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ABSTRACT

	

The pr ot ei ns of r at l i ver cyt opl asm, nucl ear washes, mat r i x, membr ane, het er oge-

neous nucl ear ( hn) RNA pr ot ei ns and chr omat i n wer e exami ned by t wo- di mensi onal gel

el ect r ophor esi s . The i ncl usi on i n t he gel s of si x common pr ot ei n st andar ds of car ef ul l y sel ect ed

mol ecul ar wei ght and i soel ect r i c poi nt al l owed us t o cl ear l y f ol l ow t he di st r i but i on of speci f i c

pr ot ei ns dur i ng nucl ear ext r act i on . I n t he nucl ear washes and chr omat i n, we obser ved f i ve

cl asses of pr ot ei ns : ( a) Excl usi vel y cyt opl asmi c pr ot ei ns, pr esent i n t he f i r st sal i ne- EDTA wash

but r api dl y di sappear i ng f r om subsequent washes ; ( b) ubi qui t ous pr ot ei ns of 75, 000, 68, 000,

57, 000, and 43, 000 mol wt , t he l at t er bei ng act i n, f ound i n t he cyt opl asm, al l nucl ear washes

and t he f i nal chr omat i n pel l et ; ( c) pr ot ei ns of 94, 000, 25, 000, 22, 500, and 20, 500 mol wt speci f i c

t o t he nucl ear washes ; ( d) pr ot ei ns pr esent i n t he nucl ear washes and f i nal chr omat i n,

r epr esent ed by speci es at 62, 000, 55, 000, 54, 000, and 48, 000 mol wt , pr i mar i l y der i ved f r om t he

nucl ear mat r i x ; and ( e) t wo pr ot ei ns of 68, 000 mol wt pr esent onl y i n t he f i nal chr omat i n . The

maj or 65, 000- 75, 000- mol wt pr ot ei ns seen by one- di mensi onal gel el ect r ophor esi s of nucl ear

mat r i x wer e ver y het er ogeneous and cont ai ned a maj or aci di c, an i nt er medi at e, and a basi c

gr oup . A si ngl e 68, 000- mol wt pol ypept i de const i t ut ed t he maj or i t y of t he membr ane- l ami na

f r act i on, consi st ent wi t h i mmunol ogi cal st udi es i ndi cat i ng t hat a di st i nct subset of mat r i x

pr ot ei ns occur s, associ at ed wi t h het er ochr omat i n, at t he per i pher y of t he nucl eus . Act i n was

t he second maj or nucl ear membr ane- l ami na pr ot ei n . Two pol ypept i des at 36, 000 and 34, 000

mol wt const i t ut ed 60% of t he hnRNP. Appr oxi mat el y 80% of t he mass of t he nonhi st one

chr omosomal pr ot ei ns ( NHP) f r om unwashed nucl ei i s cont r i but ed by nucl ear mat r i x and

hnRNPs, and essent i al l y t he same pat t er ns wer e seen wi t h chr omat i n NHP. The concept of

NHP bei ng a di st i nct set of DNA- bound pr ot ei ns i s unnecessar i l y l i mi t i ng . Many ar e der i ved

f r om t he nucl ear mat r i x or hnRNP par t i cl es and var y i n t he degr ee t o whi ch t hey shar e di f f er ent

i nt r acel l ul ar compar t ment s .

The st udy of t he nonhi st one chr omosomal pr ot ei ns ( NHP) has
been hi nder ed by t he t r emendous di ver si t y of t hese pr ot ei ns
wi t h r espect t o si ze, char ge, sol ubi l i t y, and f unct i on ( f or r e-
vi ews, see r ef er ences 23 and 40) . The t er m " nonhi st one" i t sel f

emphasi zes t hat t hese pr ot ei ns have hi st or i cal l y been vi ewed
mor e i n t er ms of what t hey ar e not t han what t hey ar e. They
have been oper at i onal l y def i ned as a het er ogeneous gr oup of
pr ot ei ns whi ch al ong wi t h hi st ones, DNA, and var i ous speci es
of RNA, make up t he i nt er phase chr omosome, or chr omat i n

( 18, 23) . For many pur poses t hi s def i ni t i on has been sat i sf ac-

t or y . However , many st udi es on t he sol ubi l i t y of nucl ear aci di c

pr ot ei ns i n l ow i oni c- st r engt h buf f er s have demonst r at ed t hat
nucl ear pr ot ei ns sol ubl e i n, f or exampl e, 0. 35 MNaCl cl osel y
r esembl e t he r esi dual chr omosomal nonhi st ones ( 30, 31, 35, 44,
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45, 62, 87) . Thi s suggest ed t hat what many r esear cher s have

nor mal l y r egar ded as cyt opl asmi c or nucl eopl asmi c " cont ami -

nat i on" of t he chr omosomal nonhi st one f r act i on, ar e, i n f act ,

l oosel y bound nonhi st ones . Fur t her mor e, t he st udi es of Com-

i ngs and Tack ( 35) , whi ch demonst r at ed t hat most of t he NHP

( but not hi st ones) coul d be r emoved f r om chr omat i n by r e-

peat ed washi ng i n buf f er s cl osel y appr oxi mat i ng physi ol ogi cal

i oni c st r engt h, i mpl i ed t hat per haps l ess emphasi s shoul d be

pl aced on r egar di ng t he NHP as a di st i nct cl ass of pr ot ei ns
excl usi vel y associ at ed wi t h chr omat i n, but r at her t hat t hey
shoul d be consi der ed i n t he br oader cont ext of bei ng i n dy-

nami c f l ux bet ween chr omat i n and t he sur r oundi ng envi r on-

ment . Subsequent l y, ot her i nvest i gat or s have al so addr essed

t hi s poi nt ( 16, 84, 86) .
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Addi t i onal suppor t f or t hi s ki nd of t hi nki ng l i es i n f usi on-

t ype st udi es of eucar yot i c cel l s whi ch demonst r at e t he dynami c

equi l i br i um bet ween nucl eus and cyt opl asm of pr ot ei ns t hat

r egul at e cel l ul ar act i vi t y ( 19) . Al l f r ey et al . ( 4) have shown t hat

gene act i vat i on i n l ymphocyt es t r eat ed wi t h t he pl ant l ect i n,

concanaval i n A, i s accompani ed by massi ve, yet sel ect i ve,

mi gr at i on of pr ot ei n f r om t he cyt opl asmt o nucl ear chr omat i n,

and t hat not al l of t hi s pr ot ei n i s newl y synt hesi zed. Fur t her -

mor e, st er oi d hor mones have been shown t o bi nd t o t ar get cel l

DNA vi a a cyt opl asmi c pr ot ei n- hor mone r ecept or compl ex

( 82) .

One mi ght i nf er f r om t he st udi es on t he sol ubi l i t y of NHP

i n l ow i oni c- st r engt h buf f er s t hat many of t he pr ot ei ns nor mal l y

di scar ded dur i ng t he pr epar at i on of chr omat i n may be i mpor -

t ant i n chr omat i n st r uct ur e and/ or f unct i on . Thi s woul d be a

par t i cul ar l y i mpor t ant consi der at i on when one i s at t empt i ng

cer t ai n ki nds of quant i t at i ve assessment s of t he chr omat i n

pr ot ei n compl i ment ( see, f or exampl e, r ef er ence 46) . Ther ef or e,

t o cl ar i f y t he mat t er of t he di st r i but i on of NHP dur i ng t he

pr epar at i on of chr omat i n, we exami ned, by t wo- di mensi onal

gel el ect r ophor esi s ( 78) , pr ot ei ns of r at l i ver cyt opl asm, whol e

nucl ei , sal i ne- EDTA and Tr i s washes of nucl ei , and chr omat i n .

To f ur t her cl assi f y t he subt ypes of NHP we al so exami ned

t he pr ot ei ns of t he nucl ear mat r i x, nucl ear membr ane- l ami na

compl ex, and het er ogeneous nucl ear ( hn) RNA pr ot ei ns . The

nucl ear mat r i x f or ms t he st r uct ur al f r amewor k of t he nucl eus .

I t i s composed of t hr ee par t s : nucl ear por e- l ami na compl ex,

nucl eol ar mat r i x, and i nf r a- nucl ear mat r i x ( 1, 9, 11, 13, 26, 32) .

The nucl ear DNA i s at t ached t o al l t hr ee par t s . By whol e-

mount el ect r on mi cr oscopy, par t of t he mat r i x i s seen t o be

composed of f i br i l l ar el ement s ( 32, 90) whi ch we have t er med

mat r i xi n. I t has been suggest ed t hat hnRNA and i t s associ at ed

pr ot ei ns ar e al so i nt i mat el y at t ached t o t he mat r i x ( 55, 71, 76) .

Thus, t he nucl ear pr ot ei ns can be t hought of as compr i si ng t wo

maj or cl asses, t hose associ at ed wi t h DNA( hi st ones, gene r eg-

ul at or y pr ot ei ns, pol ymer ases, et c . ) and t hose not pr i mar i l y

associ at ed wi t h DNA ( nucl ear membr ane, nucl ear mat r i x,

nucl eol us, and hnRNA pr ot ei ns) . Pr evi ous st udi es f r om t hi s

l abor at or y ( 26, 32) , as wel l as wor k f r om Peder son' s gr oup ( 16,

84) , usi ng one- di mensi onal gel el ect r ophor esi s, i ndi cat e t hat

t he maj or i t y of t he NHP f al l i nt o t he second cl ass .

I n addi t i on t o f or mi ng a st r uct ur al f r amewor k of t he nucl eus,

some mat r i x pr ot ei ns ar e al so i nvol ved i n f or mat i on of t he

synapt onemal compl ex and XY body ( 32) and some may pl ay

a r ol e i n met aphase chr omosome st r uct ur e ( 2, 3, 26, 27, 37, 66,

81) and f or mat i on of chr omomer es . Those pr ot ei ns i nvol ved i n

t he nucl ear membr ane- l ami na compl ex have been shown by

i mmunocyt ol ogi cal t echni ques t o occur onl y at t he per i pher y

of t he nucl eus and t o be phosphor yl at ed and di sassembl ed

dur i ng l at e G2 phase ( 41, 48, 49, 63) .

Because of t hese mul t i pl e f unct i ons, i t i s i mpor t ant t o i dent i f y

and cl assi f y t he i ndi vi dual mat r i x pr ot ei ns and det er mi ne

whi ch ones ar e pr i mar i l y associ at ed wi t h t he nucl ear mem-

br ane- l ami na compl ex, nucl eol ar mat r i x, i nt r anucl ear mat r i x,

or hnRNP.

To suppor t t hi s anal ysi s and compar i son, we devel oped a

syst em usi ng i nt er nal pr ot ei n mar ker s of di f f er ent mol ecul ar

wei ght and i soel ect r i c poi nt whi ch di vi de each t wo- di mensi onal

gel i nt o a 36- sect or gr i d . Such a syst em has al l owed us t o

accur at el y f ol l ow t he di st r i but i on of speci f i c pr ot ei ns dur i ng

nucl ear ext r act i ons and t o specul at e on t he di st r i but i on of such

pr ot ei ns wi t hi n t he cel l .
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MATERI ALS AND METHODS

Pr epar at i on of Cyt opl asm, Nucl ei , and

Nucl ear Washes

Unl ess ot her wi se i ndi cat ed, al l oper at i ons wer e per f or med at 4 ° C. Four t o

f i ve r at s wer e f i l l ed by cer vi cal di sl ocat i on and t he l i ver s per f used wi t h i ce- col d

physi ol ogi cal sal i ne . Af t er r emoval , t he l i ver s wer e wei ghed, mi nced i n 0 . 15 ml /

g t i ssue of 10 mM Tr i s, pH 7 . 5, 3 mMCaCI _ and 0 . 1 mM CdS04 cont ai ni ng

f r eshl y pr epar ed soybean t r ypsi n i nhi bi t or ( I hg/ ml ) , 0 . 1 mM phenyl met hyl -

sul f onyl f l uor i de ( PMSF) and 5 mMf 3- mer capt oet hanol ( f 3ME) . The t i ssue was

homogeni zed wi t h one st r oke of a mot or - dr i ven Tef l on pest l e i n a Bel l co gl ass

homogeni zer ( Bel l co Gl ass, I nc . , Vi nel and, N. 1 . ) , t hen a 1 . 2- vol of 2 . 4 Msucr ose

i n 3 mMCaCl _ and 0. 1 mMCdS04 was added and mi xed and t he t i ssue was

homogeni zed wi t h ni ne addi t i onal st r okes . Af t er f i l t er i ng t hr ough Ni t ex cl ot h

( Tet ko I nc . , El msf or d, N. Y. ; 3- 7- 210) , - 20 ml of t he homogenat e was l ayer ed

over 2 . 4 Msucr ose and a cr ude gr adi ent was f or med wi t h a Past eur pi pet i n each

of si x SW27 t ubes . The gr adi ent s wer e cent r i f uged at 16, 000 r pm( 35, 000 g) i n an

SW27 r ot or f or 60 mi n . The nucl ear pel l et s wer e suspended i n 20 ml of SE buf f er

( 0 . 075 MNaCl , 0 . 025 MEDTA i n 10 mMTr i s, pH 7. 5 cont ai ni ng 5 mMf 3ME

and 0. 1 mM PMSF) . Af t er i ncubat i ng on i ce f or 10 mi n, t he nucl ei wer e

cent r i f uged f or 10 mi n at 2, 000 r pm( 650 g) i n t he Sor val l FI B- 4 r ot or ( DuPont

Co . , I nst r ument Pr oduct s Di v . , Wi l mi ngt on, Del . ) . Thi s wash was r epeat ed once,

t hen f ol l owed by t wo i dent i cal washes i n 10 mMTr i s, pH 7 . 5, 5 mMRME, and

0 . 1 mMPMSF . Each wash super nat e was f ur t her cent r i f uged f or I h at 100, 000

g i n a 50 Ti - r ot or bef or e sodi um dodecyl sul f at e ( SDS) t r eat ment ( see bel ow) .

