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ABSTRACT

	

The ampl i f i ed, ext r achr omosomal nucl eol i of Xenopus oocyt es cont ai n a meshwor k

of - 4- nm- t hi ck f i l ament s, whi ch ar e densel y coi l ed i nt o hi gher - or der f i br i l s of di amet er 30- 40

nm and ar e r esi st ant t o t r eat ment wi t h hi gh- and l ow- sal t concent r at i ons, nucl eases ( DNase I ,

pancr eat i c RNase, mi cr ococcal nucl ease) , sul f hydr yl agent s, and var i ous noni oni c det er gent s .

Thi s f i l ament ous " skel et on" has been pr epar ed f r om manual l y i sol at ed nucl ear cont ent s and

nucl eol i as wel l as f r om nucl eol i i sol at ed by f l uor escence- act i vat ed par t i cl e sor t i ng . The

nucl eol ar skel et ons ar e obser ved i n l i ght and el ect r on mi cr oscopy and ar e char act er i zed by

r avel s of f i l ament s t hat ar e especi al l y densel y packed i n t he nucl eol ar cor t ex . DNA as wel l as

RNA ar e not const i t uent s of t hi s st r uct ur e, and pr ecur sor s t o r i bosomal RNAs ar e compl et el y

r emoved f r om t he ext r act i on- r esi st ant f i l ament s by t r eat ment wi t h hi gh- sal t buf f er or RNase .

Fr act i ons of i sol at ed nucl eol ar skel et ons show speci f i c enr i chment of an aci di c maj or pr ot ei n

of 145, 000 mol wt and an appar ent pl val ue of - 6 . 15, accompani ed i n some pr epar at i ons by

var i ous amount s of mi nor pr ot ei ns . The demonst r at i on of t hi s skel et al st r uct ur e i n " f r ee"

ext r achr omosomal nucl eol i excl udes t he pr obl em of cont ami nat i ons by nonnucl eol ar mat er i al

such as per i nucl eol ar het er ochr omat i n nor mal l y encount er ed i n st udi es of nucl eol i f r om

somat i c cel l s . I t i s suggest ed t hat t hi s i nsol ubl e pr ot ei n f i l ament compl ex f or ms a skel et on

speci f i c t o t he nucl eol us pr oper t hat i s di f f er ent f r om ot her ext r act i on- r esi st ant component s of

t he nucl eus such as mat r i x and l ami na and i s i nvol ved i n t he spat i al or gani zat i on of t he

nucl eol ar chr omat i n and i t s t r anscr i pt i onal pr oduct s .

I n st udi es of t he or gani zat i on of t he i nt er phase nucl eus, con-

si der abl e pr ogr ess has been made i n t he el uci dat i on of t he
ar r angement of chr omat i n component s and t r anscr i pt i onal
pr oduct s . However , r el at i vel y l i t t l e i s known about t he com-
posi t i on and f unct i on of anot her cat egor y of nucl ear st r uct ur es,

t he nonnucl eopr ot ei naceous ar chi t ect ur al component s t hat ar e

i nsol ubl e i n sol ut i ons of l ow and hi gh i oni c st r engt h, despi t e

numer ous st udi es dedi cat ed t o t hi s pr obl em. Such st r uct ur es
i ncl ude ( a) t he nucl ear envel ope and i t s por e compl exes ( 1, 15,

18, 23, 37, 41) , ( b) a per i pher al l ayer of i nsol ubl e pr ot ei n

( " l ami na" ; 1, 15, 22, 23, 59) , ( c) cer t ai n skel et al pr ot ei ns r el at ed

t o t he chr omosome " scaf f ol d" descr i bed by Laemml i and co-
wor ker s ( see r ef er ences 2 and 3) , and ( d) i l l - def i ned t angl es of
f i br i l l ar st r uct ur es of t he nucl ear i nt er i or t hat ar e col l ect i vel y
descr i bed as r esi dual " mat r i x" ( 6, 21 ; f or r evi ews, see r ef er ences
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4 and 12) . The l at t er , pr epar at i vel y def i ned i nsol ubl e st r uct ur es

t hat i n most pr epar at i ons i ncl uded r esi dual nucl eol ar mat er i al
( 7, 9, 13, 31, 46) , showed a r emar kabl e het er ogenei t y of bot h

el ect r on mi cr oscopi cal l y i dent i f i ed component s and pol ypep-

t i des . I n nucl ear mat r i x f r act i ons f r om sever al somat i c cel l s of

hi gher or gani sms, an enr i chment of t hr ee char act er i st i c maj or

pol ypept i des of bet ween 60, 000 and 80, 000 mol wt was ob-

ser ved t hat , however , appear ed t o be si mi l ar i f not i dent i cal t o

t he maj or pr ot ei ns pr esent i n f r act i ons of t he per i pher al l am-
i na- nucl ear por e compl ex st r uct ur es ( 7, 17, 23, 37, 59) .

As f ar as t he t opol ogy of such i nsol ubl e pr ot ei n component s

i s concer ned, posi t i ve evi dence exi st s onl y i n t he case of t he
t hr ee maj or pol ypept i des associ at ed wi t h t he i sol at ed nucl ear

membr ane ( " l ami ns" sense r ef er ence 22) t hat have been l ocal -

i zed by ant i body t echni ques i n t he nucl ear per i pher y ( 17, 23,
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36, 59) . St udi es on possi bl e skel et al component s of t he nucl eo-
l us ar e usual l y hamper ed, i n somat i c cel l s, by t he nucl eol i bei ng
i nt i mat el y associ at ed wi t h chr omosomal mat er i al , especi al l y
t he per i nucl eol ar het er ochr omat i n, as wel l as wi t h l ami na

component s and nucl ear membr ane f r agment s ( cf . r ef er ences

51 and 58) . I n vi ew of t hese l i mi t at i ons i t i s not sur pr i si ng t hat
at t empt s t o i dent i f y possi bl e i nsol ubl e ( skel et al ) component s of

nucl eol ar f r act i ons f r om r at l i ver have r eveal ed t he pr edomi -

nance of t he same nonnucl eol ar pr ot ei ns posi t i vel y l ocal i zed i n

t he per i pher al l ami na associ at ed wi t h bot h condensed chr o-

mat i n and t he nucl ear envel ope . To exami ne t he exi st ence and

si gni f i cance of skel et al st r uct ur es of t he nucl eol us pr oper , we

have t her ef or e used t he amphi bi an oocyt e . The nucl eus of t hi s

cel l t ype cont ai ns numer ous ampl i f i ed ext r achr omosomal nu-

cl eol i ( >1, 000 i n Xenopus l aevi s ; 8) , whi ch can be easi l y sepa-

r at ed f r om bot h t he nucl ear envel ope and chr omosomes ( e . g. ,

30) , t hus pr ovi di ng a consi der abl e nat ur al enr i chment of nu-

cl eol ar mat er i al over ot her nucl ear st r uct ur es . I n t he pr esent

st udy we descr i be t he i sol at i on of a f r amewor k of nucl eol ar

f i l ament s r esi st ant t o hi gh- sal t buf f er and det er gent f r om oocyt e

nucl ei of Xenopus l aevi s . Thi s " skel et al " f r amewor k i s com-

posed of pr ot ei n f i l ament s enr i ched i n a char act er i st i c aci di c

pr ot ei n of 145, 000 mol wt .

MATERI ALS AND METHODS

I sol at i on of Oocyt e Nucl ei , Nucl eol i , and

Nucl ear Cont ent s

Nucl ei of f ul l - si zed ( st ages V and VI ) oocyt es of Xenopus l aevi s wer e i sol at ed

ei t her manual l y i n buf f er ed " 5a i sol at i on medi um" ( 83 mMKCI , 17 mMNaCt ,

10 mM Tr i s- HCI , pH 7. 2) cont ai ni ng 0. 5 mM phenyl met hyl sut f onyl f l uor i de

( PMSF) and t hen t r ansf er r ed t o t he same medi umwi t h addi t i onal 10 MMMgC12

( 37, 56) or by t he l ar ge- scal e pr ocedur e descr i bed by Scal enghe et al . ( 55) . Mass-

i sol at ed nucl ei wer e sedi ment ed t hr ough a cushi on of 5 : 1 i sol at i on medi um

cont ai ni ng 10 mMMgC12 , 2. 5 mMdi t hi ot hr ei t ol , and 0 . 5 mMPMSF, i nst ead of

Eagl e' s medi um as used by Scal enghe et al . ( 55) . The nucl ear envel opes of t he

i ndi vi dual nucl ei wer e r emoved manual l y under a di ssect i ng mi cr oscope, and t he

" gel l ed nucl ear cont ent s" ( 37) wer e washed i n 5 : 1 i sol at i on medi umand f i nal l y

col l ect ed i n an Eppendor f r eact i on t ube ( Eppendor f Ger aet ebau, Hambur g, W.

Ger many) . Al t er nat i vel y, i ndi vi dual nucl eol i wer e col l ect ed manual l y wi t h mi -

cr opi pet t es at t ached t o a mi cr omani pul at or under obser vat i on wi t h an i nver t ed

mi cr oscope ( 26) .

