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Abst r act . Ant i bodi es t o a set of st r uct ur al l y r el at ed
aut oant i gens ( p23- 25) bi nd t o a pr evi ousl y unchar ac-
t er i zed, l ar ge st r uct ur al domai n i n t he nucl eus of a va-

r i et y of human cel l t ypes. Thi s subnucl ear domai n i s

vi si bl e by phase cont r ast al one as a r egi on of decr eased
densi t y af t er sever al di f f er ent f i xat i on pr ot ocol s . The
mor phol ogy of t hi s r egi on changes dr amat i cal l y dur i ng

t he cel l cycl e and we have gi ven i t t he name PI KA
( f or pol ymor phi c i nt er phase kar yosomal associ at i on)
based on pr el i mi nar y evi dence t hat t he PI KA pr ot ei ns

may be associ at ed wi t h chr omat i n . The f unct i on of t he
PI KA i s not yet known, but our i mmunol ocal i zat i on

B
EYONDsuch obvi ous f eat ur es as t he nucl eol us, het er o-
chr omat i n, and t he nucl ear membr ane, t he st r uct ur al
or gani zat i on of t he nucl eus i s sur pr i si ngl y poor l y un-

der st ood . Whi l e many aspect s of nucl ear physi ol ogy have
pr oven amenabl e t o anal ysi s i n vi t r o, a compl et e under st and-
i ng of t he cel l ul ar cont r ol of nucl ear pr ocesses, whi ch i n-
cl ude t r anscr i pt i on, nascent RNA spl i ci ng and pr ocessi ng,
and t r anspor t of mat ur e mRNA, may ul t i mat el y depend on
our knowl edge of t he or gani zat i on of t he nucl eopl asmi c ma-
t er i al sur r oundi ng t he i nt er phase chr omosomes . At pr esent ,
much about t he or gani zat i on of t he nucl eopl asmr emai ns un-
cl ear . Speci f i cal l y, i t i s unknown t o what ext ent t he nucl eo-
pl asm i s f unct i onal l y and st r uct ur al l y par t i t i oned i nt o sep-
ar at e domai ns .

Ef f or t s t o under st and t he st r uct ur e of t he nucl eopl asm by
bi ochemi cal f r act i onat i on have met wi t h onl y l i mi t ed suc-
cess . Many at t empt s at separ at i ng t he nucl eus i nt o i t s const i t -
uent subst r uct ur es have i nvol ved di sr upt i ve pr ocedur es such
as nucl ease di gest i on and/ or det er gent and sal t ext r act i on
( Ber ezney and Cof f ey, 1975 ; Ber ezney, 1984 ; Vogel st ei n et
al . , 1985) . Bi ochemi cal f r act i onat i on pr ocedur es have per -
mi t t ed i dent i f i cat i on of pr ot ei ns associ at ed wi t h smal l nu-
cl ear RNA ( snRNA) ' ( Ler ner and St ei t z, 1979 ; Pet t er sson
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dat a i ndi cat e t hat i t i s unl i kel y t o be associ at ed wi t h
r egi ons of ongoi ng DNA r epl i cat i on, het er ogeneous

nucl ear RNA st or age, or mRNA pr ocessi ng . The di s-

cover y of t he PI KA pr ovi des evi dence suppor t i ng an

emer gi ng model of nucl ear st r uct ur e. I t now appear s
t hat t he nucl eus i s or gani zed i nt o di st i nct domai ns
whi ch i ncl ude not onl y t he nucl eol us, but al so pr evi -
ousl y uni dent i f i ed r egi ons such as t he PI KAs . Fur t her -
mor e, st r uct ur al r ear r angement s under gone by t he nu-

cl eol us and t he PI KAs may be i ndi cat i ve of a br oad

t endency f or nucl ear or gani zat i on t o change i n a cel l

cycl e- speci f i c f ashi on .

et al . , 1984 ; Yang et al . , 1981) , het er ogeneous nucl ear RNA
( hnRNA) ( Long et al . , 1979 ; vanEekel en and van Venr ooi j ,
1981 ; Dr eyf uss, 1986) , and, t o some ext ent , t hose associ at ed
wi t h newl y synt hesi zed DNA ( Par dol l et al . , 1980 ; Vogel -
st ei n et al . , 1980 ; Ber ezney, 1984) and wi t h t he bases of
put at i ve chr omosomal l oop domai ns ( Mi r kovi t ch et al . ,
1984 ; Adachi et al . , 1989) . However , t he use of ext r act i ve
pr ocedur es f or anal ysi s of t he hi gher - or der subst r uct ur e of
t he nucl eus has r emai ned cont r over si al ( Mi r kovi t ch et al . ,
1984 ; Lot hst ei n et al . , 1985 ; Cook, 1988) .

