necessar y t o al l ow f or t he hi gher - or der f i ber

f or mat i on obser ved i n t hese t i ssues ( 26) .

Wor cel et al . ( 46) have pr oposed a DNA pat h f or t he zi g-
zag r i bbon, whi ch r esul t s i n a l i nki ng number change ( AL) of
- 1 per nucl eosome, as compar ed wi t h - 2 f or t he ar r angement
di scussed above ( Fi g . 9) . Al t hough t he l i nki ng number of
nat i ve SV40 mi ni chr omosomes and nucl eosomes r econst i -

t ut ed ont o ci r cul ar DNA i s - 1 per nucl eosome ( r evi ewed i n

r ef er ences 17 and 40) , t hi s coul d be due t o par t i al unwi ndi ng
of nucl eosomal DNA ( 40) or a l ack of cont r i but i ons f r omH1

( 31) . We f eel t hat t he l i nker pat h r equi r ed t o gener at e a l i nki ng

number of - 1 per nucl eosome ( 46) i s l ess at t r act i ve si nce

model s bui l t wi t h t hi s l i nker or gani zat i on do not r eadi l y

conf or m t o t he " r el axed zi g- zag" st at e ( Fi g. 8) .

Locat i on of Hi st one Hl ( H5)

Ther e i s consi der abl e evi dence t hat t he ver y l ysi ne- r i ch

hi st or i es ar e l ocat ed on t he chr omat osome at t he ent r y/ exi t

poi nt of t he DNA ( 1, 3, 11, 17, 30, 36) . I f t hi s l ocat i on i s

cor r ect , t hen each H1 mol ecul e woul d occupy an equi val ent

posi t i on i n t he hel i cal r i bbon, r egar dl ess of t he over al l nucl eo-
some r epeat l engt h, or of l ocal var i at i on i n DNAl i nker l engt h .

Thi s i s cl ear l y i n cont r ast t o super hel i cal st r uct ur es i n whi ch

l i nker l engt h var i at i ons r esul t i n di f f er i ng H1 posi t i ons wi t hi n
t he f i ber ( 18, 19) . I n t he hel i cal r i bbon, Hl mol ecul es ar e
nei t her compl et el y exposed on t he out si de of t he f i ber , nor

compl et el y hi dden i n t he i nt er i or ( Fi gs . 8- 10) .

Compat i bi l i t y wi t h Ot her Measur ement s

Sever al gr oups have r epor t ed val ues f or t he mass per uni t
l engt h of chr omat i n f i ber s i n sol ut i on by usi ng l i ght scat t er i ng

WOODCOCK ET AL .

	

Hel i cal Ri bbon Chr omat i n St r uct ur e

	

4 9



( 7) , neut r on di f f r act i on ( 8) , hydr odynami c st udi es ( 16) , and

r el axat i on t i me af t er el ect r i c f i el d or i ent at i on ( 18) . These

i nvest i gat i ons have yi el ded val ues of , or have been compat i bl e

wi t h a 30- nm f i ber wi t h about si x nucl eosomes per 11 nm

l engt h, suggest i ng a super hel i cal or sol enoi dal ar r angement

wi t h about si x nucl eosomes per t ur n . Our di r ect mass mea-

sur ement s by el ect r on scat t er i ng ( Tabl e I ) i ndi cat e a cont i n-

uum of nucl eosome packi ng, dependent on sal t concent r a-

t i on. Tabl e l I shows t he mass per l engt h pr edi ct ed f or var i ous

i deal cases of nucl eosome packi ng, agai n usi ng t he val ue of

2 . 55 x 105 dal t ons f or t he mass of t he chi ck er yt hr ocyt e

nucl eosome. At 100 mM monoval ent i ons and above, t he

obser ved mass i s consi der abl y hi gher t han t hat pr edi ct ed f or

a si x nucl eosome per t ur n sol enoi d .

The di scr epancy bet ween sol ut i on st udi es and our el ect r on

scat t er i ng dat a i s most pr obabl y r el at ed t o t he sampl i ng

met hod . El ect r on scat t er i ng was measur ed onl y f r om sel ect ed

r egi ons of mor e or l ess uni f or mf i ber , wher eas sol ut i on st udi es

ar e necessar i l y aver ages of t he t ot al popul at i on . Thus, i t seems

qui t e l i kel y t hat r egi ons of mor e ext ended chr omat i n i n t he

popul at i on such as wer e obser ved i n al l our pr epar at i ons ( Fi g.