Fl uor escence- act i vat ed Sor t i ng of Fl uor ochr ome-

st ai ned Nucl eol i

Mass- i sol at ed nucl ei ( i n 5 : 1 i sol at i on medi um cont ai ni ng 5 MMMgC12 , 2 . 5

mMdi t hi ot hr ei t ol , and 0 . 5 mMPMSF) wer e gent l y homogeni zed by sucki ng t he

sol ut i on sever al t i mes up and down i n an Eppendor f pl ast i c t i p and wer e st ai ned,

i n same sol ut i on, si mul t aneousl y wi t h pr opi di um i odi de ( PI , 20 pg/ ml ; Ser va,

Hei del ber g, Ger many) and di ami di nophenyl i ndol e ( DAPI , 3 j ug/ ml ; Ser va) .

Usi ng t he UV l i ne of an ar gon i on l aser f or exci t at i on i l l umi nat i on, PI - st ai ned

par t i cl es ( nucl eol i ) f l uor esced deepl y r ed, wher eas ot her par t i cl es, t o whi ch mor e

DAPI was bound, f l uor esced whi t e- bl ue. Debr i s and f ol l i cl e cel l nucl ei showed

i nt er medi at e bl ue- r ed f l uor escence . Cr i t er i a f or el ect r oni c sor t i ng wi t h a f l ow cel l

sor t er wer e der i ved f r omwi ndow set t i ngs i n t he t wo- di mensi onal di st r i but i on of

bl ue vs . r ed f l uor escence, t her eby sel ect i ng par t i cl es t hat exhi bi t ed a l ar ge amount

of r ed f l uor escence wi t h a mi nor degr ee of bl ue f l uor escence. Nucl eol i wer e

sor t ed, count ed, and col l ect ed i n 5 : 1 i sol at i on medi um cont ai ni ng 2. 5 mM

di t hi ot hr ei t ol , 1 MMMgC12 and 0. 5 mMPMSF by pel l et i ng at 9, 000 g f or 5 mi n.

Super nat ant sol ut i ons wer e saved and ei t her pr eci pi t at ed i n col d 5%TCAor used

f or ext r act i ons ( see above) .

Ext r act i on Pr ocedur es

Gel l ed nucl ear cont ent s, nucl eol i i sol at ed by f l uor escence- act i vat ed par t i cl e

sor t i ng, and, i n some exper i ment s, nucl eol i manual l y col l ect ed by pi pet t i ng wer e

suspended i n I - 1 . 5 ml of t he f ol l owi ng sol ut i ons by sucki ng t he mat er i al sever al

t i mes i nt o an Eppendor f pl ast i c t i p ( al l buf f er s cont ai ned 0. 5 mMPMSF) : ( a) 1

MKCI , 1%Tr i t on X- 100, 10 mMTr i s- HCI , pH 7 . 4; ( b) 1 . 5 MKCI , 1%Tr i t on X-
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100, 10 mMTr i s- HCI , pH 7. 4; ( c) 1 . 5 MKCI , 10 mM Tr i s- HCI , pH 7 . 4 ; ( d) l

mMTr i s- HCI , pH 7. 2; or ( e) 0. 1 mM sodi um bor at e buf f er , pH 9. 0. I n some

exper i ment al ser i es, 20 mMdi t hi ot hr ei t ol was added t o each of t hese sol ut i ons .

I ncubat i on under gent l e agi t at i on was car r i ed out f or 30 mi n at r oomt emper at ur e
or at 4° C. Af t er cent r i f ugat i on at 9, 000 g f or 4 mi n or 3, 500 g f or 30 mi n, t he
pel l et s wer e r esuspended i n wash buf f er ( 10 mM Tr i s- HCI , pH 7. 4; 10 mM

Sor ensen phosphat e buf f er , pH 7 . 4 ; or bor at e buf f er as descr i bed above) and
cent r i f uged once mor e .

Gel El ect r ophor esi s of Pr ot ei ns

One- di mensi onal sl ab gel el ect r ophor esi s i n t he pr esence of SDS was car r i ed

out essent i al l y accor di ng t o Laemml i ( 40) i n 10%or 12. 5%pol yacr yl ami de gel s .

Some sampl es wer e r adi oact i vel y l abel ed i n vi t r o wi t h [ 3H] dansyl chl or i de as

descr i bed f or pr ot ei ns of ot her subf r act i ons f r omXenopus oocyt e nucl ei ( 37) . For

t wo- di mensi onal gel el ect r ophor esi s ( 48) , sampl es wer e sol ubi l i zed accor di ng t o

Kel l y and Cot man ( 33) . Gel s wer e st ai ned wi t h Coomassi e Bl ue or wi t h t he si l ver

met hod descr i bed by Swi t zer et al . ( 60) .

RNA Anal yses

Nucl ei wer e manual l y i sol at ed f r om Xenopus l aevi s oocyt es and i mmedi at el y

t r ansf er r ed t o i ce- col d 70%et hanol . Abat ch of 150 nucl ei was dr ai ned of et hanol

and t hen suspended i n 0. 3 ni l of 50 mMTr i s- HCI buf f er ( pH8. 4) cont ai ni ng 20

mMEDTA, 1% Sar kosyl NL- 97 and 0. 5 mg/ ml pr ot ei nase K( Mer ck, Dar mst adt ,

Ger many ; pr ei ncubat ed f or 30 mi n at 37° C) . Af t er - 6 h at 37° C, 0. 3 g of sol i d

CsCl was added, and t he sol ut i on was l ayer ed upon a cushi on of 0. 2 ml of 5 . 7 M

CsCl , 0. 1 MEDTA, 10 mMTr i s- HCI , pH 7. 2 ( 24) i n a smal l ni t r ocel l ul ose ni t r at e

t ube . The t ube was over l ayer ed wi t h l i qui d par af f i n and cent r i f uged i n a SW65

r ot or usi ng speci al adapt or s ( Beckman I nst r ument s, Muni ch, Ger many) f or 12 h

at 40, 000 r pmand 20° C. The bot t omof t he t ube was cut of f and pl aced upsi de-

down on a pi ece of f i l t er paper t o dr ai n most of t he l i qui d, and t hen t he " i nvi si bl e"

RNA pel l et was r esuspended i n 50 l al of TE buf f er ( 10 mMTr i s- HCI , I mM

EDTA, pH 7 . 2) , t r ansf er r ed t o an Eppendor f r eact i on t ube, pr eci pi t at ed by

addi ng 2 . 5 vol of i ce- col d et hanol , and st or ed over ni ght at - 20° C. The sol ut i on

was t hen cent r i f uged ( 3, 500 g f or 30 mi n) , t he pel l et dr i ed i n vacuo and r esus-

pended i n 20 Al of 4 mM Tr i s- HCI , 4 mM NaCl , 0. 5 mM EDTA ( pH 8. 0) .

El ect r ophor esi s was car r i ed out i n hor i zont al 1 . 5% agar ose ( Seakem, Mar i ne

Col l oi ds Di v. , Rockl and, Mai ne) sl ab gel s ( 9 x 10 cm) . Mol ecul ar wei ght mar ker s

( t obacco mosai c vi r us [ TMV] RNA: 2. 07 x 106; Xenopus l aevi s r RNAs: 1 . 5 and

0 . 7 x 106 ) wer e r un i n adj acent sl ot s. Af t er el ect r ophor esi s (" 120 mi n ; 7 V/ cm) ,

t he gel was pl aced f or 15 mi n i n el ect r ophor esi s buf f er ( 20 mMTr i s- HCI , 20 r um

NaCl , 2 mM EDTA, pH 8. 0) cont ai ni ng 1 t t g/ ml et hi di um br omi de and t hen

phot ogr aphed under UV i l l umi nat i on.

RNA anal yses of hi gh- sal t - ext r act ed f r act i ons wer e per f or med as f ol l ows :

Nucl ear cont ent s and nucl eol ar f r act i ons f r om Xenopus l aevi s oocyt es wer e

col l ect ed i n i ce- col d 5 : 1 i sol at i on medi um and suspended i n I ml of buf f er

cont ai ni ng 1 MKCI , 1%Tr i t on X- 100, and 0. 5 mMPMSF and gent l y homoge-

ni zed by sucki ng t he sol ut i on sever al t i mes up and down i n an Eppendor f pl ast i c

FI GURE 1

	

Pr epar at i on of nucl eol i f r om oocyt e nucl ei of Xenopus

i sol at ed by dual f l uor escence st ai ni ng and par t i cl e sor t i ng. Mass-

i sol at ed ger mi nal vesi cl es wer e r upt ur ed and si mul t aneousl y st ai ned

wi t h pr opi di um i odi de ( a, r ed f l uor escence) and di ami di nophenyl -

i ndol ( b, bl ue f l uor escence) . The f i gur e pr esent s t he t wo- par amet er

f r equency pr of i l e obt ai ned by f l ow cyt omet r i c anal ysi s usi ng a UV

l aser f or f l uor escence act i vat i on . The popul at i on of t he var i ousl y

si zed nucl eol i ( ar r ow) can be separ at ed and di scr i mi nat ed f r om

ot her par t i cl es, i ncl udi ng cont ami nat i ng yol k pl at el et s and f ol l i cl e

cel l nucl ei , because of t hei r r ed f l uor escence . The met hod al so

al l ows count i ng of t he nucl eol i per pr epar at i on, and separ at i on of

di f f er ent si ze cl asses of nucl eol i .