An al t er nat i ve met hod of st udyi ng basi c nucl ear st r uct ur e
i s t he use of ant i bodi es t o st udy t he di st r i but i on of var i ous
pr ot ei ns i n si t u . Aut oant i bodi es f r ompat i ent s wi t h aut oi m-
mune di seases have been usef ul i n t he anal ysi s of t he di st r i -
but i on of smal l nucl ear r i bonucl eopr ot ei ns ( snRNPs) ( Ler -
ner et al . , 1981 ; Spect or , 1990) and cent r omer es ( Mor oi et
al . , 1980 ; Cooke et al . , 1990) . Ot her aut oant i bodi es have r e-
cent l y been used t o descr i be a novel " nucl ear dot " domai n
wi t hi n t he nucl ei of pr ol i f er at i ng cel l s ( Ascol i and Maul ,
1991) . I n t he pr esent st udy, we use a new exper i ment al an-
t i ser um t o descr i be a gr oup of ant i gens wi t h a novel and dy-
nami c nucl ear di st r i but i on .

Thi s ant i ser um, whi ch r ecogni zes a f ami l y of t hr ee or f our
st r uct ur al l y r el at ed nucl ear pr ot ei ns 23- 25 kD i n si ze, i den-
t i f i es l ar ge, pr evi ousl y undescr i bed compar t ment s of t he nu-
cl eopl asm t hat ar e vi si bl e bot h af t er st ai ni ng wi t h speci f i c
ant i body and by phase- cont r ast mi cr oscopy. We have t er med
t hi s newl y i dent i f i ed const el l at i on of subnucl ear r egi ons t he
PI KA ( f or pol ymor phi c i nt er phase kar yosomal associ at i on) .

These r esul t s suppor t t he not i on t hat t he nucl eopl asm i s t o
some ext ent or gani zed i nt o di st i nct domai ns . As di scussed
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bel ow, t hi s put at i ve st r uct ur al compar t ment al i zat i on may
r ef l ect a f unct i onal segr egat i on wi t hi n t he nucl eus as wel l .

Mat er i al s and Met hods

I mmunol ogi cal Reagent s

The aut oi mmune pat i ent s' ser a wer e pr ovi ded t hr ough t he gener osi t y of

Naomi Rot hf i el d ( Uni ver si t y of Connect i cut , Far mi ngt on, CT) and have
been char act er i zed i n det ai l el sewher e ( Ear nshaw and Rot hf i el d, 1985) .
Pur i f i ed ant i - PCNA I gG was pr ovi ded cour t esy of Sabi na Hi l debr andt
( Uni ver si t y of Connect i cut ) and Naomi Rot hf i el d . The ant i - Sm Y12 mono-
cl onal ant i body was pr ovi ded cour t esy of Joan St ei t z ( Yal e Uni ver si t y, New
Haven, CT) and Joe Gal l ( Car negi e I nst i t ut i on, Bal t i mor e, MD) . The ant i -
hnRNP pr ot ei n ant i bodi es wer e a gi f t f r om S . Pi nol - Roma and G. Dr eyf uss
( Uni ver si t y of Pennsyl vani a, Phi l adel phi a, PA) . The ant i - DNA ant i body

was a gi f t of Davi d St ol l ar ( Tuf t s Uni ver si t y, Bost on, MA) .

Cel l Li nes and Cul t ur e Techni ques

HeLa cel l s wer e gr own i n RPMI - 1640 ( Gi bco Labor at or i es, Gr and I sl and,
NY) suppl ement ed wi t h 5% HyCl one cal f ser um ( HyCl one St er i l e Sys-
t ems, Logan, UT) . Pr i mar y umbi l i cal cor d f i br obl ast s and pr i mar y f or eski n
f i br obl ast s wer e gi f t s of Gai l St et t en ( Johns Hopki ns Medi cal School , Bal t i -

mor e, MD) . K- 562 cel l s wer e pr ovi ded by J . Rober t s ( Hut chi nson Cancer
Cent er , Seat t l e, WA) .