7) coul d r esul t i n l ower ed mass per uni t l engt h val ues f or

f i ber s i n sol ut i on .

The hel i cal r i bbon conf or mat i on i s abl e t o accommodat e

t he cont i nuous changes i n mass per l engt h t hat wer e obser ved

wi t h i ncr easi ng i oni c st r engt h, whi l e mai nt ai ni ng nucl eo-

some- nucl eosome cont act s . At 10- 20 mMNaCl , t he mass

per l engt h ( Tabl e 1) i s i nt er medi at e bet ween t hat expect ed f or

t he r el axed zi g- zag and t he compact zi g- zag ( Fi g. 8, Tabl e I I ) ,

whi l e at 50 mM NaCl , t he mass per l engt h i s cl ose t o t hat

expect ed f or a si x nucl eosome/ t ur n super hel i x ( Tabl e 11) . For

t he super hel i x, f ur t her compact i on i s not possi bl e unl ess t he

TABLE I I

Pr edi ct ed Mass per Uni t Lengt h Val ues f or Chr omat i n Fi ber s

wi t h Var i ous Nucl eosome Packi ng Ar r angement s

Packi ng mode

	

Mass per l engt h

dal t ons1nm x 10'

10- nm f i ber - edge- t o- edge cont act

	

2. 3

10- nm f i ber - f ace- t o- f ace cont act

	

4 . 6

Zi g- zag r i bbon, r el axed f or m

	

4 . 6

Zi g- zag r i bbon, compact f or m wi t h

	

9. 2

f ace- t o- f ace cont act s

Sol enoi d/ super hel i x, si x nucl eo-

	

13 . 8

somes per t ur n

Hel i cal r i bbon ( Fi g . 8)

	

9. 2 ( not coi l ed) t o - 28 at

pi t ch angl e of 25'

5 0
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basi c st r uct ur e i s al t er ed ; however , t he chr omat i n f i ber cl ear l y

under goes f ur t her condensat i on i n 100 and 150 mMmono-
val ent i ons ( Tabl e 1) , whi ch can be achi eved by di f f er i ng

degr ees of coi l i ng of t he zi g- zag r i bbon . Exami nat i on of space-
f i l l i ng model s shows t hat t he hel i cal r i bbon can var y cont i n-
uousl y i n mass per l engt h f r om 9 . 2 dal t ons/ nm ( uncoi l ed,
compact r i bbon) t o - 28 dal t ons/ nm ( coi l ed wi t h 25° pi t ch

angl e, and r i bbon wi dt h 25 nm) . A si mi l ar concl usi on can be
dr awn f r omt heor et i cal consi der at i ons ( see Appendi x) .

Al t hough f i ber s i n sol ut i on can under go ext ensi ve sal t -
i nduced compact i on, i t i s not possi bl e t o pr edi ct t he i n vi vo

compact i on si t e si nce t he ef f ect i ve i oni c condi t i ons i n t he
nucl eus ar e unknown . Al t hough t hi n sect i ons of nucl ei ex-

posed t o 20 mMKCl dur i ng f i xat i on showed cl ose- packed

nucl eosomel i ke st r uct ur es i n t he chr omat i n f i ber s ( 21) , est i -

mat es of packi ng densi t y or ar r angement have not yet become

possi bl e .

Fr omt he hel i cal r i bbon model , i t can be pr edi ct ed t hat t he

nucl eosomal and l i nker DNAs shar e appr oxi mat el y t he same

or i ent at i on wi t h r espect t o t he f i ber axi s ( i n cont r ast t o a

t wi st ed r i bbon i n whi ch t he l i nker s r emai n mor e or l ess

per pendi cul ar t o t he f i ber axi s) . El ect r i c di chr oi sm measur e-

ment s pr ovi de i nf or mat i on on DNA or i ent at i on wi t hi n t he

f i ber ( 16, 17, 19) and so i mpose const r ai nt s upon t he r el at i ve

or i ent at i ons of nucl eosome and l i nker . Cal cul at i ons by

McGhee at al . ( 17, 19) based on el ect r i c di chr oi sm have

i ndi cat ed t he per mi ssi bl e or i ent at i ons of nucl eosome and

l i nker i n t he 30- nmf i ber . For chi cken er yt hr ocyt e chr omat i n,

t he condi t i on under whi ch t he nucl eosome t i l t angl e and

spacer t i l t angl e ar e equal ( as pr edi ct ed by t he hel i cal r i bbon

model ) i s t hat bot h ar e or i ent ed at - 30° wi t h r espect t o t he

f i ber axi s ( 17 ; Fi g. 5) . As seen f r om Fi g . 4, t he mean pi t ch

angl e f or t he hel i cal st r uct ur es we obser ve i s ~25° , i ndi cat i ng

t hat t he pr oposed model i s consi st ent wi t h el ect r i c di chr oi sm

dat a .