FI GURE 2

	

Fr act i ons of nucl eol i f r om Xenopus oocyt es i sol at ed by f l uor escence- act i vat ed par t i cl e sor t i ng as seen i n a sur vey l i ght

mi cr ogr aph ( a, i nt er f er ence cont r ast ) showi ng t he pur i t y of t hi s nucl eol ar subf r act i on ( mean nucl eol ar di amet er , 4 . 5 Ji m; r ange,

3 . 5- 6 . 5 pm) . b pr esent s a hi gher magni f i cat i on of a pur i f i ed subf r act i on of l ar ger nucl eol i ( mean di amet er , 8 . 21Lm ; r ange, 7- 14 Am) ,

showi ng some mor phol ogi cal het er ogenei t y, i ncl udi ng t he occur r ence of " vacuol at ed" nucl eol i . c i s a l ow- power el ect r on

mi cr ogr aph of t he nucl eol ar f r act i on shown i n a. Bar s, 100 j Lm ( a) and 10 LLm ( b and c) . x 250 ( a) , x 1, 500 ( b) , and x 2, 900 ( c) .

FRANKE E7 AL .
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t i p. Af t er 30 mi n of i ncubat i on at 4° C, t he sol ut i on was cent r i f uged ( 3, 500 g f or

30 mi n) at 4° C. The pel l et was r esuspended i n 1 ml of t he same sol ut i on and,

af t er 30 mi n at 4° C, cent r i f uged agai n . Bot h super nat es wer e pool ed. Nucl ei c

aci ds and nucl eopr ot ei n mat er i al wer e pr eci pi t at ed f r om t he super nat e as de-

scr i bed by Dessev and Gr anchar ov ( 14) . I n br i ef , t o t he 2 ml of super nat ant , 50

l al of 0. 2 Msodi umphosphat e buf f er ( pH7. 6) was added, f ol l owed by 12 Al of I

MMgCl 2 and 1 . 44 ml of 96%et hanol . Af t er 30 mi n at - 20° C, t he sol ut i on was

cent r i f uged f or 10 mi n at 3, 500 g. The pel l et ed mat er i al was f i nal l y r esuspended

i n 0 . 4 ml of t he pr ot ei nase Ksol ut i on speci f i ed above . The pel l et of t he f i r st

cent r i f ugat i on was al so t aken up i n 0 . 4 ml of t he pr ot ei nase Ksol ut i on . Di gest i on

t i me was 3- 4 h at 37° C. Then 20 pg of t RNA was added t o each t ube as car r i er ,

f ol l owed by 2 . 5 vol of et hanol . Af t er cent r i f ugat i on, pel l et s wer e anal yzed by gel

el ect r ophor esi s as descr i bed above .

To quant i t at e t he RNAdi st r i but i on i n t he sedi ment abl e and nonsedi ment abl e

f r act i ons, we r adi oact i vel y l abel ed t he RNA. Api ece of Xenopus l aevi s ovar y was

i ncubat ed i n Bar t h' s medi um cont ai ni ng al l f our t r i t i at ed nucl eosi des ( 100 I LCi /

ml each; Amer sham Radi ochemi cal Cent r e, Bucki nghamshi r e, Engl and) f or 17

h at 20° C. I sol at ed nucl ear cont ent s and nucl eol i wer e t r eat ed wi t h hi gh- sal t

buf f er f ol l owed by cent r i f ugat i on as descr i bed above. Nucl ei c aci ds i n t he pel l et

and super nat e wer e pr eci pi t at ed i n l ( W. i ce- col d TCA, col l ect ed on What man

GF/ C gl ass f i ber f i l t er s, and dr i ed f r om et hanol . The r adi oact i vi t y was t hen

det er mi ned wi t h a l i qui d sci nt i l l at i on count er .

Tr eat ment s of I sol at ed Nucl eol i and Nucl eol ar

Resi dues wi t h Nucl eases

Nucl ear cont ent s and i sol at ed nucl eol i wer e t r eat ed wi t h one or sever al of t he

f ol l owi ng enzymes: DNase I ( Wor t hi ngt on Bi ochemi cal Cor p . , Fr eehol d, N. J . ;

100 U/ ml ) , mi cr ococcal nucl ease ( Wor t hi ngt on Bi ochemi cal Cor p . , 400 U/ ml ) ;

and pancr eat i c RNase ( Ser va; 50 Kg/ ml ) . Enzyme t r eat ment s wer e car r i ed out

f or 30 mi n at r oomt emper at ur e i n 5 mMTr i s- HCI ( pH7 . 4) , 1 MMCaC12, 1 MM

MgC12 . The mat er i al was t hen t hor oughl y washed sever al t i mes i n l mMTr i s-

HCI ( pH 7. 2) wi t h or wi t hout 0. 5 mMEDTA and was pr ocessed f or obser vat i on

by l i ght or el ect r on mi cr oscopy or bi ochemi cal anal ysi s . I n anot her ser i es of

exper i ment s, i sol at ed nucl eol i wer e di gest ed i n 5 : 1 i sol at i on medi um cont ai ni ng

1 MMMgC1 2, 0 . 5 mMPMSF, and 2. 5 mM di t hi ot hr ei t ol , wi t h DNase I and

pancr eat i c RNase ( concent r at i ons as above : ^ - 20 l ag of each enzyme per 106

nucl eol i ) f or 30 mi n at r oomt emper at ur e, pel l et ed ( 5 mi n, 9, 000 g) , and ei t her

anal yzed di r ect l y or ext r act ed f ur t her wi t h l ow- sal t buf f er ( 10 mMTr i s- HCI , pH

7. 4) . I n some exper i ment s, t hese nucl ease- di gest ed nucl eol ar f r act i ons wer e

f ur t her ext r act ed wi t h hi gh- sal t buf f er s wi t h or wi t hout di t hi ot hr ei t ol as descr i bed

above. Al t er nat i vel y, nucl ear cont ent s i sol at ed i n 5 : l i sol at i on medi umcont ai ni ng

2 mMMgC1 2 wer e t r eat ed wi t h bot h DNase and RNase ( same concent r at i ons as

above) i n i sol at i on medi um f or 30 mi n and t hen di r ect l y adj ust ed t o hi gh- sal t

concent r at i on by addi t i on of an equal vol ume of 2. 0 MKCI , 10 mM Tr i s- HCl

( pH7. 4) , 2 mMMgCl 2, 10 mMdi t hi ot hr ei t ol , wi t h or wi t hout 2%Tr i t on X- 100 .

Af t er anot her 30- mi n i ncubat i on, t he r esi dual mat er i al was pel l et ed at 3, 000 g f or

20 mi n . The pel l et was washed i n 20 mMTr i s- HCI or Sor ensen phosphat e buf f er s

( bot h pH7. 4) and used f or gel el ect r ophor esi s or mi cr oscopy.

Li ght Mi cr oscopy

Pr epar at i ons wer e made i n mi cr oscope sl i de chamber s ( f or t echni cal det ai l s

see r ef er ences 10 and 20) and cent r i f uged at 2, 000 g f or 10 mi n t o at t ach t he

mat er i al f i r ml y t o t he cover sl i p f or mi ng t he bot t omof t hechamber . Phot ogr aphs

wer e t aken wi t h t he i nver t ed mi cr oscope I M 35 ( Car l Zei ss, Ober kochen, Ger -

many) usi ng phase cont r ast or di f f er ent i al i nt er f er ence cont r ast ( Nomar ski opt i cs) .

El ect r on Mi cr oscopy

I sol at ed nucl eol i and nucl ear cont ent s obt ai ned af t er t he var i ous ext r act i on

pr ocedur es wer e f i xed at r oom t emper at ur e or on i ce f or 30 mi n, wi t h 2 . 5%

gl ut ar al dehyde i n 0. 05 Msodi umcacodyl at e buf f er ( pH7. 2) or i n t he buf f er used

i n t he speci f i c ext r act i on pr ocedur e . I n some exper i ment s, hi gh- sal t - ext r act ed

f r act i ons wer e f i xed i n 2. 5%gl ut ar al dehyde made up i n 10 mMphosphat e buf f er

( pH 7 . 4) cont ai ni ng 1 . 0 or 1 . 5 MKCI , t o avoi d r ear r angement s dur i ng r educt i on

of i oni c st r engt h. Then t he mat er i al was washed t hor oughl y by sever al changes

of col d cacodyl at e buf f er and post f i xed i n 2%osmi umt et r oxi de f or 60 mi n i n t he

col d. Af t er sever al washes i n di st i l l ed wat er t hesampl es wer e i ncubat ed over ni ght

at 4° C i n an aqueous 0. 5%sol ut i on of ur anyl acet at e. Af t er dehydr at i on i n a

gr aded et hanol ser i es and a passage t hr ough pr opyl ene oxi de, t he mat er i al was

embedded i n Epon 812 ( Ser va) . Ul t r at hi n sect i ons obt ai ned wi t h a Rei cher t

OmI J3 ul t r ami cr ot ome ( Rei cher t , Vi enna, Aust r i a) wer e doubl e- st ai ned accor d-

i ng t o convent i onal pr ocedur es and obser ved i n t he el ect r on mi cr oscope ( El mi s-

kop 101, Si emens, West Ber l i n, Ger many ; EM 10A, Car l Zei ss) .