For cyt opl asmi c pr ot ei ns, f i l t er ed homogenat e f r omwhol e l i ver was f i r st cent r i -

f uged f or 30 mi n at 48, 000 g, t hen t he super nat e was cent r i f uged f or an addi t i onal

2 h at 100, 000 g. The f i nal super nat e was t hen pr epar ed f or l yophi l i zat i on i n t he

same manner as wi t h t he SE and Tr i s washes .

I sol at i on of t he Nucl ear Mat r i x

Nucl ear mat r i x pr ot ei ns wer e i sol at ed by t he pr ocedur e of Ber ezney and

Cof f ey ( 13) . Si x r at l i ver s wer e homogeni zed wi t h 10 st r okes of a Tef l on

homogeni zer i n 1/ 4 vol ume of TMbuf f er ( 0. 25 Msucr ose, 5 mMMgCh, 0. 05 M

Tr i s, pH 7. 4) pl us f r eshl y added 1 mM PMSF, and I mMsodi um t et r at hi onat e

( 10) . The homogenat e was f i l t er ed t hr ough f our l ayer s of cheesecl ot h, pl aced i n

cel l ul ose ni t r at e t ubes ( hal f f ul l ) , and under l ai d wi t h 2. 4 Msucr ose i n TMbuf f er .

A cr ude gr adi ent was f or med by st i r r i ng t he i nt er f ace and cent r i f uged at 38. 000

g ( avg) f or 60 mi n i n an SW27 r ot or ( Beckman I nst r ument s, I nc. , Spi nco Di v. ,

Pal o Al t o, Cal i f . ) at 4 ° C. The nucl ear pel l et was r esuspended i n 30 ml of TM

buf f er and t r eat ed wi t h DNase I ( 2- 5 pg/ ml ) and RNase A ( 2- 5 pg/ ml ) at 22 ° C

f or 15 mi n . The nucl ear suspensi on was cent r i f uged at 770 g( avg) f or 15 mi n and

t he pel l et was washed once i n TM buf f er . The nucl ei wer e st or ed over ni ght at

0° C i n TM buf f er , t hen cent r i f uged al 770 g f or 15 mi n . These nucl ei wer e

r esuspended i n 0. 2 mMMgC1 z , 10 mMTr i s, pH 7. 4, at a concent r at i on of 2 mg/

FEEL i ncubat ed f or 10 mi n at 0° C, and t hen cent r i f uged 770 g f or 30 mi n . Thi s st ep

was r epeat ed t wi ce at 4 mg pr ot ei n/ ml . The nucl ei wer e r esuspended i n 2 M

NaCl , 0 . 2 mM MgCl , , 10 mMTr i s, pH 7 . 4 ( same vol ume as t he pr evi ous wash) ,

i ncubat ed at 0° Cf or 10 mi n, and t hen cent r i f uged at 770 g f or 60 mi n . Thi s st ep

was r epeat ed t wi ce . The nucl ei wer e t hen t r eat ed wi t h 1% Tr i t on X- 100 at 4 mg

pr ot ei n/ ml , st i r r ed at 0 ° C f or 10 mi n, and cent r i f uged at 770 g f or 30 mi n . The

nucl ear pel l et was r esuspended i n TM buf f er t o a f i nal concent r at i on of 2 mg

i ni t i al pr ot ei n/ ml and i ncubat ed f or 60 mi n at 22 ° C i n t he pr esence of 5 pg/ ml

DNase 1 and 200 pg/ ml RNAse A. The suspensi on was t hen cent r i f uged at 770

g f or 30 mi n. The nucl ear mat r i x was washed t wi ce wi t h TMbuf f er wi t h 770 g

cent r i f ugat i on f or 20 mi n, di al yzed agai nst di st i l l ed wat er and 0. 01%, BME, and

l yophi l i zed.

I sol at i on of Resi dual Nucl eol i

Af t er t he i ni t i al mi l d DNase di gest i on st ep i n t he i sol at i on of nucl ear mat r i x,

t he nucl ei wer e washed once i n TMbuf f er and r esuspended i n 0 . 25 Msucr ose,

10 mMTr i s, pH 7. 4, 1 mMCaCI 2 t o a f i nal concent r at i on of 1 mg pr ot ei n/ ml .

The nucl ei wer e soni cat ed wi t h 20- s bur st s of a Br anson Pr obe soni cat or ( model

S- 75, Br anson Soni c Power Co. , Danbur y, Conn . ) at set t i ng 4 unt i l no i nt act

nucl ei r emai ned, as moni t or ed by phase- cont r ast mi cr oscopy . The soni cat e was

under l ai d wi t h 0 . 9 Msucr ose, 10 mMTr i s, pH 7 . 4, and cent r i f uged at 3, 000 g f or

20 mi n . The pel l et was r esuspended i n sucr ose- Tr i s- Ca" buf f er , agai n under l ai d

wi t h t he 0. 9 Msucr ose buf f er , and r ecent r i f uged . The nucl eol i wer e st or ed

over ni ght i n TMbuf f er wi t h I mM PMSF and I mMsodi um t et r at hi onat e at

0° C. The r esi dual nucl eol i wer e t hen t r eat ed i n t he same manner as f or t he

nucl ear mat r i x begi nni ng wi t h t he TMbuf f er washes except t hat al l nucl eol ar

f r act i ons wer e cent r i f uged at 3, 000 g f or 60 mi n.



I sol at i on of t he Nucl ear Por e Compl ex

I sol at i on of t he nucl ear por e compl ex was by t he pr ocedur e of Aar onson and

Bl obel ( 1) . I sol at ed r at l i ver nucl ei at a concent r at i on of 6 x 106/ ml ( - 2 mg

pr ot ei n/ ml ) wer e i ncubat ed at r oom t emper at ur e f or 15 mi n i n 8 mMTr i s, pH

8. 5, 0 . 1 MM MgC12 , 11 mM #ME, 0. 25 Msucr ose, l pg/ ml DNase I , and

i ncubat ed at r oomt emper at ur e f or 20 mi n. 2 Vol of col d di st i l l ed wat er was added

and t he suspensi on cent r i f uged at 1, 000 g f or 20 mi n at 4° C. The pel l et was

r esuspended i n 12 ml of col d 0 . 25 Msucr ose, 50 mMTr i s, pH 7. 5, 25 mMKCI ,

5 mMMgCl z t o whi ch 3 ml of 10%Tr i t on X- 100 ( vol / vol ) was added . Thi s was

i ncubat ed at 0° C f or 10 mi n t hen cent r i f uged at 1, 000 g f or 15 mi n. The pel l et

was r esuspended i n col d 0. 25 Msucr ose, 50 mMTr i s, pH 7. 5, 25 mMKCI , 5 mM

MgC1 2, and 1 MMgCl 2 added t o gi ve a f i nal concent r at i on of 0. 3 mM MgC12.

Af t er cent r i f ugat i on at 1, 000 g f or 15 mi n, t he pel l et was di al yzed agai nst di st i l l ed

wat er and 0. 01%, 8ME and l yophi l i zed .

I sol at i on of hnRNP Par t i cl es

The hnRNP par t i cl es wer e i sol at ed by t he pr ocedur e of Samar i na et al . ( 88) .

I sol at ed nucl ei wer e washed t hr ee t i mes i n STM- 7 ( 10 mMTr i s, pH 7, 0 . 15 M

NaCI , l mM MgCl 2, 5 mM, 8ME, 0 . 1 mMPMSF) f ol l owed by f our washes i n

STM- 8 ( pHadj ust ed t o 8) . The combi ned super nat es wer e cl ar i f i ed by cent r i f u-

gat i on at 2, 000 g f or 10 mi n and cent r i f uged t hr ough a 15- 30% sucr ose gr adi ent

f or 15 h at 23, 000 r pmi n an SW27 r ot or . The 30S peak was di al yzed agai nst

( 3ME and l yophi l i zed .

Pr epar at i on of Chr omat i n

Chr omat i n was pr epar ed by t he pr ocedur e of Bonner et al . ( l 8) f r ompur i f i ed

nucl ei . Nucl ei wer e washed t wi ce wi t h sal i ne- EDTA buf f er , t hen f i ve t i mes wi t h

10 mMTr i s . Al l buf f er s cont ai ned 5 mM#MEand 0. 1 mMPMSF . Fi nal pel l et s

wer e r esuspended i n Tds buf f er and pur i f i ed t hr ough 1 . 7 Msucr ose. Pur i f i ed

chr omat i n was di al yzed over ni ght agai nst Tds buf f er , shear ed i n a Vi r Ti s 65

( Vi r Ti s Co, I nc . , Gar di ner , N. Y . ) , and unshear ed mat er i al was pel l et ed at 10, 000

r pmf or 10 mi n. Chr omat i n pr epar ed t hi s way had an A360/ A260 of 0. 04 and a

pr ot ei n t o DNAr at i o of 1 . 8. The f i nal chr omat i n was cent r i f uged at 100, 000 g f or

18 h i n t he pr esence of 1% SDS t o pel l et t he DNA. Anal ysi s of t he super nat e

r eveal ed t hat > 90%of t he pr ot ei n i s r emoved by t hi s pr ocedur e . Thi s super nat e

was t hen t r eat ed i n t he same way as t he washes r egar di ng di al ysi s, et hanol

t r eat ment , and l yophi l i zat i on .

Pr epar at i on of Sampl es f or Lyophi l i zat i on

Af t er t he 100, 000 g cent r i f ugat i ons of cyt opl asm and SE and Tr i s nucl ear

washes ( see above) , f r esh PMSF was added t o t he super nat es, t hey wer e al l owed

t o war m sl i ght l y at r oom t emper at ur e, t hen l 0% SDS was added t o a f i nal

concent r at i on of 1%. The sampl es wer e di al yzed agai nst t wo changes of 5 mM

/ 3ME over ni ght , t hen di al yzed agai nst t wo changes of 95% E( OH. Thi s st ep

sol ubi l i zes f r ee SDS and al l ows i t t o be r emoved f r om t he pr eci pi t at ed SDS-

pr ot ei n compl exes by cent r i f ugat i on at 10, 000 r pm f or 15 mi n i n t he HB- 4 r ot or .

Pr ot ei n pel l et s wer e r esuspended i n a mi ni mal vol ume ( - 2 ml ) of 5 mM#ME

and l yophi l i zed .

Sampl e Pr epar at i on f or l sof ocusi ng

Lyophi l i zed sampl es wer e r esuspended i n a mi ni mal vol ume of 2% SDS, 5

mMEDTA, and 5%, l 3ME i n a Comi ng 15- ml pl ast i c coni cal t est t ube ( Cor ni ng

Gl ass Wor ks, Sci ence Pr oduct s Di v . , Cor ni ng, N. Y . ) . The sampl e was bat h

soni cat ed f or sever al seconds t o di ssol ve or at l east t ot al l y di sper se t he mat er i al .

We f i nd t he pl ast i c t ubes much super i or t o gl ass f or t hi s pur pose because of t he

i mpr oved t r ansmi ssi on of ul t r asoni c vi br at i on dur i ng soni cat i on . Thi s was f ol -

l owed by boi l i ng f or no mor e t han 1 mi n . We have f ound t hat l onger t i mes

i ncr eased t he r i sk of ar t i f act s i n t he i sof ocusi ng di mensi on ( see al so r ef er ence 99) .

The sampl es wer e t hen al l owed t o cool t o r oom t emper at ur e, upon whi ch t i me

ur ea was added at a concent r at i on of 0 . 8 mg/ pl of or i gi nal SDS sampl e buf f er

vol ume . As t he r esul t of a sl i ght vol ume l oss on boi l i ng, t hi s r epr esent s an

ef f ect i ve concent r at i on of >9 Mur ea. The pr ot ei n concent r at i on was det er mi ned

on a 5- 10- pl al i quot of t hi s mat er i al and t hen pH 3- 10 amphol yt es wer e added t o

4% ( absol ut e amphol yt econcent r at i on r el at i ve t o t ot al sampl e vol ume) and NP40

was added such t hat t he f i nal concent r at i on of det er gent was 10%of t he or i gi nal

SDS vol ume . Sampl es wer e appl i ed t o t he gel s i n vol umes not exceedi ng 150 AL

Lar ger vol umes t ended t o cause a l oss of r esol ut i on and a shi f t i ng of t he pH

gr adi ent t owar d t he aci di c end caused by t he r el at i vel y l ar ge amount of SDS i n

t he gel . Sampl es wer e over l ayed wi t h an agar ose- ur ea sol ut i on ( 1%agar ose, 0 . 5

M ur ea) t o pr ot ect agai nst t he cat hodi c buf f er , par t i cul ar l y t he pr eci pi t at ed

CaCO, ( see bel ow) whi ch set t l es ont o t he sur f ace of t he agar ose wi t h t i me.