Pr epar at i on of Cr ude Nucl ear Ext r act

Nucl ear pr ot ei ns wer e i sol at ed f r om HeLa cel l s gr own i n suspensi on and
swol l en i n RSB ( 10 mMTr i s- HCI , pH 7. 4, 10 mMNaCl , 5 MMMgCI 2)
at r oomt emper at ur e f or 5 mi n . The cel l s wer e t hen l ysed at 4° C i n 15 mM
Tr i s- HCl , pH 7. 4, 80 mMKCI , 2 mMK- EDTA, pH 7 . 4, 0. 75 mMSper mi -
di ne, 0. 30 mMSper mi ne. Lysi s was accompl i shed wi t h 10 vi gor ous st r okes
wi t h a t ype A pest l e i n a 15- ml Dounce homogeni zer ( Wheat on Sci ent i f i c,
Mi l l vi l l e, NJ) . The homogenat e was cent r i f uged at 100 g f or 15 mi n and
t he pel l et cont ai ni ng nucl ei r esuspended i n 1%SDS pr ot ei n sampl e buf f er .

I mmunobl ot t i ng

The i mmunobl ot t i ng pr ocedur e has been descr i bed pr evi ousl y ( Ear nshaw
et al . , 1984) .

I mmunof i uor escence

Cel l s wer e gr own on 18- mm2 gl ass cover sl i ps and t hen f i xed as descr i bed
i n t he f i gur e l egends . The cover sl i ps wer e washed t wi ce by i mmer si on f or
10 s and 5 mi n i n KB buf f er ( 150 mMNaCl , 10 mMTr i s- HCl , pH7. 7, 0. 1%
Tr i t on X- 100, 0. 01% BSA [ Pent ax gr ade, Mi l es Labor at or i es, I nc. , El khar t ,
I N, 30%sol ut i on] ) and t hen f or 5 mi n i n KB wi t hout Tr i t on X- 100 ( KB- ) .
The excess buf f er was r emoved f r omt he cover sl i ps by gent l e shaki ng and
bl ot t i ng t he edge and back wi t h t i ssue paper . Af t er t hi s, 75 / Al of t he f ol l ow-
i ng sol ut i ons ( di l ut ed i n KB- ) wer e added t o t he sur f ace of t he cover sl i p i n
t he f ol l owi ng or der . ( a) Pr i mar y ant i bodi es di l ut ed as f ol l ows : Rabbi t ant i -
PI KA ser a 1 : 1, 000; aut oi mmune ant i cent r omer e ser um 1 : 10, 000 ; pur i f i ed
I gGant i - PCNA aut oant i body 1 : 1, 000 ; mouse monocl onal ant i - Sm cul t ur e
super nat ant 1 : 10 ; pur i f i ed monocl onal I gG ant i - CENP- B asci t es f l ui d
1 : 200 ; ant i - DNA monocl onal cul t ur e super nat ant 1 : 2 ; ant i - L pr ot ei n ant i -
bodi es 1 : 250 ; ant i - C, and - CZ monocl onal asci t es f l ui d 4F4 1 : 5, 000 ; ant i -
A, monocl onal cul t ur e super nat ant 41310 was not di l ut ed . Combi nat i ons of
t wo of t hese ant i bodi es wer e somet i mes used as i ndi cat ed . ( b) Bi ot i nyl at ed
ant i - r abbi t i mmunogl obul i n ant i body ( Vect or Labor at or i es, I nc . , Bur l i n-
game, CA) di l ut ed 1 : 1, 000. I n exper i ment s such as t hat shown i n Fi g . 8, t he
ant i - PI KA ant i bodi es coul d be added at t hi s st ep wi t h t he same r esul t s . ( c)
St r ept avi di n conj ugat ed wi t h Texas r ed ( Bet hesda Resear ch Labor at or i es,
Gai t her sbur g, MD) , di l ut ed 1 : 1, 000. For exper i ment s wher e a second ant i -
body was used i n st ep a, f l uor escei nat ed ant i - human or ant i - mouse was al so
used at t hi s st ep at a 1 : 250 di l ut i on . ( d) The DNA bi ndi ng f l uor escent dye
DAPI at 1 14g/ ml i n KB.