Spr ead pr epar at i ons wer e made essent i al l y accor di ng t o t he pr ocedur e de-

scr i bed by Mi l l er and Bakken ( 45) , usi ng t he f ol l owi ng modi f i cat i on : The mat er i al

t r eat ed as descr i bed above was l ayer ed on t op of a cushi on consi st i ng of 1%

gl ut ar al dehyde, 0 . 1 Msucr ose, 0 . 5 mMsodi um bor at e buf f er of di f f er i ng pH

val ues ( 7. 4, 8. 0, 9 . 0) i n a cent r i f ugat i on chamber and cent r i f uged ont o f r eshl y

gl ow- di schar ged car bon- coat ed gr i ds ( 3, 500 g f or 30 mi n) . The gr i ds wer e r i nsed

i n di st i l l ed wat er and negat i vel y st ai ned wi t h 1% ur anyl acet at e. Some pr epar a-

t i ons wer e al so posi t i vel y st ai ned wi t h et hanol i c 1° k phosphot ungst i c aci d and

dr i ed f r om 100%et hanol ( 45) .

RESULTS

I sol at i on of Nucl eol i

The nucl eus ( " ger mi nal vesi cl e" ) of t he mat ur i ng oocyt e of

Xenopus l aevi s cont ai ns - 1, 000 ext r achr omosomal nucl eol i t hat

ar e r el at i vel y cl osel y spaced and r epr esent , by f ar , t he most

f r equent st r uct ur al component s pr esent i n t hese nucl ei . Nu-

cl eol i wer e i sol at ed by one of t he f ol l owi ng pr ocedur es: ( a)

Nucl eol ar r esi dual mat er i al ( skel et ons) was di r ect l y enr i ched

f r om manual l y i sol at ed ger mi nal vesi cl es by f i r st pr epar i ng

gel l ed nucl ear cont ent s i n t he pr esence of mi l l i mol ar concen-

t r at i ons Of MgC1 2 ( 37, 56) f ol l owed by ext r act i on i n hi gh- sal t

buf f er s . ( b) Nucl ei i sol at ed by t he mass- i sol at i on pr ocedur e

( 55) wer e homogeni zed, and nucl eol i wer e separ at ed f r omot her

pani cl es, i ncl udi ng cont ami nat i ng yol k pl at el et s, mi t ochondr i a,

and nucl ei of f ol l i cl e epi t hel i al cel l s, by f l uor escence- act i vat ed

par t i cl e sor t i ng usi ng a UV l aser ( Fi g . I ) . Wi t h t hi s met hod,

ei t her t he whol e nucl eol ar popul at i on was col l ect ed or di f f er ent

si ze cl asses of nucl eol i wer e f r act i onat ed . By t hi s pr ocedur e

sever al mi l l i on nucl eol i coul d be i sol at ed and count ed i n one

exper i ment . The pur i t y of t he nucl eol ar f r act i ons obt ai ned by

t hi s pr ocedur e as wel l as t he good mor phol ogi cal pr eser vat i on

i s demonst r at ed i n Fi g. 2 . El ect r on mi cr oscopy of spr ead

pr epar at i ons of such f r act i ons r eveal ed t ypi cal ar r ays of RNA

pol ymer ase- cover ed nucl eol ar chr omat i n i nt er cept s separ at ed

FI GURE 3

	

Li ght mi cr oscopy ( a- d, i nt er f er ence cont r ast ; e, phase cont r ast ) and el ect r on mi cr oscopy ( f and g, ul t r at hi n sect i ons) of

r esi dual ( " skel et al " ) st r uct ur es of ampl i f i ed nucl eol i manual l y i sol at ed f r om Xenopus oocyt es obt ai ned af t er var i ous t r eat ment s .

( a) Nucl eol i i sol at ed i n buf f er ed 5 : 1 i sol at i on medi um cont ai ni ng 2 MMMgCl 2 , af t er t r eat ment wi t h pancr eat i c RNase, f ol l owed

by washi ng i n l ow- sal t buf f er ( 1 mM Tr i s) : a cent r al dense aggr egat e i s sur r ounded by a r i ngl i ke cor t i cal st r uct ur e . ( b) Nucl eol i

si mi l ar l y i sol at ed and t hen t r eat ed wi t h a mi xt ur e of DNase I , mi cr ococcal nucl ease, and pancr eat i c RNase: t he dense cent r al

aggr egat e of t he nucl eol i has been r educed and, i n some nucl eol i , has compl et el y di sappear ed, wher eas t he r esi dual cor t i cal shel l

has been r et ai ned . ( c) Nucl eol ar r esi dues obt ai ned af t er i sol at i on i n t he pr esence of 2 MMMgC12 and subsequent t r eat ment wi t h

DNase and r epeat ed washes i n l ow- sal t buf f er : t he dense aggr egat e has di sappear ed, t he onl y st r uct ur e r esi st ant i s t he cor t i cal

skel et al component appear i ng as a r i ng. ( d) Nucl eol i i sol at ed i n buf f er ed 5 : 1 i sol at i on medi um cont ai ni ng 2 MMM9C1 2 and t hen

washed and i ncubat ed i n 1 mM Tr i s- HCI buf f er ( pH 7 . 2) . A r i ngl i ke cor t i cal st r uct ur e i s seen, whi ch sur r ounds a dense, of t en

eccent r i cal l y l ocat ed aggr egat e . ( e) Nucl eol ar skel et ons obt ai ned af t er i sol at i on i n buf f er ed 5 : 1 i sol at i on medi um cont ai ni ng 2 mM

MgC12 and t r eat ment wi t h buf f er cont ai ni ng 1 mM KCI and 1% Tr i t on X- 100 . ( f ) El ect r on mi cr ogr aph of nucl eol ar skel et on af t er

t r eat ment as descr i bed f or e, showi ng a l oosel y packed f i l ament meshwor k and per i pher al densel y st ai ned aggr egat es . ( g) Hi gher

magni f i cat i on of a pr epar at i on si mi l ar t o t hat shown i n f , i l l ust r at i ng t he di f f er ence i n f i l ament densi t y i n cent r al and cor t i cal

skel et on component s . Some of t he per i pher al skel et on aggr egat es ar e denot ed by ar r ows i n f and g. Bar s, 101am ( a- c and e) , 20

Am ( d) , and 1 l am ( f and g) . x 1, 700 ( a and b) , x 2, 100 ( c) , X 750 ( d) , x 1, 100 ( e) , x 22, 000 ( f ) , and x 32, 000 ( g) .
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by spacer r egi ons ( M. F . Tr endel enbur g and J. Kl ei nschmi dt ,

unpubl i shed dat a) . ( c) Nucl ei i sol at ed i n 5 : 1 i sol at i on medi um

wi t hout MgC12 wer e opened wi t h a f i ne needl e, and i ndi vi dual

nucl eol i wer e col l ect ed by use of a mi cr opi pet t e at t ached t o a

mi cr omani pul at or under obser vat i on i n an i nver t ed phase- con-

t r ast mi cr oscope ( f or t echni cal det ai l s, see r ef er ence 26) . Wi t h

t hi s met hod, - 200 nucl eol i coul d be col l ect ed per hour .

Mor phol ogy of Resi dual Nucl eol ar St r uct ur es

Obt ai ned af t er Tr eat ment wi t h Nucl ease and

Low- sal t Buf f er

When i sol at ed nucl eol i f r om oocyt e nucl ei of Xenopus wer e

di gest ed wi t h pancr eat i c RNase, r api d l oss of some mat er i al

occur r ed but a r esi dual st r uct ur e consi st i ng of a shel l - l i ke

nucl eol ar cor t ex and a cent r al spher oi dal aggr egat e was l ef t

( Fi g. 3 a) . El ect r on mi cr oscopy showed t hat t hi s cent r al i nt r a-

nucl eol ar body cont ai ned densel y aggr egat ed and heavi l y

st ai ned f i br i l l ar mat er i al , most l y nucl eol ar chr omat i n ( not

shown her e) . Dur i ng di gest i on wi t h DNase, mi cr ococcal nu-

cl ease, and nucl ease mi xt ur es, t he cent r al aggr egat e body was

gr adual l y r emoved but t he cor t i cal shel l component was st i l l

seen as a di st i nct " nucl eol ar ghost " demar cat i ng t he cont our of

t he or i gi nal nucl eol us ( Fi g . 3 b and c; i n opt i cal sect i ons t hi s

st r uct ur e usual l y appear ed as r i ng) . Pr ol onged t r eat ment wi t h

nucl eases f or up t o an hour as wel l as subsequent washes i n

l ow- sal t buf f er s di d not change t he appear ance of t hese r esi dual

nucl eol ar ghost s . Si mi l ar nucl eol ar ghost st r uct ur es sur r ound-

i ng an of t en eccent r i cal l y l ocat ed i nt er nal dense body wer e al so

obser ved when nucl eol i i sol at ed i n 5 : 1 i sol at i on medi umwi t h
2 or 10 MMMgC12 wer e i ncubat ed i n ver y l ow sal t buf f er ( Fi g.
3 d) such as 1 mMTr i s- HC1 buf f er ( pH 7 . 2) or bor at e buf f er at

pH 9 . 0 . El ect r on mi cr oscopy of such l ow- sal t - ext r act ed, Mg" -

st abi l i zed nucl eol i showed t wo pr edomi nant st r uct ur es, a dense
aggr egat e and a cor t i cal skel et on ( Fi g . 4 b) . I ncl usi on of 20 mM

di t hi ot hr ei t ol or 2- mer capt oet hanol i n t he var i ous sol ut i ons di d

not r esul t i n si gni f i cant changes of mor phol ogy . Such nucl eol ar
skel et on shel l s wer e not i nduced by t r eat ment wi t h l ow- sal t
buf f er or Tr i t on X- 100 al one because di gest i on wi t h nucl eases,
f ol l owed di r ect l y by hi gh- sal t t r eat ment , wi t h ( Fi g. 4 c) and
wi t hout ( not shown her e) Tr i t on X- 100, al so r esul t ed i n t he
appear ance of t hese st r uct ur es .