Two- di mensi onal Gel El ect r ophor esi s

Two- di mensi onal gel el ect r ophor esi s was per f or med essent i al l y accor di ng t o

O' Far r el l ( 78) wi t h t he f ol l owi ng modi f i cat i ons : I sof ocusi ng was car r i ed out i n

l 9- cm gel s of 3. 2- mmi nt er nal di amet er usi ng t he f ol l owi ng sol ut i on t o pour f our

gel s : 1 ml of acr yl ami de ( 28. 38%acr yl ami de, 1 . 62% hi s) , 2 ml of 10%NP40, 2. 5

ml H2 O, 5 . 6 g of ul t r apur e ur ea, 600 Al of Bi ol yt e amphol yt e ( 3- 10, 100 p1 ; 6- 8,

200 AI ; 5- 7, 300 Al ) . Cat al yst s used wer e 100 Al of 10%ammoni um per sul f at e, 8

Al of N, N, N' , N' - t et r amet hyl et hyl enedi ami ne ( TEMED) , and 5 pl of r i bof l avi n

( 0. 5 mg/ ml ) . Gel s wer e al l owed t o pol ymer i ze under ul t r avi ol et l i ght f or a

mi ni mumof 4 h and usual l y over ni ght . Sampl es wer e l oaded ont o t he gel s ( see

bel ow) andr un i n a Savant hi gh- vol t age el ect r ophor esi s uni t ( Savant I nst r ument s,

I nc. , Hi cksvi l l e, N. Y . ) wi t h t he accompanyi ng l ower chamber bei ng r epl aced by

a 25- cm hi gh Luci t e r eser voi r t o accommodat e t he l onger gel s . El ect r ophor esi s

was car r i ed out wi t h a Hoef er PS1200 DC pr ogr ammabl e power suppl y ( Hoef er

Sci ent i f i c I nst r ument s, San Fr anci sco, Cal i f . ) . El ect r ode buf f er s wer e 0 . 01 M

phosphor i c aci d ( anode) and 0. 04 MNaOH, 0. 02 MCa( OH) 2 ( cat hode) . The

Ca( OH) 2 r emoves di ssol ved C0 2 by f or mi ng i nsol ubl e CaCO3: we f i nd t hat t hi s

adds st abi l i t y and r educes var i at i on of t he pH gr adi ent s i n di f f er ent r uns . Runs

wer e pr ogr ammed at a const ant cur r ent of 0. 5 mA/ t ube unt i l t he vol t age r eached

a pr esent val ue of 800 V. Subsequent el ect r ophor esi s was t hen at t hi s const ant

vol t age. Gel s wer e r un f or 17 h, and t hen hyper f ocused f or 1 h at 1, 000 V. pH

measur ement s wer e made at 1- cm i nt er val s di r ect l y on t he ext r uded gel s usi ng a

Sensor ex t ype 450C f l at bed combi nat i on el ect r ode ( Sensor ex, West mi nst er ,

Cal i f . ) .

The second di mensi on was r un accor di ng t o O' Far r el l ( 78) empl oyi ng t he

Laemml i ( 65) syst emexcept t hat f our i sof ocusi ng ( I F) gel s wer e r un si mul t ane-

ousl y on one cont i nuous sl ab gel of 20- x 86- cmdi mensi ons . I ndi vi dual I F gel s

wer e anchor ed i nt o pl ace wi t h a l % agar ose sol ut i on cont ai ni ng 0 . 5 Mur ea and

0. 005%br omphenol bl ue t r acki ng dye. Af t er const ant vol t age el ect r ophor esi s at

60 V f or - - 1 . 5 h t hr ough t he st acki ng gel ( 4 . 75% acr yl ami de) and 120 V f or 7- 8

h t hr ough t he r esol vi ng gel ( 10% acr yl ami de) , t he gel was t hen sl i ced i nt o f our

20- x 20- cmsl abs and st ai ned over ni ght i n 0 . 05%coomassi e bl ue R i n 10%acet i c

aci d, 25%i sopr opanol . Dest ai ni ng was accompl i shed by f i r st pl aci ng get s i n 10%

acet i c aci d, 25% i sopr opanol f or l - 2 h f ol l owed by sever al changes wi t h 10%

acet i c aci d . They wer e phot ogr aphed t he f ol l owi ng day, wi t h t he or i ent at i on such

t hat t he basi c end i s t o t he l ef t and t he aci di c end i s t o t he r i ght .

Mol ecul ar wei ght val ues wer e assi gned usi ng t he l og mol ecul ar wei ght vs . Rr

r el at i onshi p descr i bed by Shapi r o et al . ( 92) . The mol ecul ar wei ght of any gi ven

pr ot ei n was det er mi ned f r oma compar i son of i t s mobi l i t y wi t h t hat of st andar ds

r un i n t he same gel i n bot h di mensi ons .

Nonequi l i br i um Gel El ect r ophor esi s

To exami ne t he mor e basi c pr ot ei ns i n t hese washes t he nonequi l i br i um pH

gr adi ent el ect r ophor esi s ( NEPHGE) syst emof O' Far r el l et al . ( 79) was used and

modi f i ed t o accommodat e our syst em. The const i t ut i on of t he I F gel s was

i dent i cal t o t he equi l i br i um met hod, wi t h t wo except i ons . Onl y pH 3- 10 ampho-

l yt es wer e used ( 500 pl / sol ut i on f or f our gel s) and t he cat al yst s wer e i ncr eased i n

amount because of t he hi gher pr opor t i on of basi c amphol yt es pr esent i n t he

mi xt ur e . Ammoni umper sul f at e was i ncr eased t o 20 Al and TEMEDt o 14 pl . The

amount of r i bof l avi n r emai ned unchanged . Sampl es wer e agai n over l ai d wi t h

100 Al of 1%agar ose i n 0 . 5 Mur ea, but i n t hi s case t he agar ose was l ayer ed ont o

25 Al of sampl e over l ay cont ai ni ng 8 Mur ea, 5%NP40, and t % 3- 10 amphol yt e .

El ect r ophor esi s was car r i ed out wi t h r ever sed pol ar i t y as suggest ed by O' Far r el l

and r un at 400 V f or 11 h . Subsequent handl i ng of t he gel s and SDS gel

el ect r ophor esi s was i dent i cal t o t hat empl oyed i n t he equi l i br i um syst em.

Pr ot ei n Det er mi nat i on

Pr ot ei n concent r at i ons empl oyed i n t he gel el ect r ophor esi s wer e det er mi ned

by a r api d TCA- t ur bi di t y pr ocedur e pr evi ousl y descr i bed ( 36) . Quant i t at i ve

eval uat i on of t he pr ot ei ns of t he nucl ei , nucl ear washes, et c . was obt ai ned by

di al yzi ng 0. 5- t o 1 . 0- ml sampl es over ni ght agai nst 1 NNaOH and assayi ng by

t he met hod of Lowr y et al ( 72) .

Chemi cal s

Pr ot ei n st andar ds phosphor yl ase a ( P- 1261) , 3- phosphogl ycer at e ki nase ( P-

7634) , car boni c anhydr ase ( C- 7500) , and soybean t r ypsi n i nhi bi t or ( T- 9003) wer e

pur chased f r om Si gma, Chemi cal Co . ( St . Loui s, Mo. ) , as wer e ammoni um

per sul f at e, gl yci ne, Na, EDTA, PMSF, and SDS. NP- 40 was obt ai ned f r om

Par t i cl e Dat a I nc. ( El mhur st , 111 . ) , and r i bof l avi n was pur chased f r om East man

Kodak Co . ( Rochest er , N. Y. ) . Bovi ne ser um al bumi n ( 9385) was obt ai ned f r om

Nut r i t i onal Bi ochemi cal s Cor p . ( Cl evel and, Ohi o) . Rat skel et al myof i br i l , con-

t ai ni ng act i n as t he pr i nci pal component , was pr epar ed accor di ng t o t he pr ocedur e
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of Edi nger and Fi schman ( 42) . Ul t r apur e ur ea was pur chased f r om Schwar z/

Mann Di v . , Bect on, Di cki nson & Co . ( Or angebur g, N. Y. ) , acr yl ami de, N' , N' -

met hyl enebi sacr yl ami de, N, N, N' , N' - t et r amet hyl et hyl enedi ami ne ( TEMED) , and

amphol yt es f r om Bi o- Rad Labor at or i es ( Ri chmond, Cal i f . ) .

RESULTS

Bef or e an accur at e and r epr oduci bl e compar i son among gel s

of wi del y di f f er i ng pr ot ei n const i t ut i on coul d be at t empt ed, we

needed t o devi se a r ef er ence syst em wher eby t he pr eci se l oca-

t i on of pol ypept i de spot s i n di f f er ent gel s coul d be compar ed .

We ar r i ved at such a syst emby choosi ng pr ot ei n st andar ds t hat

pr ovi ded an ef f ect i ve " compar t ment al i zat i on" of each gel and

ar e commer ci al l y avai l abl e or easi l y pr epar ed . Thi s was i m-

por t ant , because one of our goal s was t o est abl i sh a syst emt hat

coul d ser ve as a usef ul gui de i n compar i ng speci f i c NHPamong

di f f er ent l abor at or i es .

Fi g . l r epr esent s t he ki nd of par t i t i oni ng t hat can be obt ai ned

wi t h t he si x st andar ds chosen . Dr awi ng an x- and y- i nt er cept

t hr ough t he st andar ds di vi des t he gel i nt o 36 sect i ons . The

obser ved i soel ect r i c poi nt s ar e r el at i vel y meani ngl ess because

pH measur ement s i n ur ea t end t o be hi gher t han i n i t s absence :

t hi s i s caused by t he r educt i on of hydr ogen i on act i vi t y ( 22)

and possi bl y di r ect ef f ect s on t he pH el ect r ode i t sel f ( 96) .

Aber r ant i soel ect r i c poi nt s det er mi ned i n ur ea can al so r esul t

f r om t he denat ur at i on of t he pr ot ei n ( 96) .

Because t he absol ut e i soel ect r i c poi nt s of t he st andar ds em-

pl oyed wer e most l y det er mi ned i n t he absence of ur ea, t he

posi t i on of a gi ven pol ypept i de bet ween t wo x- i nt er cept s can

gi ve an est i mat e of i t s t r ue i soel ect r i c poi nt . However , because

we wer e mor e concer ned about t he posi t i ons of t he spot s

r el at i ve t o t he i nt er nal st andar ds, subsequent gel s ar e pr esent ed

wi t h measur ed pH gr adi ent s omi t t ed . Fur t her det ai l s on t he

use of i nt er nal st andar ds i s pr esent ed el sewher e ( 34) .

El ect r ophor esi s of Rat Li ver

Cyt opl asm and Nucl ei

Fi g . 2 i s a r epr esent at i ve exampl e of t wo- di mensi onal gel

el ect r ophor esi s of a pr epar at i on of r at l i ver cyt opl asm. The

l i ver s wer e per f used wi t h sal i ne bef or e exci si on f r omt he ani mal

t o r emove cont ami nat i ng ser um pr ot ei ns . The absence of al -

bumi n i n Fi g . 2 at t est s t o t hi s . We have not made any at t empt

t o i dent i f y t he cyt opl asmi c pr ot ei ns except t hose t hat ar e al so

pr esent i n t he nucl eus and/ or nucl ear washes . Those cyt opl as-

mi c pol ypept i des t hat ar e al so pr esent i n t he nucl ear washes

have been ci r cl ed and assi gned a mol ecul ar wei ght . Al t hough

we t er m t hese pr ot ei ns " cyt opl asmi c" , i t i s possi bl e t hat some

mi ght be nucl eopl asmi c pr ot ei ns t hat have l eaked i nt o t he

cyt opl asm dur i ng homogeni zat i on . I n t hi s ki nd of st udy t her e

i s no way of ascer t ai ni ng wi t h any cer t ai nt y whet her or not t hi s

has occur r ed . However , t he easi l y ext r act ed sal i ne- EDTA wash

pr ot ei ns const i t ut e onl y 15% of t he t ot al nucl ear pr ot ei ns,

wher eas t he cyt opl asmi c pr ot ei ns const i t ut e t he maj or i t y of t he

sol ubl e cel l ul ar pr ot ei ns . Ther ef or e, f or a nucl eopl asmi c pr ot ei n

t o become a maj or cyt opl asmi c speci es obser ved i n our gel s

and not be pr esent i n r el at i vel y gr eat er amount s i n t he nucl eo-

pl asm seems unl i kel y ( cf . , Fi gs. 2 and 4) .

One st r i ki ng obser vat i on f r om t he compar i son of t he cyt o-

pl asmi c pr ot ei ns i n Fi g . 2 wi t h t hose of t he whol e nucl ei and

nucl ear washes ( Fi gs . 3- 6) i s t hat t he vast maj or i t y of t he

cyt opl asmi c speci es ar e mor e basi c t han bovi ne ser umal bumi n

( i nt r i nsi c pI = 4. 9) and cer t ai nl y mor e basi c t han act i n, wher eas

a much hi gher per cent age of t he nucl ear pr ot ei ns have i soel ec-

t r i c poi nt s near er t o or mor e aci di c t han t hat of act i n . Of t he

13 8

	

THE JOURNAL OF CELL BI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 86, 1980

mor e t han 350 pol ypept i des obser ved i n t he cyt opl asm, onl y

f i ve ar e al so pr esent i n al l of t he nucl ear washes and f i nal

chr omat i n. These ar e ci r cl ed and si ngl e- hat ched i n Fi g . 2 ( C

+ N) . They ar e a 75, 000- mol wt pol ypept i de bet ween act i n and

soybean t r ypsi n i nhi bi t or ( A- S) , t wo gr oups of 68, 000- dal t on

pol ypept i des i n sect or s C- B and B- A, a 57, 000- dal t on pol y-

pept i de at t he B i nt er cept , and t wo near act i n at 43, 000 dal t ons.