El ect r i c di chr oi sm measur ement s on t he 30- nm f i ber ar e

usual l y car r i ed out by usi ng pol ynucl eosomes condensed wi t h

magnesi um, si nce t he hi gher i oni c st r engt hs of monoval ent

cat i on sol ut i ons gi vi ng si mi l ar degr ees of compact i on ar e not

compat i bl e wi t h t he el ect r i c f i el ds needed. To det er mi ne

whet her t her e wer e any mor phol ogi cal di f f er ences bet ween

chr omat i n condensed t o equal ext ent by monoval ent or di -

val ent cat i ons, sampl es wer e pr epar ed under bot h condi t i ons .

I n gener al , i sol at ed pol ynucl eosomes showed si mi l ar mor pho-

l ogi cal f eat ur es whet her condensed by Mg` or Na' , al t hough

when magnesi um i ons wer e used t o mai nt ai n t he compact

mor phol ogy, t her e was consi der abl y l ess uni f or mi t y i n t he

di amet er of t he f i ber s .

One set of dat a, whi ch seems at var i ance wi t h t he hel i cal

r i bbon model , i s t hat concer ned wi t h t he pr oper t i es of ol i go-

nucl eosomes . But l er and Thomas ( 6) not ed t hat t he sedi men-

t at i on vel oci t y of r at l i ver ol i gonucl eosomes under went a

" j ump" bet ween t he pent a- and hept anucl eosome . Thi s sug-

gest s t hat some new st at e of compact i on i s possi bl e wi t h t he

l ar ger pol ynucl eosomes, consi st ent , f or exampl e, wi t h t he

compl et i on of one t ur n of a si mpl e super hel i x or sol enoi d .

Si mi l ar sedi ment at i on r esul t s wer e obt ai ned wi t h chi cken

er yt hr ocyt e chr omat i n ( 2) . I n an at t empt t o under st and t hi s

ef f ect , we have exami ned t he st r uct ur e of t et r a- t o hept anu-

cl eosomes i n di f f er ent NaCl concent r at i ons usi ng t he mi ca-

r epl i ca t echni que. No obvi ous di f f er ences i n mor phol ogy

bet ween t hese si ze cl asses wer e seen dur i ng sal t - i nduced com-

pact i on ( not shown) , suggest i ng t hat t he sedi ment at i on



" j ump" ar i ses f r oma r at her subt l e change i n conf or mat i on.

Under cer t ai n condi t i ons, chr omat i n f i ber s i n t he f or m of

st r i ngs of di scr et e cl ust er s of nucl eosomes ( super beads) ar e

f r equent l y obser ved ( 23, 27, 32, 33, 47, 48) . Fr omt he compact

zi g- zag r i bbon, t he l oss or weakeni ng of one nucl eosome-

nucl eosome cont act woul d l ead t o a di scont i nui t y i n t he

r i bbon, and a ser i es of appr opr i at el y spaced di scont i nui t i es

woul d pr oduce t he super bead t ype of st r uct ur e. Fi g . 1 b- e

i l l ust r at es i nt er r upt i ons of t hi s nat ur e i n t he r i bbon, and i n

Fi g . 2 6 and d and Fi g . 7 c and d, si mi l ar br eaks i n t he st r uct ur e

of i sol at ed f i ber s ar e pr esent . Local var i at i ons i n l i nker DNA

l engt h ar e l i kel y t o r esul t i n i r r egul ar i t i es i n f i ber t opol ogy,

l eadi ng t o t he " knobby" st r uct ur es whi ch have of t en been

r epor t ed ( 28) . Fi nal l y, i t i s wor t h not i ng t hat f i ber s based on

zi g- zag r i bbon ar e const r uct ed f r omdi nucl eosome uni t s, and

ar e t hus compat i bl e wi t h obser vat i ons t hat DNase 1, especi al l y

i f cr oss- l i nked t o a l ar ge mol ecul e, t ends t o pr oduce f r agment s

based on t he di nucl eosome l engt h ( 4, 5, 13) .