Pr et r eat ment of t he i sol at ed nucl ei and/ or nucl eol i wi t h 2-

10 mMconcent r at i ons of MgC12 was cr i t i cal f or t he appear ance

FI GURE 4 El ect r on mi cr ogr aphs of ul t r at hi n sect i ons of manual l y

i sol at ed nucl eol i f r om Xenopus oocyt es af t er di f f er ent ext r act i on

pr ocedur es . ( a) Nucl eol us i sol at ed i n 5 : 1 i sol at i on medi um wi t hout

added di val ent cat i ons and subsequent l y t r eat ed wi t h ver y l ow sal t

buf f er at el evat ed pH ( 0. 1 mM bor at e buf f er , pH 9. 0) . Af t er t hi s

t r eat ment t he sl i ght l y swol l en nucl eol us pr esent s a cent r al aggr egat e

of densel y st ai ned f i bi l l ar ar r ays ( ar r ows) sur r ounded by an out er

spher e of l ess densel y packed f i br i l l ar gr anul ar mat er i al . ( b) Nucl eo-

l us i sol at ed i n 5 : 1 medi um cont ai ni ng 2 mM MgC6 and subse-

quent l y i ncubat ed i n 1 mM Tr i s- HCI buf f er ( pH 7 . 2) , pr esent i ng a

cor t i cal shel l st r uct ur e st i l l associ at ed wi t h a dense, heavi l y st ai ned

aggr egat e ( DA) t hat i s of t en eccent r i cal l y l ocat ed . ( c) Nucl eol us

i sol at ed i n 5: 1 medi um cont ai ni ng 1 MM M9Cl 2 , t r eat ed wi t h

DNase I and RNase ( see Mat er i al s and Met hods) , ext r act ed i n hi gh-

sal t buf f er ( pr ocedur e descr i bed i n Mat er i al s and Met hods) , washed

sever al t i mes i n l ow- sal t buf f er ( 20 mMphosphat e, pH 7 . 4) , showi ng

t he pr eser vat i on of t he cor t i cal shel l st r uct ur e of densel y aggr egat ed

f i l ament s . Bar s, 1 gm. X 9, 500 ( a) , X 12, 000 ( b) , and X 18, 000 ( c) .



of a di st i nct , separ at e cor t i cal skel et on i n t he nucl eol us . Fi g. 4 a

pr esent s t he mor phol ogy of a nucl eol us f r oma nucl eus exposed

t o i sol at i on medi umwi t hout MgC1 2 and ext r act ed i n l ow- sal t

buf f er . The cent r al dense aggr egat e cont ai ni ng t he t r anscr i p-

t i onal l y act i ve r DNA chr omat i n f i br i l s i s di st i ngui shed f r om

t he per i pher al mat er i al but t he skel et al component s ar e not

det ached and separ at ed i nt o a di st i nct cor t i cal shel l .

Mor phol ogy of Nucl eol ar Skel et ons Obt ai ned

af t er Tr eat ment wi t h Hi gh- sal t Buf f er s and

Det er gent s

When gel l ed nucl ear cont ent s or i sol at ed nucl eol i f r om Xen-

opus oocyt es wer e ext r act ed i n hi gh- sal t buf f er s ( 1 . 0 or 1 . 5 M

KCl ) cont ai ni ng 1%Tr i t on X- 100, wi t hout or wi t h di t hi ot hr e-

i t ol , char act er i st i c r esi dual st r uct ur es wer e f ound ( Fi g . 3 e- g) .

Such r esi dual nucl eol ar st r uct ur es wer e r oughl y spher oi dal and

exhi bi t ed essent i al l y t he same r ange of var i at i on of di amet er s

( 3 . 5- 14 t un) as t he i nt act nucl eol i f r omwhi ch t hey wer e der i ved.

I n t hi n sect i ons t he basi c st r uct ur al component s pr esent i n

t hese nucl eol ar skel et ons appear ed as a t hr ee- di mensi onal

meshwor k of f i l ament s ( Fi g . 3f and g) . Two t ypes of f i l ament

or gani zat i on coul d be di st i ngui shed : ( a) The i nt er i or of t he

nucl eol ar skel et ons was f or med by r el at i vel y l oosel y packed

t angl es of f i l ament s - 4 nmt hi ck, whi ch appear ed most l y t o be

ar r anged i n hi gher - or der coi l s of di amet er s 30- 40 r un . ( b) I n

t he per i pher y of t he nucl eol ar skel et ons i nt ensel y st ai ned ag-

gr egat es of var i ous si zes wer e seen t hat r epr esent ed l ocal r avel s

of f i l ament packi ng ( Fi g . 3f and g) and r eveal ed many f i l ament

cont i nui t i es wi t h i nt er nal f i l ament el ement s . The condensed

f i l ament coi l aggr egat es pr esent i n t he per i pher y wer e al so
vi si bl e i n t he l i ght mi cr oscope ( Fi g . 3 e) . I n t hi n sect i ons, t he
t i ght l y coi l ed or gani zat i on of t hese skel et al f i l ament s of t en

gave t he i mpr essi on of 25- t o 30- nm l ar ge gr anul es ( Fi g. 3g)

but cl oser i nspect i on, especi al l y of nucl eol ar skel et ons washed

i n l ow- sal t buf f er s af t er hi gh- sal t t r eat ment , r eveal ed t he f i l a-

ment - coi l nat ur e of bot h component s, t he i nt er nal meshwor k,

and t he per i pher al aggr egat es . The r esi dual nucl eol ar cor t ex
st r uct ur e was al so obser ved when nucl eol i had been t r eat ed

wi t h DNase I and RNase, bef or e ext r act i on i n hi gh- sal t buf f er s

wi t h ( Fi g . 4c) or wi t hout ( not shown her e) Tr i t on X- 100.

I n negat i vel y- st ai ned spr ead pr epar at i ons of nucl eol ar skel -
t on- enr i ched f r act i ons obt ai ned by combi ned t r eat ment wi t h
hi gh- sal t buf f er and Tr i t on X- 100, t he f i l ament ous composi t i on
was al so appar ent ( Fi g . 5) . The best r esol ut i on of t he i ndi vi dual
f i l ament s was obt ai ned when t he nucl eol ar r esi due mat er i al
pr epar ed i n hi gh- sal t buf f er was f i r st washed i n l ow- sal t buf f er
( 10 mMphosphat e buf f er , pH7 . 2) , f ol l owed by br i ef i ncubat i on
i n 0 . 5 mMbor at e buf f er of pH 9 . 0 bef or e spr eadi ng. I n such
pr epar at i ons var i ous degr ees of coi l i ng and/ or aggr egat i on of
t he const i t ut i ve f i l ament s wer e obser ved, i ncl udi ng t he occur -

FI GURE 5

	

El ect r on mi cr oscopy of negat i vel y st ai ned r esi dual f r ac-

t i ons of Xenopus oocyt e nucl eol i manual l y i sol at ed i n 5 : 1 i sol at i on

medi um cont ai ni ng 2 MMM9Cl z , ext r act ed as descr i bed i n pr oce-

dur e c of Mat er i al s and Met hods, washed i n 10 mM phosphat e

buf f er ( pH 7 . 4) , and vi sual i zed af t er spr ead pr epar at i on by negat i ve

st ai ni ng wi t h ur anyl acet at e . The char act er i st i c f i l ament ous com-

posi t i on i s r ecogni zed ( a) . At hi gher magni f i cat i on ( b) , t wo t ypes of

r esi dual f i l ament st r uct ur es ar e di st i ngui shed, one t ype bei ng coi l ed

and of t en densel y aggr egat ed ( D) , t he ot her t ype of f i l ament ap-

pear i ng mor e r i gi d and smoot hl y cont our ed and ext endi ng i n be-

t ween t he dense knot s . Bar s, 0. 2 t Lm . x 87, 000 ( a) , x 150, 000 ( b) .
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r ence of " nodul es" or densi t i es ( D i n Fi g . 5 b) t hat seemed t o

cor r espond t o t he per i pher al dense aggr egat es descr i bed above

i n t hi n sect i ons . I n t hese negat i vel y st ai ned pr epar at i ons, t he

di amet er s of t he i ndi vi dual f i l ament s wer e f ound t o exhi bi t

some var i at i on, r angi ng f r om 3 t o 6 nm.