Al l ot her desi gnat ed spot s i n Fi g. 2 ar e gr adual l y di mi ni shed

and ul t i mat el y r emoved f r om t he nucl eus by t he f i r st Tr i s

wash .

Fi g. 3 i l l ust r at es t he gel pat t er n of unwashed r at l i ver nucl ei .

The f act t hat t he gel of unwashed nucl ei appear s t o be r el at i vel y
f r ee of cyt opl asmi c cont ami nat i on, al t hough t he sal i ne- EDTA

( SE) washes ( see Fi g . 4) show many cyt opl asmi c pr ot ei ns,

i ndi cat es t hat t he degr ee of cyt opl asmi c cont ami nat i on of t he

unwashed nucl ei i s obscur ed by t he much gr eat er abundance

of speci f i c nucl ear pr ot ei ns . The f i ve ubi qui t ous pr ot ei ns men-

t i oned above ar e si ngl e- hat ched ( C + N) . An addi t i onal set of

pol ypept i des f ound onl y i n t he nucl ear washes or f i nal chr o-

mat i n and not i n t he cyt opl asmi c f r act i on ar e doubl e- hat ched

( N) . These i ncl ude a pol ypept i de at 94, 000 dal t ons, a gr oup at

54, 000- 55, 000 dal t ons, and t wo at 25, 000 and 22, 500 dal t ons

bet ween A and S.

Most of t he ot her pr ot ei ns i n Fi g . 3, whi ch have been ci r cl ed

wi t h dot t ed l i nes and assi gned mol ecul ar wei ght val ues, ar e

t i ght l y associ at ed wi t h t he washed chr omat i n. For t he f ol l owi ng

r easons, t he 43, 000- dal t on pr ot ei n near A appear s t o be act i n :

( a) I t i s f ound i n bot h t he cyt opl asm and nucl eus ( 68) ; ( b) usi ng

t wo- di mensi onal gel el ect r ophor esi s, Gar r el s and Gi bson ( 47)

f ound nonmuscl e act i n t o be sl i ght l y mor e basi c t han muscl e

act i n, si mi l ar t o pr ot ei n 43; and ( c) we f i nd t hat r at l i ver nucl ear

act i n i sol at ed by DNAse I af f i ni t y chr omat ogr aphy by t he

met hod of Lazar i des and Li ndber g ( 67) co- mi gr at es wi t h pr o-

t ei n 43 on t wo- di mensi onal gel s .

I n Fi g. 3 t he gr oup of pr ot ei ns at t he f ar l ef t of t he gel at

mol ecul ar wei ght s of 34, 000 and 36, 000 ar e hnRNA- associ at ed

pr ot ei ns . They ar e mor e cl ear l y evi dent i n NEPHGE of Tr i s

washes ( Fi gs. 6 and 9) .

El ect r ophor esi s of Nucl ear Washes

The per cent of t he t ot al nucl ear pr ot ei n t hat was sol ubi l i zed

i n t he SE and Tr i s washes i s shown i n Tabl e I . Appr oxi mat el y

25% of t he t ot al pr ot ei n associ at ed wi t h unwashed nucl ei i s

r emoved by t hese washes .

Fi gs . 4- 6 show t he di st r i but i on of pr ot ei ns sol ubl e i n t he SE

and Tr i s washes of r at l i ver nucl ei . Most of t he cont ami nat i ng

cyt opl asmi c pr ot ei ns ar e r emoved f r om t he nucl eus i n t he f i r st

SE wash . They di sappear al t oget her by t he f i r st Tr i s wash ( not

shown) . The Tr i s washes ( Fi g . 5) al so show ( si ngl e- hat ched)

t he ubi qui t ous 75, 000- , 68, 000- , 57, 000- , and 43, 000- dal t on

pr ot ei ns . Al so, not e t he appear ance of t he 62, 000- mol wt Ql

and Q2 pr ot ei ns, whi ch ar e associ at ed wi t h t he nucl ear mat r i x

( Fi g. 7) . Onl y Q2 i s appar ent i n t he SE- 1 wash . I t s count er par t ,

Q1, begi ns t o appear i n SE- 2 washes ( not shown) and bot h QI

and Q2 ar e maj or const i t uent s of t he Tr i s washes and f i nal

nucl ear pel l et .

I n t he f i r st and second SE washes t her e i s a 25, 000- mol wt

pr ot ei n st r eaked near t he basi c end of gel s . Thi s pr ot ei n i s a

maj or pr ot ei n of t he SE- 1 wash of mouse l i ver nucl ei ( 38) and

has been pur i f i ed t o homogenei t y i n our l abor at or y ( Conner

and Comi ngs, manuscr i pt i n pr epar at i on) . I t i s cl osel y r el at ed

t o t he hi gh mobi l i t y gr oup ( HMG) pr ot ei ns f i r st r epor t ed by

Goodwi n et al . ( 51) and Goodwi n and Johns ( 50) .



FI GURE 1

	

St andar d t wo- di mensi onal gel el ect r ophor esi s of pr ot ei n st andar ds . A l yophi l i zed mi xt ur e of st andar ds cont ai ni ng t he
f ol l owi ng quant i t i es of pr ot ei n was el ect r ophor esed as descr i bed i n Mat er i al s and Met hods : r at skel et al muscl e myof i br i l , 30 pg ;
phosphor yl ase a, 14 ug ; BSA, 5 j ug ; 3- phosphogl ycer at e ki nase, 8 t t g ; car boni c anhydr ase, 10, ug; and soybean t r ypsi n i nhi bi t or , 8 pg .
The di agr am bel ow t he phot ogr aph of t he gel depi ct s t he gr i d r ef er ence pat t er n obt ai ned by dr awi ng hor i zont al and ver t i cal l i nes
t hr ough t he i ndi cat ed st andar ds . The l et t er s P, C, B, A, and 5 at t he t op of t he di agr am desi gnat e t he coor di nat es of 3-
phosphogl ycer at e ki nase, car boni c anhydr ase, BSA, act i n and soybean t r ypsi n i nhi bi t or , r espect i vel y . Number s i n par ent heses

i ndi cat e pH val ues at t hese coor di nat es der i ved f r om t he pH gr adi ent measur ed i n t he f i r st di mensi on ( i sof ocusi ng) gel . I n al l gel s,
ver t i cal l i nes dr awn t hr ough 3- phosphogl ycer at e ki nase, car boni c anhydr ase, and BSA ar e dr awn t hr ough t he most basi c or
" par ent " spot . Al l gel s ar e phot ogr aphed wi t h t he basi c end t o t he l ef t and t he aci di c end t o t he r i ght . The second di mensi on was
r un i n 10%acr yl ami de.
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FI GURE 2

	

St andar d t wo- di mensi onal gel el ect r ophor esi s of r at l i ver cyt opl asm. 400 Rg of cyt opl asmi c pr ot ei ns was el ect r ophor esed
as descr i bed i n Mat er i al s and Met hods, wi t h 10%acr yl ami de i n t he second di mensi on . The gr i d pat t er n was obt ai ned f r om a
si mul t aneousl y r un dupl i cat e gel cont ai ni ng t he pr ot ei n st andar d seen i n Fi g . 1 . C, cyt opl asmi c pr ot ei ns . C+N, pr ot ei ns f ound i n
t he cyt opl asm, nucl ear washes, and f i nal chr omat i n pel l et .
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FI GURE 3

	

St andar d t wo- di mensi onal gel el ect r ophor esi s of unwashed r at l i ver nucl ei . 1, 200I Eg of nucl ear pr ot ei ns was el ect r o-

phor esed under t he same condi t i ons as t hose descr i bed i n Fi gs . 1 and 2 . C, cyt opl asmi c pr ot ei ns ; C+N, pr ot ei ns f ound i n t he

cyt opl asm, al l nucl ear washes, and f i nal chr omat i n pel l et ; N, pr ot ei ns not f ound i n cyt opl asm, but whi ch ar e pr esent i n al l nucl ear

washes . Spot s ci r cl ed wi t h dot t ed l i nes and assi gned mol ecul ar wei ght val ues i ndi cat e hnRNP, nucl ear mat r i x pr ot ei ns, and ot her

pr ot ei ns t hat ar e pr omi nent i n gel s of whol e nucl ei .
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TABLE I

Pr ot ei n Cont ent of Nucl ear Washes

* Resul t s ar e expr essed as t he mean and st andar d er r or of t he mean f or si x

exper i ment s and r ef l ect yi el ds f r oman aver age of 7 . 8 x 109 nucl ei r epr esent i ng

- - 60 g wet wei ght of l i ver .

$ The t ot al per cent age of pr ot ei n i n t he washes and f i nal pel l et i s 96 . 6 r at her

t han 100% because of t he f act t hat t he wash r ecover i es wer e det er mi ned on

t he cl ar i f i ed 100, 000- g super nat es, and some br oken nucl ei and nucl ear

membr anes wer e pel l et ed dur i ng t hi s st ep .

The pol ypept i des of t he f i r st Tr i s wash ( not shown) wer e

i dent i cal t o t hose of t he second Tr i s wash seen i n Fi g . 5, and

ar e st r i ki ngl y di f f er ent f r om t hose of t he SE wash i n Fi g. 4 .

Ther e ar e f ewer pr ot ei ns, and t hose t hat ar e pr esent t end t o

mi mi c mor e cl osel y t he pat t er n obser ved i n gel s of chr omat i n

( Fi gs . 10 and 11) , wi t h t he except i on of a f ew maj or gr oups .

Al so, t he pr edomi nance of t he mor e aci di c pr ot ei ns i s appar ent

when compar i ng t hi s pat t er n wi t h t hat seen, f or exampl e, i n

Fi g. 2 . The si ngl e- hat ched ubi qui t ous gr oup, t hat i s, t hose

pr ot ei ns of mol ecul ar wei ght 75, 000, 68, 000, 57, 000, and 43, 000

dal t ons, i s qui t e pr omi nent , par t i cul ar l y t he 68, 000- mol wt

pr ot ei ns at B- A and t he 43, 000- dal t on pr ot ei n . The nucl ear

pr ot ei ns at 94, 000, 54, 000- 55, 000, 25, 000, 22, 500, and 20, 500

dal t ons ar e ver y pr onounced i n t hi s wash, wi t h t he 25, 000-

dal t on pr ot ei n bei ng par t i cul ar l y st r i ki ng . Q1 and Q2 ar e now

maj or speci es, and one can al so see qui t e cl ear l y t he emer gence

of pr ot ei ns associ at ed wi t h t he nucl ear mat r i x and/ or hnRNA.

These i ncl ude t wo gr oups i n t he 62, 000- 68, 000- mol wt r ange

( quadr upl e spot s 1 and 2 [ Q1, Q2] , 68, 000 B- A, and 63, 000 and

65, 000 P- C) , t wo spot s at 57, 000 C- B, t he gr oup of t hr ee t o

f our pr ot ei ns at 54, 000- 55, 000 A- S, t hose at 52, 000 B and

48, 000 A, and t he gr oups spr ead out at 42, 000 and 41, 000 C- B.

The Tr i s washes al so r eveal a ver y pr omi nent gr oup of

possi bl y r el at ed speci es i n t he 31, 000- 33, 000 mot wt r ange at A

whi ch ar e not mat r i x pr ot ei ns nor ar e t hey associ at ed wi t h

hnRNP par t i cl es .

The 34, 000- and 36, 000- dal t on set of pr ot ei ns at t he f ar l ef t

of t he gel i n Fi g . 5 ar e onl y par t i al l y r esol ved i n t he i sof ocusi ng

di mensi on. Thi s par t i cul ar si t uat i on poi nt ed out t he need f or

gr eat er r esol vi ng power i n t he basi c r egi on of t hese gel s t o

anal yze such pat t er ns . Because many of t he hnRNP par t i cl e

pr ot ei ns have been r epor t ed t o be qui t e basi c ( 15, 58, 94) , we

exami ned t he washes usi ng t he NEPHGE syst em of O' Far r el l

et al . ( 79) . Fi g . 6 shows t he same Tr i s wash as t hat seen i n Fi g .

5, but i n t hi s case r un by NEPHGE. Al t hough al most al l of t he

spot s seen i n Fi g . 5 can be l ocat ed i n t he NEPHGE gel , t he

aci d hal f of t he gel has been compr essed, r educi ng t he r esol u-

t i on of t he mor e aci di c pr ot ei ns . However , t he r esol ut i on of t he

basi c end has been i ncr eased, and pr ot ei ns ar e obser ved whi ch

had not ent er ed t he st andar d gel . The 34, 000- and 36, 000- mol

wt pr ot ei ns ar e now cl ear l y separ at ed i nt o t wo maj or ser i es of

spot s ext endi ng i n t he aci d di r ect i on f r om hn ( used as an

i nt er nal mar ker i n t he NEPHGE syst em) as wel l as numer ous

l ess pr omi nent speci es . I n t hi s gel , t hose whi ch ar e hnRNA-

associ at ed pr ot ei ns ( see bel ow) have been ci r cl ed wi t h dot t ed

14 2

	

THE JOURNAL OF CELL BI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 86, 1980

l i nes and number ed I and I I f or easi er i dent i f i cat i on . Those

l abel ed I I I , I V, and V, or si mpl y ci r cl ed, ar e nucl ear mat r i x-

associ at ed pr ot ei ns or pr ot ei ns ver y pr omi nent i n t he Tr i s

nucl ear washes. As can be seen Tr i s wash pr ot ei ns ar e pr edom-

i nant l y hnRNPor nucl ear mat r i x pr ot ei ns .