Ubi qui t y of t he Hel i cal Ri bbon

i t i s cl ear l y pr emat ur e t o suggest t hat t he hel i cal r i bbon i s

t he pr i mar y f or m of ar chi t ect ur e of t he 30- nm chr omat i n

f i ber . However , t he pr esence of l ong st r et ches of zi g- zag r i bbon

i n a var i et y of or gani sms ( 24, 36, 46 ; Fi g. 1 e- f ) suggest s t hat

t hi s i s t he under l yi ng st r uct ur e of much eucar yot i c chr omat i n .

Langmor e and Paul son ( 15) al so concl uded t hat t hei r x- r ay

dat a wer e consi st ent wi t h a si ngl e basi c ar chi t ect ur e . Fr om

t he compact r i bbon ( Fi g . 8) , t he gener at i on of " super beads, "

or coi l ed st r uct ur es wi t h di f f er i ng degr ees of compact i on i s a

si mpl e mat t er ; i t i s not possi bl e, however , t o cr eat e a super -

hel i cal st r uct ur e wi t hout f i r st di ssol vi ng t he nucl eosome con-

t act s est abl i shed i n t he r i bbon .

APPENDI X : NUCLEOSOME PACKI NG I N

THE HELI CAL RI BBON FI BER

I t i s possi bl e t o der i ve t he per mi ssi bl e r ange of mass per l engt h val ues f or

t he pr oposed hel i cal r i bbon ( Fi g . 8) f r om hel i x ( scr ew) geomet r y . Fi g . I l

r epr esent s a r egul ar hel i x af t er cut t i ng par al l el t o t he axi s, and l ayi ng f l at . d i s

t he di amet er of t he or i gi nal hel i x, BCi s t he pi t ch, and a t he pi t ch angl e ( as

def i ned i n Fi g . 4) .

at t 0̂ 1111111M

Cut ,

open out

d

FI GURE 11

	

( Lef t ) Repr esent at i on of a r egul ar hel i x . Cut t i ng al ong

t he dot t ed l i ne, f ol l owed by openi ng and l ayi ng f l at , gi ves t he

di agr am on t he r i ght .

0 5 10 15 20 25 30 35 40 45 50

Pi t ch angl e

FI GURE 12

	

Gr aph of mass per l engt h agai nst a . Angl es bel ow 15°

( shaded r egi on) ar e not al l owed ( see t ext ) .

The mass per l engt h i s dependent on t he gyr e l engt h ( AB) , t he number of

nucl eosomes per compl et e gyr e, and t he pi t ch of t he hel i x ( BC) . Accor di ng t o

t he model ( Fi g. 8) , each gyr e of t he hel i x i s const r uct ed f r om t he compact zi g-

zag r i bbon, whi ch woul d cont ai n t wo nucl eosomes/ 5 . 5 nm or 9 . 22 x 10°

dal t ons/ nm ( Tabl e I I ) . Hence t he mass per l engt h of t he f i ber i s gi ven by

mass per l engt h = Bß. 9. 22 x 10 ° or
9 . 2Si na10

dal t ons/ nm.

A pl ot of mass per l engt h agai nst a i s shown i n Fi g . 12.

Low val ues of a, l eadi ng t o hi gh mass per l engt h val ues, ar e cl ear l y not

possi bl e i n a hel i x wi t h f i ni t e gyr e wi dt h . I n t he case of t he hel i cal r i bbon, t he

gyr e wi dt h i s t he wi dt h of t he compact zi g- zag r i bbon, - 25 nm. I f CDi n Fi g.

11 i s 25 r i m, and d = 30 nm, we obt ai n Si n a = ( CD) / ( d) , and a = 15° .

Under t hese condi t i ons, t he mass per l engt h of t he f i ber r anges f r om9 . 22 x

10° dal t ons/ nm f or t he uncoi l ed zi g- zag r i bbon t o 35 x 10` dal t ons/ nmf or t he

coi l ed f i ber wi t h a = 15° ( Fi g. 12) . Our STEM measur ement s ( Tabl e I ) , gi vi ng

mass per l engt h val ues up t o 27 x 10" dal t ons/ nm, ar e t hus consi st ent wi t h t he

pr oposed hel i cal r i bbon st r uct ur e .
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