Absence of RNA i n Hi gh- sal t - ext r act ed
Nucl eol ar Skel et ons

Because t he t r anscr i pt i onal l y act i ve nucl eol i of amphi bi an

oocyt es ar e ver y r i ch i n RNA, we exami ned t he quest i on of t he

r et ent i on of nucl eol ar RNA i n t he hi gh- sal t - ext r act ed nucl eol ar

skel et ons . As can be seen f r omFi g. 6, nucl eol ar RNA, i . e . , 40S

pr e- r RNA and t he nucl ear f or mof 28S r RNA, was compl et el y

r ecover ed i n t he super nat e of hi gh- sal t ext r act i ons of nucl ear

cont ent mat er i al ( Fi g. 6 b, sl ot 2) . Cor r espondi ngl y, no subst an-

t i al amount of RNA was r et ai ned i n t he pel l et ed nucl eol ar

skel et ons ( Fi g. 6b, sl ot 3) . The nucl ear f or m of 18S r RNA ( see

Fi g . 6 a) was pr edomi nant l y nucl eopl asmi c and not r et ai ned i n

si gni f i cant amount s i n t he gel l ed nucl ear cont ent s and i sol at ed

nucl eol i used as st ar t i ng mat er i al , i n agr eement wi t h r epor t s of

r educed amount s of 18S r RNA i n i sol at ed nucl ear st r uct ur es

f r om var i ous cel l s ( 16, 19, 38, 49; see t her e f or f ur t her r ef er -

ences) .

The associ at i on of RNA wi t h hi gh- sal t - ext r act ed nucl eol ar

skel et al st r uct ur es was al so exami ned i n exper i ment s i n whi ch

oocyt e RNAwas ext ensi vel y l abel ed . I n t hr ee di f f er ent exper -

FI GURE 6

	

Absence of RNA i n hi gh- sal t - ext r act ed nucl eol ar skel e-

t ons as demonst r at ed by gel el ect r ophor esi s of RNA ( 1 . 5% agar ose

gel s) f r om manual l y i sol at ed nucl ei ( a) and hi gh- sal t - ext r act ed nu-

cl ear cont ent s ( b) of Xenopus l aevi s oocyt es . ( a) RNA ext r act ed f r om

oocyt e nucl ei ( 150 nucl ei ) i s concent r at ed mai nl y i n t hr ee bands

( ar r ows) r epr esent i ng ( f r om t op t o bot t om) 40S pr e- r RNA, nucl ear
28S r RNA, and nucl ear 185 r RNA. ( b) Hi gh- sal t - ext r act ed nucl ear

cont ent s wer e separ at ed i n pel l et abl e and super nat ant mat er i al , and
t he RNA cont ent was anal yzed separ at el y ( pel l et , sl ot 3 ; super nat e,

sl ot 2) . Mar ker RNAs wer e r un i n adj acent sl ot s ( 1 and 4) and

r epr esent , f r om t op t o bot t om: TMV RNA and 28S and 18S r RNA of

Xenopus l aevi s . The pr e- r RNA ( ar r ow, sl ot 2) and nucl ear 285 r RNA

speci es ar e al most quant i t at i vel y r ecover ed i n t he super nat ant f r ac-

t i on ( sl ot 2) , wher eas no RNA i s det ect ed i n t he pel l et cont ai ni ng

t he nucl eol ar skel et ons, except t he car r i er t RNA added ( i ndi cat ed
by t he bar ) . Not e t hat t he 18S r RNA speci es i s al most compl et el y

absent f r om t hese nucl ear subf r act i ons .
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i ment s, al ways <I %of t he t ot al r adi oact i ve RNAwas f ound t o

be associ at ed wi t h t he nucl eol ar r esi due f r act i on obt ai ned af t er

ext r act i on wi t h hi gh- sal t buf f er ; pr act i cal l y al l RNA was r e-

cover ed i n TCA- pr eci pi t at es of combi ned super nat ant f r ac-

t i ons .

Pr ot ei ns of Nucl eol i and Hi gh- sal t - ext r act ed

Nucl eol ar Skel et ons

Fr act i ons of i sol at ed nucl eol i as t hey have been used as

st ar t i ng mat er i al s f or t he pr epar at i ons of nucl eol ar skel et ons

cont ai ned a number of pol ypept i des, most of t hem >35, 000

mol wt ( Fi g . 7 a) . The compl exi t y of pol ypept i de bands as

r eveal ed by one- di mensi onal el ect r ophor esi s on pol yacr yl -

ami de gel s ( Fi g . 7 a) was si mi l ar t o t hat descr i bed i n nucl eol ar

f r act i ons f r om ear l y oocyt es ( st ages I I and I I I ) i sol at ed ( 30, 52)

by cent r i f ugat i on i n Met r i zami de ( Nyegaar d, Osl o, Nor way) .

Char act er i st i cal l y, washed i sol at ed nucl eol i and gel l ed nucl ear

cont ent s wer e l ar gel y depl et ed of sol ubl e nucl eopl asmi c pr o-

t ei ns such as t he most pr edomi nant nucl ear pr ot ei n of 30, 000

mol wt ( cf . Fi g . 7a, b, and e; f or char act er i zat i on of t hi s

phosphopr ot ei n, see r ef er ences 34, 35, 47) . Al l nucl eol ar f r ac-

t i ons i sol at ed by par t i cl e sor t i ng or manual l y st i l l cont ai ned

consi der abl e amount s of nucl ear act i n ( Fi g . 7) , i n agr eement

wi t h obser vat i ons of ot her aut hor s ( e. g. , 11, 37, 44) . The

pol ypept i de pat t er ns of l ar ge and smal l nucl eol ar subf r act i ons

wer e pr act i cal l y i dent i cal .

When f r act i ons enr i ched i n hi gh- sal t - r esi st ant nucl eol ar skel -

et ons wer e exami ned by one- and t wo- di mensi onal gel el ect r o-

phor esi s of pr ot ei ns, a r emar kabl e r educt i on of compl exi t y of

pol ypept i de composi t i on was f ound ( Fi gs . 7 and 8) . Tr eat ment

wi t h hi gh- sal t buf f er s and Tr i t on X- 100 r esul t ed i n t he enr i ch-

ment of one maj or pol ypept i de of an appar ent mol ecul ar

wei ght of 145, 000 ( denot ed by ar r ows and ar r owheads i n Fi gs .

7 and 8) . Enr i chment of t hi s pr ot ei n was most conspi cuous i n

nucl eol ar skel et on f r act i ons pr epar ed by ext r act i on i n buf f er s

cont ai ni ng 1 MKCI , wher eas nucl eol ar r esi due f r act i ons ex-

t r act ed wi t h sol ut i ons cont ai ni ng l ower or hi gher ( 1 . 5 MKCI )

sal t concent r at i ons usual l y showed t he pr esence of some ot her

pr ot ei ns i n var i abl e amount s ( Fi gs. 7 and 8) , i ncl udi ng a

component of 65, 000 mol wt and var i ous amount s of r esi dual

act i n ( e . g . , Fi g . 7) . However , bot h t he 65, 000 mol wt pol ypep-

t i de and act i n wer e cl ear l y not speci f i c t o t he nucl eol us because

t hey wer e al so r ecover ed, i n l ar ger pr opor t i ons, i n ot her nucl ear

subf r act i ons, i ncl udi ng pool ed super nat ant f r act i ons obt ai ned

dur i ng pr epar at i ons of nucl eol i ( dat a not shown) . The pr o-

t ei n was wel l vi sual i zed af t er st ai ni ng wi t h Coomassi e Bl ue

( Fi g . 7a- c) , si l ver i ons ( Fi g. 8 b) and by r adi oaut ogr aphy af t er

[ 3 Hl dansyl at i on i n vi t r o ( Fi g. 7 d and e) . On t wo- di mensi onal

gel el ect r ophor esi s, t he 145, 000 mol wt pr ot ei n enr i ched i n t he

nucl eol ar skel et on f r act i ons appear ed as a si ngl e i soel ect r i c

component wi t h an i soel ect r i c pH val ue of - 6 . 15 ( Fi g . 8 b) .

We concl ude t hat t hi s pr ot ei n, whi ch was al so i dent i f i ed as

a moder at el y f r equent component of pur i f i ed whol e nucl eol i

( Fi g . 7 a, b, and e) , i s a maj or const i t ut i ve component of t he

hi gh- sal t - r esi st ant skel et al f i l ament meshwor k of t he nucl eol us .

Thi s pr ot ei n was onl y a mi nor pr ot ei n of whol e nucl ei ( Fi g.