Nucl ear Mat r i x Pr ot ei ns

El ect r ophor esi s of t he nucl ear mat r i x pr ot ei ns usi ng t he

NEPHGEt echni que i s shown i n Fi gur e 7 . As wi t h one- di men-

si onal gel el ect r ophor esi s, a maj or set of pr ot ei ns occur s be-

t ween 65, 000 and 75, 000 dal t ons . However , t hi s t wo- di men-

si onal gel demonst r at es t hat t he compl exi t y of t hese pr ot ei ns i s

f ar gr eat er t han pr evi ousl y i ndi cat ed by SDS gel el ect r ophor esi s

( 9, 11, 13, 32) . Of t hi s gr oup t her e ar e t hr ee subset s : an aci di c

set ( Q1, Q2, and 68 1- 5, of whi ch onl y i somer s 2, 4, and 5 ar e

vi si bl e i n NEPHGE gel s) , i sof ocusi ng near act i n, an i nt er me-

di at e set ( 65 and 70) i sof ocusi ng near car boni c anhydr ase, and

a basi c set ( 69 and 73) i sof ocusi ng near hn .

An i nt er est i ng conf i gur at i on of spot s, poi nt ed out ear l i er , i s

Ql and Q2 r epr esent ed by t wo ver y si mi l ar set s of f our spot s

each ( see al so Fi gs . 10 and 11) . Our exper i ence wi t h t he mut ant

br ai n pr ot ei n Pc 1 Duar t e ( 28, 33) suggest s t hat al l t he pol y-

pept i des of such a cl ust er ar e coded f or by t he same gene. An

i nt r i gui ng possi bi l i t y i s t hat Q1 and Q2 ar e pr oduced by

separ at e si ngl e genes t hat ar ose by gene dupl i cat i on. Anot her

exampl e of a concei vabl e gene dupl i cat i on event i s t he set of

pol ypept i des at 34, 000 and 36, 000 dal t ons, whi ch ar e hnRNA-

associ at ed speci es ( Fi g. 9) . A si mpl e del et i on of t he DNA

codi ng f or 18 ami no aci ds f r om a dupl i cat e copy of t he gene

f or hnRNA pol ypept i de 36 coul d r esul t i n a l ower mol ecul ar

wei ght speci es wi t h a sl i ght shi f t i n i soel ect r i c poi nt ( f or ex-

ampl e, pol ypept i de 34) . Ot her si mi l ar pat t er ns pr esent addi -

t i onal i nst ances, but r i gor ous bi ochemi cal st udi es obvi ousl y ar e

necessar y t o conf i r m t he possi bi l i t y t hat many of t he NHP ar e

pr esent i n dupl i cat e set s due t o an anci ent t et r apl oi dal event

( 80) .

Anot her pr omi nent set of pr ot ei ns of t he nucl ear mat r i x ar e

speci es at 70, 000 and 65, 000 dal t ons. Bot h have mul t i pl e- char ge

i somer s ( 54) . Ext ensi ve exper i ence wi t h var i ous met hods of

pr ot ei n pr epar at i on i ndi cat e t hese char ge i somer s ar e t he r esul t

of post t r anscr i pt i onal modi f i cat i ons and ar e not ar t i f act s of t he

pr ocedur e ( see al so r ef er ence 5) .

Of t he l ower mol ecul ar wei ght pr ot ei ns, t he 43- 47- 48 com-

pl ex i n t he r egi on of act i n, and t he 50- 52 compl ex cl ose t o t he

i soel ect r i c poi nt of bovi ne ser umal bumi n ( BSA) , ar e t he most

pr omi nent . As ment i oned ear l i er , pr ot ei n 43 i s pr obabl y act i n.

The most pr omi nent basi c pol ypept i des ar e t he 36 set whi ch

ar e hnRNA- associ at ed pr ot ei ns ( see bel ow) .

Tabl e I t shows t he appr oxi mat e quant i t at i on of t he per cent -

age of t he di f f er ent pol ypept i des i n t he nucl ear f r act i ons . An

under l i ned val ue means t hat t he pol ypept i de i s most pr omi nent

i n t hat par t i cul ar nucl ear subf r act i on . Fr om t hi s, we can see

t hat mat r i x pr ot ei ns 41, 41 hn- C ( bet ween hn and car boni c

anhydr ase) , 38, 37 . 5, 36, and 34 ar e der i ved f r om t he hnRNP

and t hat such pr ot ei ns const i t ut e 35% of t he nucl ear mat r i x

pr ot ei ns . Pr ot ei ns 68, 53, 47, and 43 ar e f r omt he nucl ear por e-

l ami na compl ex and const i t ut e 5 . 6% of t he mat r i x pr ot ei ns .

Pr ot ei n 33 i s f r omt he nucl eol ar mat r i x and const i t ut es 3 . 7%of

t he mat r i x pr ot ei ns . These t hr ee sour ces const i t ut e 45% of t he

nucl ear mat r i x pr ot ei ns . The maj or r emai ni ng pr ot ei ns ar e 73,

70, 69, 67, 65, 52, and 50, and t hese pr esumabl y const i t ut e t he

i nt r anucl ear mat r i x .

Sampl e

Unwashed nucl ei

Pr ot ei n*

mg

174. 7 t 10 . 0

Tot al $

%

100

Fi r st sal i ne- EDTA wash 25. 2 ±0. 8 14 . 4

Second sal i ne- EDTAwash 11 . 4 t 0 . 4 6 . 5

Fi r st Tr i s wash 4. 4 ± 0. 4 2 . 5

Second Tr i s wash 3. 1 ± 0. 5 1 . 8

Fi nal nucl ear pel l et 124. 8 ± 4. 9 71 . 4



FI GURE 4

	

St andar d t wo- di mensi onal gel el ect r ophor esi s of t he f i r st sal i ne- EDTA wash pr ot ei ns . 800 gg of pr ot ei n f r om t he f i r st SE

wash of r at l i ver nucl ei was el ect r ophor esed under t he same condi t i ons as t hose descr i bed i n Fi gs . 1- 3 . See Fi g . 3 f or det ai l s . Thi s

gel cont ai ns t he pr ot ei n st andar ds shown i n Fi g . 1, but t hese spot s have been omi t t ed i n t he di agr am f or cl ar i t y .
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Nucl ear Membr ane- Lami na Pr ot ei ns

El ect r on mi cr oscopy of t he nucl ear membr ane f r act i on

showed t he i nner nucl ear membr ane and scat t er ed nucl ear

por es associ at ed wi t h a mor e f eat her - l i ke mat er i al ( not shown) .

NEPHGE of t hi s mat er i al i s shown i n Fi g . 8. Her e t he maj or

pol ypept i de i s i somer 4 of t he 68, 000- m1 wt pol ypept i de. Al so

ver y pr omi nent was 43 ( act i n) , t he 47 set and, t o a l esser degr ee,

t he 50- 52 set . These ar e pr esumabl y t he 43, 000- , 47, 000- ,

53, 000- , and 64, 000- t o 74, 000- dal t on nucl ear membr ane pr o-

FI GURE 5

	

St andar d t wo- di mensi onal gel el ect r ophor esi s of t he second t r i s wash pr ot ei ns . Sampl e l oad was i dent i cal t o t hat i n Fi g .

4 . See f i g . 3 f or descr i pt i on . Pr ot ei n st andar ds i n t hi s gel ar e omi t t ed i n t he di agr am as i n Fi g . 4 .
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FI GURE 6

	

NEPHGE of second Tr i s wash pr ot ei ns . 930 f ` B of sampl e was el ect r ophor esed by t he NEPHGE syst em as descr i bed i n

Mat er i al s and Met hods . Descr i pt i on i s t he same as t hat i n pr evi ous f i gur es wi t h t he f ol l owi ng except i ons . hn, r epr esent i ng t he

most basi c of t he 36, 000- dal t on ser i es of hnRNP par t i cl e i somer s, i s used as an i nt er nal r ef er ence st andar d i n t hi s and al l subsequent

f i gur es of NEPHGE gel s . The gr oups of pol ypept i des ci r cl ed wi t h dot t ed l i nes and number ed I and I I ar e associ at ed wi t h hnRNP

par t i cl es ; t hose l abel ed I I I , I V, and V or si mpl y ci r cl ed ar e nucl ear mat r i x- associ at ed pr ot ei ns or pr ot ei ns ver y pr omi nent i n t he Tr i s

nucl ear washes .
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t ei ns descr i bed by Bor nens and Kasper ( 20) , and Kasper ( 59)

and t he 65, 000- t o 75, 000 dal t on pol ypept i des r epor t ed by

sever al wor ker s ( 1, 41, 49) . Quant i t at i on of t hese pr ot ei ns

( Tabl e 11) i ndi cat ed t hat pol ypept i de 67 r epr esent s - 70%of t he

t ot al nucl ear membr ane pr ot ei ns . Pr ot ei ns 47 and 43 const i t ut e

an addi t i onal 25%.

El ect r on mi cr oscopy of al l nucl ear mat r i x pr epar at i ons shows

t he pr esence of a nucl eol ar mat r i x ( 9, 11, 13, 32, 76) . To

det er mi ne whet her t hese nucl eol us- associ at ed pr ot ei ns ar e t he

same as t hose i n t he i nt r anucl ear mat r i x or ar e a di st i nct subset ,

FI GURE 7

	

NEPHGE of r at l i ver nucl ear mat r i x pr ot ei ns . 1, 000 JAg of sampl e was el ect r ophor esed by t he NEPHGE syst emas descr i bed

i n Mat er i al s and Met hods . For descr i pt i on of hn st andar d, see Fi g . 6.
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TABLE I I

Per cent of Maj or Pol ypept i des i n Di f f er ent Nucl ear Fr act i ons

Val ues wer e obt ai ned by aver agi ng hei ght and wi dt h r adi i f or each spot and
comput i ng ar ea. Cal cul at i ons usi ng t hi s met hod on known amount s of pr ot ei n
show a l i near r el at i onshi p bet ween ar ea and amount of pr ot ei n i n a gi ven
spot .
I t al i ci zed val ues i ndi cat e t hat t hose pol ypept i des ar e pr omi nent i n t he des-
i gnat ed nucl ear subf r act i on .
O- hn and hn- C r epr esent ar eas of t he gel s bet ween or i gi n and hn st andar d,
and car boni c anhydr ase st andar ds, r espect i vel y .

t he nucl eol i wer e i sol at ed and t hen subj ect ed t o t he same

pur i f i cat i on pr ocedur e as t he nucl ear mat r i x . El ect r on mi cr os-

copy of t hi s pr epar at i on ( not shown) shows t he pur e nucl eol ar

mat r i x wi t h al l of t he gr anul ar el ement s of t he nucl eol us

r emoved .

The NEPHGE of t hi s pr epar at i on showed a smal l number

of ver y basi c pr ot ei ns ( not shown) . The most pr omi nent had a

mol ecul ar wei ght of 33, 000 dal t ons and const i t ut ed - 70% of

t he t ot al nucl eol ar mat r i x pr ot ei n .

hnRNP pr ot ei ns

NEPHGE of t he pr ot ei ns of t he hnRNP compl ex ar e shown

i n Fi g. 9 . The pr edomi nant gr oups ar e t he 34 and t he 36 set .

Toget her t hey const i t ut e 60%of t he t ot al pol ypept i des . Next i n

pr omi nence ar e t he 41 ( i ncl udi ng 41 hn- C) , 43 . 5, 37 . 5 and 35

set , const i t ut i ng 17, 7, and 6%, r espect i vel y . These set s const i -

t ut e over 90%of t he hnRNP pr ot ei ns .

Chr omat i n NHP

A common met hod of pr epar i ng t he chr omat i n NHP i s t o

f i r st wash t he nucl ei wi t h sal i ne- EDTA, t hen wi t h di l ut e Tr i s

buf f er s, f ol l owed by pur i f i cat i on t hr ough 1 . 7 Msucr ose ( l 8) .

The NHP i n t hi s chr omat i n i s commonl y assumed t o be

pr i mar i l y i nvol ved i n DNA f unct i ons . However , pr evi ous st ud-

i es of our s usi ng one- di mensi onal SDS gel el ect r ophor esi s had

i ndi cat ed t hat many of t hese so- cal l ed chr omat i n NHP wer e,

i n f act , nucl ear mat r i x pr ot ei ns ( 26, 32) . I t was, t her ef or e, no

st ar t l i ng sur pr i se t o f i nd t hat t wo- di mensi onal gel el ect r opho-

r esi s of t hese chr omosomal NHP al so showed t hem t o be

pr edomi nant l y t he same pr ot ei ns f ound i n t he DNA- f r ee nu-

cl ear mat r i x ( and hnRNP) pr epar at i ons .