7 b, sl ot 2, and Fi g . 8 a) and was not det ect ed at al l i n nat i ve

( not shown) or hi gh- sal t - buf f er - ext r act ed ( Fi g . 7f ) nucl ear

super nat ant f r act i ons obt ai ned af t er pel l et i ng nucl eol i at each

st ep of nucl eol ar i sol at i on . I nt er est i ngl y, we al so not ed an

enr i chment of a pol ypept i de of 130, 000- 140, 000 mol wt when

we r eexami ned t he r esul t s of an exper i ment by Hi gashi naka-

gawa et al . ( 30) , i n whi ch t hese aut hor s had di gest ed i sol at ed



Xenopus oocyt e nucl eol i wi t h pancr eat i c RNase, t r eat ed t he

di gest wi t h l ow- sal t concent r at i ons, and pel l et ed t he r esi dual

mat er i al .

The gel el ect r ophor et i c anal yses of t he nucl eol ar skel et al

pr ot ei ns al so demonst r at ed t he absence of det ect abl e amount s

of t ypi cal r i bonucl eopr ot ei ns of t he nucl eol ar and r i bosomal

t ype as wel l as of hi st ones i n t hese pr epar at i ons ( compar e al so

r ef er ence 30) .

DI SCUSSI ON

Our obser vat i ons demonst r at e t he exi st ence of a f i br ous mesh-

wor k ( nucl eol ar skel et on) i n t he nucl eol us, t hat i s r esi st ant t o

t r eat ment s wi t h l ow- and hi gh- sal t concent r at i ons, DNases and

RNases, and noni oni c det er gent s such as Tr i t on X- 100 and

Noni det P- 40. Thi s r esi dual f i l ament st r uct ur e i s al so obser ved

af t er t r eat ment wi t h sol ut i ons cont ai ni ng r el at i vel y hi gh ( 20

mM) concent r at i ons of sul f hydr yl agent s such as di t hi ot hr ei t ol

and 2- mer capt oet hanol , whi ch i ndi cat es t hat di sul f i de bonds

ar e not cr i t i cal l y i mpor t ant f or t he mai nt enance of t hi s skel et al

compl ex . Thus, pr epar at i vel y, t he nucl eol ar skel et on of Xeno-

pus oocyt es f al l s i nt o t he cl ass of nucl ear subst r uct ur es de-

scr i bed i n somat i c cel l s t hat i s commonl y r ef er r ed t o under t he

col l ect i ve t er m " r esi dual nucl ear mat r i x" ( f or synonyms and

r evi ews, see r ef er ences 4 and 12) .

FI GURE 7 SDS- pol yacr yl ami de gel el ect r ophor esi s showi ng t he enr i chment of t he pol ypept i de of 145, 000 mol wt ( denot ed by

ar r owheads) i n nucl eol us- r i ch f r act i ons and hi gh- sal t - buf f er - ext r act ed nucl eol ar skel et on pr epar at i ons f r om Xenopus oocyt es . ( a)

Pol ypept i de pat t er n of nucl eol i i sol at ed by f l uor escence- act i vat ed par t i cl e sor t i ng ( sl ot 2 ; si mi l ar pat t er ns have been f ound f or t he

var i ous nucl eol ar si ze cl asses separ at ed by t hi s t echni que) , i n compar i son wi t h r ef er ence pr ot ei ns ( sl ot 1, mol ecul ar wei ght

r ef er ences i n 103 uni t s ar e i ndi cat ed i n t he l ef t ; f r om t op t o bot t om: myosi n heavy chai n, / 3- gal act osi dase, phosphor yl ase a, bovi ne

ser um al bumi n, r abbi t skel et al muscl e act i n, chymot r ypsi nogen) . ( b) Ref er ence pol ypept i des ( sl ot 1) and pol ypept i des pr esent i n

whol e manual l y i sol at ed oocyt e nucl ei ( sl ot 2 ; bar s denot e t he posi t i on of act i n and t he sol ubl e phosphopr ot ei n of M, 30, 000) ar e

compar ed wi t h pol ypept i des of nucl eol i i sol at ed by f l uor escence- act i vat ed par t i cl e sor t i ng and ext r act ed once wi t h hi gh- sal t buf f er

( sl ot 4, f r om 2 x 106 sor t ed nucl eol i ) and pol ypept i des of nucl eol ar skel et on- r i ch f r act i ons obt ai ned af t er t wo ext r act i ons i n hi gh-

sal t - det er gent buf f er accor di ng t o pr ocedur e a descr i bed i n Mat er i al s and Met hods ( sl ot 3) . ( c) Nucl eol ar skel et on- r i ch mat er i al

pr epar ed f r om gel l ed nucl ear cont ent s by ext r act i on i n hi gh- sal t buf f er s ( ext r act i on pr ocedur e b as descr i bed i n Mat er i al s and

Met hods, f r om a t ot al of 150 nucl ei ) , i n compar i son wi t h r ef er ence pr ot ei ns ( sl ot 1, as i n a but wi t hout ß- gal act osi dase and

chymot r ypsi nogen) . Gel s shown i n a - c have been st ai ned by Coomassi e Bl ue . ( d) Compar i son of r ef er ence pol ypept i des ( sl ot 1 ;

, 8- gal act osi dase, t r ansf er r i n, BSA, and act i n) wi t h pol ypept i des pr esent i n nucl eol ar skel et on- r i ch f r act i on ( si mi l ar pr epar at i on as

t hat shown i n c, sl ot 2) vi sual i zed by aut or adi of l uor ogr aphy af t er el ect r ophor esi s of i n vi t r o 3 H- dansyl at ed pr ot ei ns ( see Mat er i al s

and Met hods) . ( e) Pol ypept i des pr esent i n whol e nucl eol i i sol at ed by f l uor escence- act i vat ed par t i cl e sor t i ng i n 5 : 1 medi um

cont ai ni ng MgCl 2 t hat have been t r eat ed wi t h DNase and RNase, washed i n 10 mMTr i s- HCI buf f er ( pH 7 . 4) , denat ur ed, and 3 H-

dansyl at ed ( sl ot 1) , i n compar i son wi t h pol ypept i des of nucl eol ar skel et ons obt ai ned t her ef r om by ext r act i on wi t h hi gh- sal t buf f er

( 1 M KCI ) cont ai ni ng 1%Tr i t on X- 100 ( see pr ocedur e b of Mat er i al s and Met hods) , denat ur ed, and 3 H- dansyl at ed ( sl ot 2) . ( f )

Pr ot ei ns of sol ubl e nucl ear mat er i al t r eat ed wi t h hi gh- sal t buf f er ( sl ot 1) and Tr i t on X- 100 i n compar i son wi t h pel l et abl e nucl ear

mat er i al obt ai ned af t er ext r act i on wi t h hi gh- sal t buf f er cont ai ni ng Tr i t on X- 100 ( sl ot 2) . I n t hi s t ype of exper i ment oocyt e nucl ei

( 500- 800) i sol at ed accor di ng t o t he pr ocedur e of Scal enghe et al . ( 55) wer e homogeni zed, i n 5: 1 i sol at i on medi um, by sucki ng up

and down i n a pi pet t e ( see Mat er i al s and Met hods) , and t he homogenat e was cent r i f uged f or 6 mi n at 9, 000 g. The pel l et was

di r ect l y ext r act ed f or 30 mi n at r oom t emper at ur e i n hi gh- sal t buf f er ( 1 M KCI , 10 mMTr i s- HCI , pH 7. 4) cont ai ni ng 1%Tr i t on X- 100

and showed, as j udged by mi cr oscopy, enr i chment of r esi dual nucl eol ar skel et ons and nucl ear membr ane- associ at ed st r uct ur es

( sl ot 2 shows t he M, 145, 000 pol ypept i de associ at ed wi t h nucl eol ar skel et ons, and t he Mr 68, 000 pol ypept i de t hat i s t he maj or

component of nucl ear envel ope r esi dues ; cf . r ef er ence 37) . The super nat e was adj ust ed t o 1 MKCI and 1% Tr i t on X- 100, i ncubat ed

f or 30 mi n, and r ecent r i f uged ( same condi t i ons) . Onl y t r ace amount s of t he Mr 65, 000 pol ypept i de wer e r ecover ed i n t hi s pel l et

( sl ot 1, dot ) , i ndi cat i ng t hat no sedi ment abl e st r uct ur e has been i nduced t o f or m f r om super nat ant pr ot ei ns dur i ng t he i ncubat i on

wi t h hi gh- sal t buf f er and det er gent .

FRANKE ET AE .
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Pr epar at i ons of whol e nucl ear mat r i x f r act i ons descr i bed i n

t he l i t er at ur e have i ncl uded r esi dual nucl eol ar st r uct ur es, but

obvi ousl y t hi s mat er i al r epr esent s onl y a mi nor pr opor t i on of

t he t ot al " i nsol ubl e" mat er i al used i n t hese st udi es ( 4- 7, 9, 13,

31, 46, 62) . Our mode of pr epar at i on of ext r achr omosomal

nucl eol ar skel et ons excl udes most of t he cont ami nat i ons f r e-

quent l y encount er ed i n pr epar at i ons f r om somat i c cel l s such as

chr omosomal nonhi st ones of t he " scaf f ol d- t ype" ( 2, 3) , per i ph-

er al l ami na- por e compl ex mat er i al ( 1, 22, 23 ; f or t he r el at ed

pr epar at i on f r om Xenopus oocyt es, see r ef er ence 37) , and ma-

t r i x- associ at ed r i bonucl eopr ot ei ns cont ai ni ng mRNA se-

quences ( 29, 42, 46) .