Fi g. 10 i l l ust r at es a st andar d t wo- di mensi onal gel of r at l i ver

chr omat i n NHP. Most of t he maj or nucl ear mat r i x pol ypep-

t i des obser ved i n Fi g . 7 ar e cl ear l y evi dent her e wi t h t he

obvi ous except i ons of t he mor e basi c speci es not r esol ved i n

t hi s syst em. Those speci es at 43, 47- 48, 52, 54, 62, 65, 68, and

70 ar e al l associ at ed wi t h mat r i x . QI and Q2, at 62, 000 dal t ons,

show most cl ear l y i n t hi s gel t he char act er i st i c quadr upl e- spot

pat t er n di scussed ear l i er . Al so evi dent i n t hi s gel ar e t he maj or

nonbasi c component s of t he hnRNP par t i cl es ( Fi g. 9) at 41, 000

and 42, 000 dal t ons . The ubi qui t ous pol ypept i des at 75, 68 B- A,

57 B, and 43 A ar e al so pr esent .

The pr edomi nance of t he nucl ear mat r i x and hnRNP pol y-

pept i des i n t he chr omat i n NHP f r act i on i s even mor e cl ear l y

demonst r at ed i n Fi g . 11, whi ch i s a NEPHGE gel of t he same

pr epar at i on as t hat seen i n Fi g 10, and t hus gi ves a bet t er

per spect i ve of t he ent i r e spect r um of chr omat i n- associ at ed

pr ot ei ns . I t was of gr eat i nt er est t o us t o di scover t hat gel s of

chr omat i n pr epar ed by t he Bonner met hod ( Fi gs . 10 and 11)

wer e essent i al l y i dent i cal t o t hose of t he f i nal pel l et s ( not

shown) of t he t wo SE and Tr i s buf f er washes of nucl ei seen i n

Fi gs . 4 and 5, even t hough t he l at t er pr epar at i ons di d not

under go t he addi t i onal f i ve Tr i s washes and sucr ose pur i f i ca-

t i on st ep of t he Bonner pr ocedur e. Even mor e r emar kabl e at

f i r st was t he f i ndi ng t hat chr omat i n gel s l ooked ver y si mi l ar t o

t hose of unt r eat ed nucl ei wi t h r espect t o maj or component s

( Fi gs . 3 and 10) , al t hough i f one consi der s t he per cent age of

pr ot ei n r emoved by t he washes ( 20- 25%) and t he t ype of speci es

washed f r ee ( Fi gs . 4 and 5) t he r esul t shoul d not have been

t ot al l y unexpect ed .

Quant i t at i on of NEPHGE gel s of t ot al nucl ear pr ot ei ns

( Tabl e I I ) i ndi cat ed t hat t he onl y pol ypept i des mor e pr omi nent

i n t hi s f r act i on t han i n nucl ear mat r i x or hnRNP ar e t hose

speci es at 94, 64, and 35 O- hn ( bet ween t he or i gi n and hn

mar ker ) , 41, 43 . 5, and 44- 45 hn- C and 29 A. These const i t ut e

15%of t he t ot al mass . An addi t i onal 5%comes f r om l ower

f r equency speci es mor e easi l y seen i n t he washes . Thus, - - 80%

of t he mass of t he t ot al nucl ear NHP i s der i ved f r om t he

nucl ear mat r i x and hnRNP.

DI SCUSSI ON

To make possi bl e t he t ype of st udi es r epor t ed her e a syst em

was r equi r ed whi ch woul d mi ni mi ze t he di f f i cul t i es i n i nt er -

pr et at i on and anal ysi s of t he many pol ypept i de pat t er ns gen-

er at ed. Because t her e ar e mi nor var i at i ons i n t he absol ut e

KEI TH E. PETERS AND DAVI D E. COMI NGS

	

Rat Li ver Nonhi st one Pr ot ei ns

	

14 7

Pr ot ei n

Whol e

nucl ei

Nucl ear

mat r i x hnRNP

Nucl ear

mem-

br ane

Nucl eo-

t ar ma-

t r i x

94 6. 4 1 . 4

75 0. 5 1. 2

73 1 . 1 8. 5

72 3. 5

70 2 . 1 10 . 9 0. 4

69 0. 7 6. 2

68 1 . 8 2. 1 67. 6 0 . 1

67 1 . 9 3. 2

66 1 . 1

65 6 . 0 10. 4 0. 5 0. 7 0. 4

Q1, Q2 2. 3 2 . 8

64 3. 5

64 O- hn 1. 2

55 0. 8 0. 1

53 0. 1 0. 7

52 3 . 4 7. 1 0. 5 0. 1 4 . 2

50 2. 8 1 . 4 0. 7

48 0. 9 1 . 6 0. 4 0. 3

47 0 . 5 2 . 7 12. 5 0. 1

46 1. 3

44- 45 hn- C 1 . 0

43 . 5 0. 5

43 1 . 7 0. 6 1 . 9 13. 0

41 6. 7 2 . 7 14 . 4

41 hn- C 2. 8 1 . 6 2. 3

40 1. 4

38 1 . 8 2. 9

37 . 5 3 . 5 1 . 9 6. 9

36 16 . 1 25. 7 25. 5

35 6. 3 5. 9

34, 5 9. 6

34 17 . 7 2 . 9 33. 7 0. 0

33 5 . 2 3 . 7 66. 9

31 1 . 2

30 . 5 7. 3

30 1 . 5 1 . 1

29 . 5 3 . 5

29 1, 5

28 . 5 2. 1

23 . 5 0. 0

23 0. 6

22 0. 8

21 . 7 1 . 1



l ocat i ons of i ndi vi dual spot s f r om gel t o gel ( al t hough t he

over al l pat t er ns ar e r emar kabl y r epr oduci bl e) , and because pH

measur ement s t end t o be r el at i vel y i naccur at e, par t i cul ar l y i n

ur ea, a si mpl e x- y- coor di nat e syst em usi ng i soel ect r i c poi nt vs .

mol ecul ar wei ght was i nsuf f i ci ent . The most di r ect appr oach

was t o add a mi xt ur e of commonl y avai l abl e st andar ds t o each

FI GURE 8

	

NEPHGE of r at l i ver nucl ear membr ane ( l ami na) pr ot ei ns . 800I Lg of sampl e was el ect r ophor esed by t he NEPHGE syst em

as descr i bed i n Mat er i al s and Met hods . For descr i pt i on of hn st andar d, see Fi g. 6 .
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sampl e, t hus pr ovi di ng an i nt er nal r ef er ence by whi ch gel s of

wi del y var yi ng pat t er ns coul d be compar ed . By choosi ng ap-

pr opr i at e mar ker s, not onl y wer e we abl e t o " di ssect " each gel

i nt o smal l er , r el at i vel y equal sect or s f or easi er anal ysi s, but t he

act ual l ocat i on of each spot r el at i ve t o a par t i cul ar st andar d

wi t h known physi cochemi cal char act er i st i cs pr ovi des i nf or -

mat i on per t i nent t o t he f ut ur e i dent i f i cat i on of any pr ot ei n

r esol ved by t hi s syst em.

FI GURE 9
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The r esul t s pr esent ed her e r ei t er at e and ext end ear l i er st udi es

f r om t hi s ( 30, 31, 35) and ot her l abor at or i es ( 16, 84, 86)

concer ni ng t he nat ur e of t he so- cal l ed nonhi st one chr omosomal

pr ot ei ns i ndi cat i ng t hat t he concept of chr omat i n as a di scr et e

ent i t y of neat l y packaged nucl ei c aci d and pr ot ei n i s mi sl eadi ng

and f ai l s t o t r ul y account f or t he dynami c st at e of t he cel l .

A compar i son of pr ot ei ns of r at l i ver cyt opl asmwi t h SE and

Tr i s washes of nucl ei , and t he f i nal chr omat i n pel l et by t wo-

di mensi onal gel el ect r ophor esi s has r esol ved f i ve " cl asses" of

pr ot ei ns : ( a) di st i nct l y cyt opl asmi c pr ot ei ns ; ( b) ubi qui t ous

pr ot ei ns f ound i n cyt opl asm, nucl ear washes and chr omat i n ;

( c) pr ot ei ns f ound onl y i n t he nucl ear washes ; ( d) pr ot ei ns

f ound i n t he nucl ear washes and f i nal chr omat i n pel l et ; and

( e) pr ot ei ns f ound onl y i n t he f i nal chr omat i n f r act i on.

Cyt opl asmi c Pr ot ei ns

Cyt opl asmi c pr ot ei ns ar e pr esent i n t he ear l y ( SE) nucl ear

washes and absent f r om t he Tr i s washes and f i nal chr omat i n .

By el ect r on mi cr oscopy t hese nucl ei appear ver y cl ean wi t h f ew

cyt opl asmi c t ags ( not shown) . However , whet her or not t he

cyt opl asmi c cont ami nant s ar e l oosel y bound i n t he nucl eo-

pl asm or associ at ed wi t h t he out er nucl ear membr ane i s not

cl ear at t hi s t i me . Ot her s have i nvest i gat ed t he ext ent of cyt o-

pl asmi c cont ami nat i on of chr omat i n pr epar at i ons by var i ous

met hods, and i n most cases t he val ues ar e < 6% ( 16, 86, 98,
102) . Most of t hese st udi es i nvol ve addi ng l abel ed cyt opl asmi c
pr ot ei ns t o nucl ei dur i ng pr ocessi ng . Thi s may not r ef l ect t he

r eal ext ent of cyt opl asmi c pr ot ei ns i n t he nucl eus as cyt opl asmi c

" bi ndi ng" si t es coul d al r eady be sat ur at ed . On t he ot her hand,

our r esul t s suggest t hat some cyt opl asmi c pr ot ei ns t hus l abel ed

may, i n f act , not be cont ami nant s at al l but " nucl ear " pr ot ei ns

of pot ent i al r egul at or y, t r anspor t , st r uct ur al , or enzymat i c f unc-

t i on di st r i but ed t hr oughout t he cel l . The most sat i sf act or y way

of appr oachi ng t hi s pr obl em i s by means of enucl eat i on- f usi on

st udi es of t he t ype r evi ewed by Bonner ( 19) .

The second cl ass cont ai ns t he ubi qui t ous pr ot ei ns ( si ngl e-

hat ched i n t he appr opr i at e f i gur es) . As di scussed i n t he Resul t s,

we bel i eve t hat t he 43, 000- dal t on pr ot ei n i s act i n. Act i n i s

pr esent i n vi r t ual l y al l cel l s and has of t en been r epor t ed pr esent
i n t he nucl eus, especi al l y i n or gani sms wi t h an i nt r anucl ear

spi ndl e appar at us ( 24, 30, 57, 69, 89) . Al t hough our pr ot ei n

does not pr eci sel y co- mi gr at e wi t h r at skel et al muscl e act i n

( st andar d) , i t i s known t hat act i ns of muscl e and nonmuscl e
cel l s ar e di f f er ent i n char ge, wi t h nonmuscl e act i n bei ng sl i ght l y
mor e basi c ( 47, 97) .

The amount of act i n r epor t ed t o be pr esent i n nucl ei f r om a

FI GURE 10

	

St andar d t wo- di mensi onal gel el ect r ophor esi s of r at l i ver chr omat i n pr ot ei ns . Chr omat i n was pr epar ed by t he met hod

of Bonner et al . ( 18) , and 1, 200 f i g was r un as descr i bed i n Mat er i al s and Met hods .
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var i et y of or gani sms var i es consi der abl y and has been t he

subj ect of some cont r over sy ( 68) . Speci f i cal l y, wi t h r egar d t o

r at l i ver , Douvas et al . ( 39) r epor t ed act i n t o be a maj or

chr omosomal pr ot ei n. I t , al ong wi t h myosi n, a br eakdown

pr oduct of myosi n, a- and a- t r opomyosi n and t ubul i n, const i -

t ut ed 38% of t he NHP of r at l i ver chr omat i n i sol at ed by

washi ng chr omat i n pr epar ed f r om whol e l i ver homogenat es .

Quant i t at i on of t hese pr ot ei ns i n our t wo- di mensi onal gel s

( Tabl e I I ) i ndi cat es t hat act i n const i t ut es - - - 1 . 7%o of t he t ot al r at

l i ver NHP. We do not see a- or Q- t r opomyosi n . Al t hough we

FI GURE 11

	

NEPHGE of r at l i ver chr omat i n pr ot ei ns . 1, 500 f i g of chr omat i n pr epar ed by t he met hod of Bonner et al . ( 18) was r un

i n t he NEPHGE syst em as descr i bed i n Mat er i al s and Met hods .
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do not obser ve myosi n, t hi s pr ot ei n i s di f f i cul t t o vi sual i ze i n

t wo- di mensi onal gel s because i t pr oduces a di f f use, f eat her y

pat t er n . The 100, 000- g cyt osol super nat e ( Fi g . 2) and t he SE

washes ( Fi g. 4) show a f ai nt doubl et ( 53 . 5 pr ot ei n of cyt opl asm,

Fi g . 2) t hat co- mi gr at es wi t h pur i f i ed r at br ai n t ubul i n. Thi s,

however , i s mi ssi ng f r om t he unwashed nucl ei and chr omat i n

( Fi g . 3, 10, and 11) . Ther ef or e, we concl ude t hat cont r act i l e

pr ot ei ns pr obabl y const i t ut e <5% of t he NHP of r at l i ver .
Comi ngs and Har r i s ( 31) di scussed pr evi ousl y t he pot ent i al f or

excessi ve cont ami nat i on of chr omat i n when i t i s i sol at ed f r om

whol e cel l l ysat es r at her t han f r om i sol at ed nucl ei .
The ubi qui t ous 75, 000- dal t on pol ypept i de i s al so pr esent i n

gel s of nucl ear mat r i x and nucl ear membr ane pr epar at i ons
( Fi g. 3 and 8) . Thi s may be t he pr ot ei n associ at ed wi t h pol y A

t ai l s of t he mRNA of pol yr i bosomal compl exes ( 8, 17, 61, 91) .