FI GURE 8 Two- di mensi onal gel el ect r ophor esi s of t ot al nucl ear

cont ent pr ot ei ns ( a, Coomassi e Bl ue) and pr ot ei ns of nucl eol ar

skel et ons f r om 1 . 7 x 106 nucl ei ext r act ed i n hi gh- sal t buf f er ( 1 M

KCI , 1% Tr i t on X- 100, 10 mMTr i s- HCI , pH 7 . 4) as seen af t er st ai ni ng

wi t h si l ver ( b) . The hi gh- sal t r esi st ant nucl eol ar pr ot ei n of M, 145, 000

f ocuses at pH 6 . 15 ( ar r ow) . Not e t hat t hi s pol ypept i de i s pr esent

onl y as a mi nor pr ot ei n of t he nucl ear cont ent s . The Mr 145, 000

pol ypept i de was not i dent i f i ed i n si mi l ar gel el ect r ophor et i c anal yses

of t ot al pr ot ei ns f r om nucl ear super nat ant f r act i ons as used i n t he

exper i ment descr i bed i n Fi g. 7 f ( not shown her e) . A, act i n ; N,

nucl eopl asmi n, t he Mr 30, 000 phosphopr ot eí n . The hor i zont al scal e

( t op) pr esent s pH val ues ( f r om l ef t t o r i ght : 7 . 0, 6 . 0, 5 . 0) , t he ver t i cal

scal e ( r i ght mar gi n) pr esent s est i mat ed mol ecul ar wei ght s ( f r om t op

t o bot t om: 150, 000, 70, 000, 45, 000) .
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The r esi st ant nucl eol ar f i l ament meshwor k ( skel et on) de-
scr i bed i n t hi s st udy i s cl ear l y di f f er ent , by st r uct ur al and

bi ochemi cal cr i t er i a, f r om al l ot her pr epar at i ons of hi gh- sal t -

r esi st ant nucl ear component s descr i bed so f ar . ( a) I t s st ai nabi l -
i t y, i n t hi n sect i ons, wi t h ur anyl and l ead sal t s i s much l ess
t han t hat of r i bonucl eopr ot ei n f i br i l s, mat r i x mat er i al , nucl ear
por e compl ex st r uct ur es, and hi gh- sal t - ext r act ed chr omosomal

r esi dues f r om oocyt es and ot her cel l s . Thi s i s i n agr eement wi t h
t he r educed st ai ni ng seen i n nucl eol ar r esi due st r uct ur es com-
par ed wi t h t hat i n mat r i x and l ami na mat er i al of t he same
nucl eus ( see r ef er ences 2, 13, 31, 62; see al so Fi gs . 7 and 8 of
r ef er ence 7) . ( b) The or gani zat i on of t he nucl eol ar skel et on i n

- 4- nor f i l ament s t i ght l y coi l ed i nt o hi gher - or der f i br i l s of - 30-

40 nor as wel l as t he pat t er n of nodul ar aggr egat es of t he

nucl eol ar cor t ex i s di f f er ent f r om t he appear ance of hi gh- sal t -

ext r act ed r esi dual f i l ament s pr esent i n mat r i x and nucl ear

envel ope- der i ved f r act i ons ( e. g . , 5, 13, 15, 57) . ( c) I t i s not

associ at ed wi t h RNA i n a way r esi st ant t o ext r act i on i n hi gh-

sal t buf f er s . These obser vat i ons ar e i n agr eement wi t h r epor t s

of a r el ease of pr e- r RNA- cont ai ni ng par t i cl es under r el at i vel y

mi l d condi t i ons, i . e. , at l ow or physi ol ogi cal sal t concent r at i ons,

f r om nucl eol i of amphi bi an oocyt es ( 54) , f r ommacr onucl ei of

Tet r ahymena ( 53) , and f r om var i ous ver t ebr at e cel l s ( e . g. , 39,

43) . These f i ndi ngs, as wel l as our s, seemt o be i n cont r ast t o a

r epor t ( 28) cl ai mi ng t hat l ar ge amount s of r RNA pr ecur sor s

ar e not r el eased by hi gh- sal t and DNase t r eat ment f r omt he

macr onucl ear mat r i x of Tet r ahymena ( t hei r dat a, i ncl udi ng t he

obser ved r et ent i on of some 17S r RNA af t er hi gh- sal t t r eat ment ,

coul d be t he r esul t of i nef f i ci ent ext r act i on) . Mor eover , our

r esul t s, obt ai ned af t er nucl ease t r eat ment of nucl eol i , showt hat

nei t her RNA or DNAi s a const i t uent of t he nucl eol ar skel et on.

( d) The pr ot ei n composi t i on of t he nucl eol ar skel et on f r act i on

descr i bed her e i s di f f er ent f r om t hat of al l ot her hi gh- sal t -

r esi st ant st r uct ur es descr i bed i n amphi bi an oocyt es ( 37) and i n

somat i c cel l s f r om a br oad r ange of or gani sms, i ncl udi ng whol e

mat r i x pr epar at i ons ( 7, 13, 28, 42, 50) , chr omosomal and

nucl ear scaf f ol ds ( 2, 3) , nucl ear membr ane and por e compl ex-

l ami na f r act i ons ( 1, 22, 23, 32, 37, 41, 59) , and nucl eol us-

enr i ched f r act i ons f r om r at l i ver ( 7, 61) . Our f i ndi ng of t he

enr i chment of one pr ot ei n of 145, 000 mol wt i n nucl eol ar

skel et on f r act i ons of Xenopus oocyt es al so f or ds some suppor t
i n t he anal yses of RNase- t r eat ed nucl eol i f r om ear l y Xenopus

oocyt es descr i bed by Hi gashi nakagawa et al . ( 30) .

We concl ude t hat nucl eol i i n t hei r pur e ext r achr omosomal

f or m, and possi bl y al so chr omosome- bound nucl eol i , cont ai n

a skel et al meshwor k of f i l ament s r esi st ant t o var i ous ext r act i ons

t hat i s speci f i c t o t he nucl eol us and char act er i zed by a r el at i vel y

si mpl e pr ot ei n composi t i on . Evi dence avai l abl e at pr esent sug-

gest s t hat t he nucl eus cont ai ns sever al di st i nct and di f f er ent

ar chi t ect ur al uni t s t hat can be cl assi f i ed as " skel et al " by bot h

t hei r i nsol ubi l i t y and mai nt enance of t he speci f i c mor phol ogy

of a nucl ear subst r uct ur e : exampl es of such st r uct ur es ar e t he

chr omosome scaf f ol ds, t he l ami na st r uct ur es, and t he por e

compl exes . We specul at e t hat t he nucl eol ar skel et al pr ot ei n( s)

r epr esent a sel f - assembl y st r uct ur e t hat can associ at e, wi t h hi gh

speci f i ci t y, wi t h t he r DNA- cont ai ni ng chr omat i n and/ or wi t h

i t s t r anscr i pt i onal pr oduct s . That f i br i l l ar meshwor ks i ndi st i n-

gui shabl e f r omt he nucl eol ar skel et on st r uct ur es descr i bed her e

ar e al so obser ved i n anucl eol at e ( 0- nu) mut ant s of Xenopus

l aevi s, f or mi ng so- cal l ed " pseudo- nucl eol i " ( 27) , f ur t her sug-

gest s t hat such skel et al pr ot ei ns can assembl e i nt o spher oi dal

meshwor k st r uct ur es i ndependent of t he pr esence of nucl eol ar

chr omat i n.



The el ect r on mi cr oscopy of t hi n sect i ons of ext r act ed nucl eol i

shows t hat t he skel et al f i l ament meshwor k ext ends t hr oughout

bot h par s f i br osa and par s gr anul osa, appar ent l y wi t h gr eat er

densi t y of f i l ament packi ng i n t he out er most por t i on of t he

par s gr anul osa, and pr obabl y al so t he " f i br i l l ar cent er s" ( f or

r evi ews on nucl eol ar mor phol ogy, see r ef er ences 9, 25, and 58) .

Hopef ul l y, f ut ur e st udi es ai mi ng at l ocal i zat i on of t he maj or

nucl eol ar skel et on pr ot ei n by ant i body t echni ques wi l l cl ar i f y

t he di st r i but i on of t he skel et al f i l ament component s wi t hi n t he

i nt act nucl eol us . Fr omt he demonst r at ed l ocat i on of r i bosomal

pr ecur sor par t i cl es i n t he same nucl eol ar r egi ons t hat cont ai n

t he f i l ament meshwor k, i t i s t empt i ng t o hypot hesi ze t hat t he

nucl eol ar skel et on ser ves as a f i l ament suppor t f or t he at t ach-

ment and st or age of t hese par t i cl es .

We t hank Dr s . M. A. Wi l l i ams and H. Zent gr af ( of t hi s Cent er ) f or

val uabl e di scussi ons and suggest i ons .

The wor k has been suppor t ed i n par t by t he Deut sche For schungs-

gemei nschaf t .

Recei vedf or publ i cat i on 6 November 1980, and i n r evi sedf or m 18 Mar ch

1981 .
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