Two of t he f our separ at e 68, 000- dal t on pol ypept i des ar e i n

t he ubi qui t ous cl ass . The gr oupi ng j ust sl i ght l y mor e basi c t han
act i n, whi ch i s r epr esent ed by a char ge doubl et i n most gel s, i s

pr omi nent i n t he nucl ear mat r i x and i s seen as a mi nor com-

ponent of nucl ear membr ane pr epar at i ons. Thi s i s consi st ent

wi t h t he f i ndi ngs of Kr ohne et al . ( 64) who obser ved a pr ot ei n

of 66, 000 mol wt l oosel y at t ached t o r at l i ver nucl ear por e

compl exes, and wi t h an ear l i er obser vat i on by Comi ngs and

Har r i s ( 31) t hat pr esumpt i ve nucl ear mat r i x pr ot ei ns of t hi s

mol ecul ar wei ght can al so be f ound i n t he cyt opl asm. The

ot her maj or , mor e basi c, 68, 000- dal t on gr oup ( C- B) i s mar k-

edl y di mi ni shed i n t he Tr i s washes and, al t hough i t i s not easi l y

obser ved i n t he gel s pr esent ed her e of chr omat i n i n Fi g . 10 and
11, we have obser ved i t i n numer ous ot her chr omat i n pr epa-

r at i ons .

The i dent i t y of t he 57, 000- dal t on pr ot ei n of t he same i so-

el ect r i c poi nt as BSA may be t he same pr ot ei n r epor t ed by

Bar r et t and Goul d ( 7) t o be t he onl y pr ot ei n t hey f ound

common t o t he nonhi st one f r act i ons of r at l i ver , chi cken l i ver ,

and chi cken r et i cul ocyt es . They compar ed t he nonhi st ones of

t hese t i ssues usi ng t wo- di mensi onal gel el ect r ophor esi s and

char act er i zed t hi s pr ot ei n as havi ng a mol ecul ar wei ght of

56, 000 dal t ons and a pl of 6 . 6, bot h val ues bei ng essent i al l y

i dent i cal t o t hose we obser ve .

Nucl ear Wash Pr ot ei ns

The t hi r d cl ass of pr ot ei ns ( Fi g. 4 and 5, doubl e- hat ched) i s

r epr esent ed by t he aci di c speci es at 94, 000, 25, 000, 22, 500, and

20, 500 mol wt . These ar e pr esent i n al l washes but absent f r om

t he f i nal chr omat i n pel l et . Thus, t hey ar e not t ot al l y r emoved

by t he SE washes but appear t o be by Tr i s washes . The 25, 000-

dal t on pr ot ei n i s most pr omi nent i n t he Tr i s washes. I t i s not

HMG- 1 ( 50) because i t l acks char ge het er ogenei t y ( 52) and

behaves di f f er ent l y i n t wo- di mensi onal gel el ect r ophor esi s f r om

pur i f i ed HMGpr ot ei ns of cal f t hymus and mouse l i ver ( Conner

and Comi ngs, manuscr i pt i n pr epar at i on) . That t hese pr ot ei ns

( par t i cul ar l y t he 25, 000- mol wt speci es) become mor e pr omi -

nent i n t he Tr i s washes coul d r ef l ect t hei r i ncr eased sol ubi l i -

zat i on as a r esul t of t he nucl ear swel l i ng pr oper t i es of t he

hypot oni c Tr i s sol ut i on, t her eby al l owi ng easi er access of t he

sol vent t o t hese pr ot ei ns on t he chr omat i n . A si mi l ar si t uat i on

may hol d f or t he char act er i st i c gr oup of pr ot ei ns i n t he 31, 000-

33, 000 r ange ( pl near act i n) whi ch ppear pr omi nent l y onl y i n

t he Tr i s washes ( Fi gs . 5 and 6) . The behavi or of t hese t wo set s

of pr ot ei ns ( 31, 000- 33, 000 gr oup vs . t he pr ot ei ns at 20, 500,

22, 500, 25, 000, and 94, 000 dal t ons) may r ef l ect di f f er i ng de-

gr ees of accessi bi l i t y i n t he chr omat i n by t he wash buf f er s .
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Nucl ear Wash and Chr omat i n Pr ot ei ns

The f our t h cl ass of pr ot ei ns wer e t hose pr esent i n al l nucl ear

washes and f i nal chr omat i n pel l et . These ar e r epr esent ed i n t he

gel s by t he aci di c gr oup of mol ecul ar wei ght 54, 000- 55, 000

( doubl e- hat ched, Fi g . 3- 5) , some of whi ch ar e component s of

t he nucl ear mat r i x . Addi t i onal mat r i x pr ot ei ns whi ch f al l i nt o

t hi s cat egor y i ncl ude Q2 and t he speci es at 48, 000 A. Al t hough

i t i s not obvi ous f r omFi g. 11 t hat t he doubl e- hat ched gr oupi ng

at 54, 000- 55, 000 dal t ons i s pr esent i n i t s ent i r et y i n t he f i nal
chr omat i n pel l et , many gel s r un of chr omat i n i n t he st andar d
syst em ( Fi g . 10) show t hemt o be consi st ent l y pr esent .

Chr omat i n- speci f i c Pr ot ei ns

A 68, 000- dal t on pr ot ei n seen on some st andar d gel s of
chr omat i n pr epar at i ons ( not shown) i s one of t he most aci di c

pr ot ei ns we have obser ved i n any gel ( pI i n ur ea of <5) and

r epr esent s t he f i f t h cl ass of pr ot ei n seen i n our gel s . Thi s pr ot ei n

and t he maj or nucl ear membr ane- mat r i x pr ot ei n at 68, 000 A

ar e t he onl y maj or pr ot ei ns we obser ve whi ch ar e not obvi ousl y

sol ubl e i n t he wash buf f er s but whi ch appear i n t he f i nal

washed pel l et . They, al ong wi t h cer t ai n mi nor speci es we

obser ve, must r epr esent ver y i nsol ubl e NHP.

Nucl ear Mat r i x Pr ot ei ns

By one- di mensi onal gel el ect r ophor esi s, t he maj or pr ot ei ns

of t he nucl ear mat r i x have been obser ved as a set of t hr ee i n

t he 60, 000- t o 75, 000- dal t on r ange ( 9, 11, 13, 32) . Two- di men-

si onal gel el ect r ophor esi s ( Fi g. 7) i ndi cat es t hat t hese ar e

composed of t hr ee di st i nct subset s, an aci di c set consi st i ng of

f our i somer s of pol ypept i de 68 and Q1 andQ2 wi t h i soel ect r i c

poi nt s si mi l ar t o act i n, an i nt er medi at e set consi st i ng of pr ot ei ns

70 and 65 wi t h i soel ect r i c poi nt s near car boni c anhydr ase, and

a basi c set ( 69 and 73) consi st i ng of pr ot ei ns wi t h i soel ect r i c

poi nt s ar ound t he maj or hnRNP 34, 000- dal t on speci es . One

aci di c nucl ear mat r i x- associ at ed pr ot ei n, pr ot ei n 43, appar ent l y

i s act i n . I t s pr esence i n t he wel l - washed mat r i x pr epar at i ons

suggest s t hat i t may be f i r ml y bound t o t he mat r i x . Al t hough

i t coul d pl ay a r ol e i n t he cont r act i bi l i t y of t he mat r i x, Wun-

der l i ck and Her l an concl uded t hat , because mat r i x cont r act i l i t y

was not dependent on ATP, an act i n- myosi n syst em was not

i nvol ved ( 100) .

Appr oxi mat el y one- t hi r d of t he t ot al nucl ear mat r i x pr ot ei ns

ar e composed of hnRNA pr ot ei ns when t he mat r i x i s i sol at ed

i n t he pr esence of pr ot ease i nhi bi t or s. Ther e ar e at l east t wo

possi bl e i nt er pr et at i ons of t hi s : ( a) t her e i s an i nt i mat e associ -

at i on bet ween t he nucl ear mat r i x and at l east par t of t he

hnRNP. Thi s i s consi st ent wi t h t he suggest i ons of Pogo and

co- wor ker s ( 43, 71, 76) and of Her man et al . ( 55) ; or ( b) The

hnRNP ar e si mpl y not compl et el y washed out of t he nucl ei

dur i ng t he pr epar at i on of t he nucl ear mat r i x . Because of t he

ext ensi ve washi ng of t he nucl ear mat r i x and i t s t r eat ment wi t h

RNase f ol l owed by f ur t her washi ng, and t he pr esence of l ar ge

amount s of hnRNA pr ot ei ns despi t e el ect r on mi cr oscopy evi -

dence of t he di sr upt i on of t he nucl ear membr ane i n t he maj or -

i t y of t he nucl ei , we bel i eve t hat t he f i r st i nt er pr et at i on i s mor e

l i kel y . The r epor t ed pr esence i n l ampbr ush chr omosomes of

hnRNP par t i cl es t hat appear compl et el y f r ee of any at t achment

t o nucl ear mat r i x ( 75) doesn' t r ul e out such an associ at i on.

Ther e may be di f f er ent mechani sms f or di f f er ent r at es of

t r anscr i pt i on, onl y some of t he hnRNP may be i nvol ved i n

such mat r i x compl exes and/ or t he si t uat i on wi t h l ampbr ush



chr omosomes i n di pl ot ene may not be t ypi cal of i nt er phase

nucl ei .

Al t hough bot h of t he t wo maj or subuni t pr ot ei ns of hnRNP

ar e bel i eved t o be i nvol ved i n f or mat i on of t he 30S- 405

par t i cl es, t hey ar e not equal l y pr esent i n t he nucl ear mat r i x .

Pr ot ei n 36 was much mor e pr omi nent t han pr ot ei n 34 ( Fi g. 7) .

One possi bi l i t y f or t hi s i s t hat some hnRNP may be pr ef er en-

t i al l y compl exed t o mat r i x t hr ough an i nt er act i on wi t h pr ot ei n

36, al t hough an equal l y t enabl e, t hough pot ent i al l y l ess exci t -

i ng, expl anat i on coul d be t he sel ect i ve r emoval of pr ot ei n 34

by t he hi gh sal t and nucl ease t r eat ment i n t he pr epar at i on of

mat r i x .

Thi s appar ent associ at i on bet ween t he nucl ear mat r i x and

t he hnRNPi mpl i es t hat t he mat r i x may pl ay a r ol e i n hnRNA

pr ocessi ng and t r ansl ocat i on t o t he cyt opl asm ( 43, 76) . The

associ at i on of nascent DNA wi t h t he mat r i x ( 10, 12) suggest s

t hat i t al so pl ays a r ol e i n DNA r epl i cat i on . Because t hey ar e

at t he hear t of t he act i on of t wo such vi t al pr ocesses, one

wonder s whet her t he nucl ear mat r i x pr ot ei ns ar e mor e t han

st r uct ur al . Do t hey pl ay an act i ve r ol e i n t hese f unct i ons? Do

t hey have some enzymat i c act i vi t y? Oncogeni c vi r uses ar e

i nt i mat el y i nvol ved wi t h t he nucl ear mat r i x ( 9, 56) , and some

car ci nogens show a pr ef er ent i al associ at i on wi t h t he mat r i x .

What r ol e does t he nucl ear mat r i x pl ay i n t he al t er ed met abo-

l i sm of cancer cel l s? Ber ezney ( 9) has r ecent l y r evi ewed some

of t hese quest i ons .

Pr ot ei ns of hnRNA

Many st udi es on t he pr ot ei ns of hnRNA usi ng one- di men-

si onal SDS gel el ect r ophor esi s have been r epor t ed . Most wor k-

er s r epor t t wo maj or pol ypept i des f r om32, 000 t o 38, 000 dal t ons

wi t h var i abl e number s of mi nor pol ypept i des ( 15, 53, 58, 74,

77, 93) . Ver y f ew wor ker s have successf ul l y used t wo- di men-

si onal gel s . Thi s i s caused i n par t by t he ver y basi c nat ur e of

t hese pr ot ei ns t hat some have t er med t he " hi st ones of RNA, "

i mpl yi ng an anal ogy bet ween t he hnRNP par t i cl es and t he
nucl eosomes ( 14, 85) . Kamand co- wor ker s ( 58) si de- st epped

t he pr obl em by usi ng aci d- ur ea gel el ect r ophor esi s i n t he f i r st
di mensi on and SDS gel el ect r ophor esi s i n t he second. Fi ve

maj or pol ypept i des and seven mi nor pol ypept i des at mol ecul ar

wei ght s of 29, 000- 42, 000 dal t ons const i t ut ed 75% of t he

hnRNP. 13 mi nor pr ot ei ns of hi gher mol ecul ar wei ght wer e

pr esent . Pagoul at os and Yani v ( 83) used t he st andar d O' Far r el l

pr ocedur e ( 78) wi t h a pH gr adi ent of 5- 8 and vi sual i zed onl y

t he aci di c hnRNP. Beyer et al . ( 15) , al so usi ng t he st andar d

t wo- di mensi onal gel pr ocedur e, wer e occasi onal l y abl e t o vi s-

ual i ze some of t he mor e basi c pr ot ei ns f r ommammal i an cel l s .

As shown i n Fi g. 9, usi ng t he Samar i na t echni que ( 88) f or

i sol at i on of 30- 4OS par t i cl es, we f i nd t wo maj or set s of pr ot ei ns,

t he 34 set composed of f our char ge i somer s of decr easi ng si ze
wi t h i ncr easi ng aci di t y, and t he 36 set , sl i ght l y shi f t ed i n t he

aci di c di r ect i on, but ot her wi se si mi l ar , wi t h f our char ge i so-
mer s . These and ot her pr ot ei ns t hat we f i nd ar e hi ghl y r epr o-
duci bl e ( cf , Fi gs . 6, 9, and 11) . Not count i ng t he char ge
i somer s, t her e wer e 12 di st i nct hnRNA pr ot ei ns ( Tabl e 11) .

The onl y ot her st udy of r at l i ver hnRNPs usi ng NEPHGE

showed pat t er ns ver y si mi l ar t o our s ( 94) . Wi t h r at l i ver 40S

par t i cl es i sol at ed by t he pr ocedur e of Samar i na et al . ( 88) or

hnRNP i sol at ed by t he pr ocedur e of Peder son ( 84) , Sur i a and
Li ew al so f ound t hat t he maj or hnRNPs consi st of t wo set s
bet ween 32, 000 and 42, 000 dal t ons, each showi ng mul t i pl e-

char ge i somer s . These pr ot ei ns const i t ut ed 70%of t hei r hnRNP.

Ther e wer e 22 mi nor pr ot ei ns, t he most pr omi nent bei ng a pai r

of 62, 000- dal t on pr ot ei ns i n t he hnRNP pr epar at i on. The

pat t er ns f or t he 40S par t i cl es i sol at ed i n mat r i zi mi de gr adi ent s

by t he met hod of Kam et al . ( 58) wer e essent i al l y t he same .

Sur i a and Li ew al so obser ved t hat t he hnRNPs f or med a

si gni f i cant par t of t he t ot al chr omat i n pr ot ei ns i sol at ed i n

phenol .

Anot her mor e r ecent st udy, by Br unel and Lel ay ( 21) , al so

usi ng t he NEPHGE syst em of O' Far r el l et al . ( 79) , exami ned

hnRNP par t i cl es of HeLa, mouse L and Chi nese hamst er ovar y

cel l s . They f ound many si mi l ar i t i es i n pat t er ns among t he t hr ee

speci es, par t i cul ar l y i n t he maj or basi c gr oup cl ust er s bet ween

25, 000 and 40, 000 mol wt , whi ch gener al l y cor r espond t o our

34, 000- 36, 000- dal t on gr oup . An i mpor t ant f i ndi ng was t hat t he

over al l pat t er n of maj or pol ypept i des obser ved was not appr e-

ci abl y di f f er ent bet ween t he 30- 405 par t i cl es and l ar ger par t i -

cl es of a mor e het er odi sper se nat ur e. Asi mi l ar obser vat i on has

been made by Sur i a and Li ew ( 94) . However , i t was r epor t ed

t hat a gr eat er number of phosphor yl at ed speci es appear wi t h

i ncr easi ng par t i cl e si ze ( 21) .

A mor e speci f i c compar i son bet ween our wor k and t hat of

Br unel and Lel ay i s agai n di f f i cul t because of t he di f f er ences

i n dat a pr esent at i on . Al t hough t he over al l pat t er ns wer e some-

what di f f er ent t han ei t her our s or t hose of Li ew' s gr oup ( al -

t hough sever al si mi l ar i t i es do exi st ) , t hese var i ances may r ef l ect

di f f er ences i n t echni que and t i ssues st udi ed. At t empt ed com-

par i sons of t hi s t ype r ei t er at e t he need f or mor e st andar di zat i on

and met hods of pr eci se compar i son among di f f er ent l abor at o-

r i es.

Nucl ear Membr ane- Lami na Compl ex

El ect r on mi cr oscopy of our nucl ear membr ane pr epar at i on

shows l i near st r uct ur es r epr esent i ng t he i nner nucl ear mem-

br ane associ at ed wi t h a mor e di f f use, f eat her y component ( 34) .

The pr esence of such pr ot ei naceous f i l ament s ext endi ng f r om

t he under sur f ace of t he nucl ear membr ane t o i nt er mi x wi t h t he

out er por t i ons of t he per i pher al het er ochr omat i n was suggest ed

by i mmunol ogi cal st udi es of Ger ace et al . ( 49) and Kr ohne et

al . ( 63) . The l at t er aut hor s wer e concer ned t hat t hey coul d not

r ul e out t he possi bi l i t y of sel ect i ve st abi l i zat i on or pr ot ect i on

of pr ot ei ns i n t he per i pher y t o expl ai n t he per i pher al l ocat i on

of t he pr ot ei ns . The pr esent st udy, usi ng di f f er ent t echni ques,

comes t o t he same concl usi on t hat t he maj or por t i on of t he

nucl ear membr ane pr ot ei ns ( 68, i somer s 4 and 5 i n Fi g . 8) i s a

di st i nct subset of t he nucl ear mat r i x pr ot ei ns t hat ar e f ound

onl y i n t he nucl ear membr ane .

Nucl eol ar Mat r i x Pr ot ei ns

NEPHGEof t he nucl eol ar mat r i x ( not shown) i ndi cat es t hat

t hese pr ot ei ns ar e di st i nct f r om t he i nt r anucl ear mat r i x and

nucl ear membr ane- l ami na pr ot ei ns . These ar e di scussed i n

mor e det ai l el sewher e ( 34) .

NHPof Chr omat i n

As ment i oned pr evi ousl y, a st andar d met hod of pr epar i ng

chr omat i n i s t o wash i sol at ed nucl ei t wi ce wi t h buf f er sol ut i on

of sal i ne pl us a chel at i ng agent t o r emove nucl ear sap pr ot ei ns,

t hen t o wash t he nucl ei sever al t i mes wi t h hypot oni c Tr i s

buf f er s t o swel l t he chr omat i n ( 18) . I n some pr epar at i ons,
chr omat i n i s al so shear ed and any par t i cul at e mat t er i s r emoved
by cent r i f ugat i on . The pr evai l i ng assumpt i on t hr ough many

year s has been t hat t he NHP r emai ni ng on t hi s chr omat i n ar e
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pr i mar i l y i nvol ved i n gene r egul at i on. However , pr evi ous st ud-

i es of nucl ear pr ot ei ns i n our l abor at or y ( 26, 30, 32) and ot her s

( 84, 86) , usi ng one- di mensi onal SDS gel el ect r ophor esi s i ndi -

cat ed t hat t he vast maj or i t y of el ect r ophor et i cal l y vi si bl e NHP

ar e der i ved f r om t he mat r i x or hnRNP. The pr esent t wo-

di mensi onal gel el ect r ophor esi s st udi es conf i r m t hi s concl usi on .

Appr oxi mat el y 80%of t he mass ( not number ) of NHPof whol e

unwashed nucl ei i s der i ved f r om t he i nt r anucl ear mat r i x, nu-

cl ear membr ane, nucl eol ar mat r i x, and hnRNP. Fur t her mor e,

when t he pr ot ei ns of t he wel l - washed nucl ei and chr omat i n

wer e anal yzed by st andar d t wo- di mensi onal gel el ect r ophor esi s

and NEPHGE, t hey wer e f ound t o be essent i al l y ver y si mi l ar

t o t hose of unwashed nucl ei ( Fi gs . 3, 10, and 11, and unpub-

l i shed r esul t s) .

Our f i ndi ng t hat t he hnRNPs ar e especi al l y pr omi nent i n t he

chr omat i n pr epar at i ons we' ve empl oyed ( 18) subst ant i at es r e-

por t s by many i nvest i gat or s t hat t he hnRNA may r emai n

t i ght l y associ at ed wi t h t he chr omat i n ( 6, 16, 60, 84, 95) . The

NEPHGE st udi es of I I S monomer par t i cl es of chr omat i n al so

show amount s of hnRNP compar abl e t o t hat of whol e chr o-

mat i n ( 70) . Al t hough di sr upt i on of nucl ei by soni cat i on as an

al t er nat i ve met hod of chr omat i n pr epar at i on has been r epor t ed

t o r esul t i n a l ower per cent age of hnRNP pr ot ei ns associ at ed

wi t h chr omat i n ( 16) , t hi s may be caused by t he shear i ng of t he

hnRNA- pr ot ei n compl ex f r om t he chr omat i n as a r esul t of

soni cat i on .

Al t hough ot her gr oups of r esear cher s have st udi ed t he NHP

by t wo- di mensi onal gel el ect r ophor esi s ( 7, 73, 101) , t he t ype of

syst ems used or t he met hods of pr esent i ng dat a gener al l y do

not al l ow conveni ent or accur at e compar i sons wi t h our r esul t s .

Si mi l ar i t i es bet ween our st udi es and t hat of Li ew' s gr oup ( 70,

94) wer e di scussed above .

Pet er son and McConkey ( 86) r epor t ed a compar at i ve st udy

of cyt opl asmi c, nucl eopl asmi c, and chr omat i n pr ot ei ns of HeLa

cel l s empl oyi ng t he st andar d O' Far r el l ur ea- NP- 40 syst em

usi ng
' 1
' S- met hi oni ne- l abel ed sampl es . Thi s al l owed det ect i on

of mi nor NHP, and t he number of component s t hey obser ved

i n chr omat i n was - 500 compar ed t o t he 100- 200 we can det ect

wi t h Coomassi e st ai ni ng . I t i s agai n i mpossi bl e t o make di r ect

compar i sons bet ween speci f i c pr ot ei ns of t he t wo st udi es, but

t hei r obser vat i on t hat sever al dozen abundant pr ot ei ns ar e

common t o cyt opl asm, nucl eopl asm, and chr omat i n i s consi st -

ent wi t h our f i ndi ngs, gi ven t he di f f er ent sensi t i vi t i es of t he t wo

met hods ( l abel ed vs . unl abel ed pr ot ei ns) .

Fi nal Comment s

I n compar i son t o one- di mensi onal gel el ect r ophor esi s, espe-

ci al l y of nucl ear mat r i x, our t wo- di mensi onal gel s show a

r el at i ve pauci t y of hi gh mol ecul ar - wei ght speci es . Thi s i s un-

l i kel y ar t i f act ual si nce we have cl ear l y obser ved pr ot ei ns of

250, 000 dal t ons and gr eat er i n some pr epar at i ons ( 29) . Al so,

heavi l y l oaded gel s of nucl ear pr ot ei ns r eveal sever al speci es

bet ween 90, 000 and 200, 000 dal t ons . Pr ot ei n bands i n one-

di mensi onal SDS gel s may be composed of mul t i pl e mi nor

speci es of di f f er ent i soel ect r i c poi nt s whi ch ar e i ndi vi dual l y t oo

smal l t o be seen i n Coomassi e bl ue- st ai ned, t wo- di mensi onal

gel s . We have obser ved t hi s i n nucl eol ar mat r i x pr epar at i ons

( not shown) .

We have st at ed ear l i er t hat t he t er m " chr omat i n" must be

consi der ed val i d onl y as an oper at i onal def i ni t i on and we wi sh

t o emphasi ze her e t hat , on t he basi s of our r esul t s, ot her nucl ear

component s such as mat r i x and hnRNP par t i cl es shoul d pr ob-

abl y be vi ewed i n t he same manner . Fur t her mor e, al t hough we
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cannot excl ude t he possi bi l i t y of some cont ami nat i on of cer t ai n

nucl ear f r act i ons wi t h component s of ot her s, we bel i eve t hat

gi ven t he r emar kabl e r epr oduci bi l i t y of our gel s f r om pr epa-

r at i on t o pr epar at i on, i n t er ms of bot h t he speci f i c pol ypept i des

obser ved and t he r el at i ve amount s of each, our r esul t s t r ul y

r epr esent t he associ at i ons of nucl ear component s suggest ed i n

t hi s paper . Thi s i mpl i es t hat per haps l ess emphasi s shoul d be

pl aced on t he " compar t ment al i zat i on" of nucl ear subst r uct ur es

and mor e on t he nucl eus as a dynami c, compl ex i nt er act i on of

f unct i onal l y ( and st r uct ur al l y) r el at ed component s whi ch t o-

get her car r y out t he di ct at es of an or gani sm' s genet i c i nf or -

mat i on .

We woul d l i ke t o i dent i f y as many of t he nucl ear pr ot ei ns as

possi bl e and t o encour age cor r espondence f r om ot her gr oups

of i nvest i gat or s wi l l i ng t o submi t r at l i ver nucl ear enzymes and

ot her pur i f i ed NHP f or el ect r ophor esi s .

We wi sh t o t hank Dr . James 1 . Gar r el s f or shar i ng wi t h us hi s

exper i ence wi t h l ong gel s and pr ovi di ng t he speci f i cat i ons f or t he sl ab

gel appar at us. We al so t hank Dr . Br enda J . Conner f or cr i t i ci sm of t he

manuscr i pt and Mr . Donn R. Muhl eman and Mr . Jef f r ey Si l ver man

f or t echni cal assi st ance .
Thi s wor k was suppor t ed by Nat i onal I nst i t ut es of Heal t h gr ant s

Gm 15886 and GM23199- 04 .

Recei ved f or publ i cat i on 19 Oct ober 1979, and i n r evi sed f or m 25

Febr uar y 1980.
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