For st eps a- c t he cover sl i ps wer e pl aced i n a humi d chamber and i n-
cubat ed at 37° C f or 30 mi n. The DAPI t r eat ment was done at r oomt emper a-
t ur e f or 5 mi n. The cover sl i ps wer e washed bet ween ant i body addi t i ons f or

10 s and 5 mi n i n KB and 5 mi n i n KB- as above . Af t er t he l ast wash, t he

cover sl i ps wer e i nver t ed and mount ed wi t h 25 %gl ycer ol i n PBS cont ai ni ng
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150 mM Di azabi cycl o- oct ane ( Al dr i ch Chemi cal Co . , I nc. , Mi l waukee,
WI ) used as an ant i f ade agent and seal ed at t he edges wi t h nai l pol i sh .

Mol ecul ar Cl oni ng and Pr oduct i on of Ant i ser a

Aut oi mmune pat i ent ' s ser um was used t o scr een a human Xgt l l expr essi on
vect or l i br ar y . cDNAs wer e i sol at ed and expr essed i n Escher i chi a col i f r om
t he 0- gal act osi dase pr omot er , or subcl oned i nt o pATHI I ( Spi ndl er et al . ,
1984) and expr essed as t r pE f usi on pr ot ei ns ( Saunder s, 1990) . These cDNA

cl ones wi l l be descr i bed i n det ai l el sewher e ( Saunder s, W. S. , and W. C.
Ear nshaw, manuscr i pt i n pr epar at i on) .

Appr oxi mat el y 20 mg ( est i mat ed af t er Coomassi e bl ue st ai ni ng by com-
par i son wi t h known st andar ds) of t r pE f usi on pr ot ei n t hat cont ai ned - 13
kD of human pol ypept i de ( 38% of t ot al f usi on pr ot ei n) wer e el ect r opho-
r esed on an SDS- pol yacr yl ami de gel . A nar r ow band cont ai ni ng t he f usi on
pr ot ei n was exci sed and i t s i dent i t y ver i f i ed by i mmunobl ot t i ng. By compar -
i son t o uni nduced cont r ol cul t ur es t he exci sed band cont ai ned >75 %of t he
t ot al pr ot ei n as f usi on pr ot ei n . The gel band was soaked t wi ce f or 30 mi n
i n wat er t o r emove t he SDS, gr ound up t o a f i ne powder i n a mor t ar and
pest l e under l i qui d ni t r ogen, and t r ansf er r ed t o a gl ass 2 . 5- ml syr i nge . 1 ml
of PBS was added, f ol l owed by 1 ml of Fr eund' s compl et e adj uvant ( Di f co
Labor at or i es, I nc . , Det r oi t , MI ) . The mi xt ur e was t hen soni cat ed ( out put
set t i ng 4, Br anson Soni f i er model 200, Br anson Soni c Power Co. , Danbur y,
CT) unt i l a f i ne emul si on was f or med, at whi ch poi nt t he sol ut i on was t oo
vi scous t o pour f r om t he syr i nge . At day 0, one mal e r abbi t ( 6 mo ol d,
Hazl et on Resear ch Pr oduct s, Denver , PA) was i nj ect ed i n mul t i pl e l oca-
t i ons : subcut aneousl y on t he back, i n t he dor sal medi al subscapul ar ar ea,
i nt r amuscul ar l y i n t he gl ut eal r egi on, and i nt o t he par i et al per i t oneum
above t he abdomen . The ani mal was boost ed wi t h - 10 mg of t he same ant i -
gen i n i ncompl et e Fr eund' s at 30 and 65 d . Bl ood was dr awn passi vel y f r om
t he cent r al ear vei n 10 d af t er t he second and t hi r d i nj ect i ons and al l owed
t o cl ot f or 30 mi n at 37° C. The cl ot was cent r i f uged at 4, 200 g f or 30 mi n,
t he ser um dr awn of f , r espun, and t he super nat ant al i quot ed i nt o smal l
vol umes, and st or ed at - 70°C.

Af fi ni t y Pur i f i cat i on

Af f i ni t y pur i f i cat i on of speci f i c ant i bodi es f r om pr ot ei ns i mmobi l i zed on
ni t r ocel l ul ose f i l t er s was per f or med as descr i bed ( Ear nshaw and Rot h-
f i el d, 1985) .

Cel l Synchr ony

HeLa cel l s wer e gr own at t ached t o 150- cm2 f l asks f or 12- 36 h t o - 80%
conf l uency. Fl asks wer e pr eshaken by t hr ee vi gor ous bl ows wi t h t he pal m
of t he hand, t he cel l s wer e spun down, and t he medi a was r et ur ned t o t he

f l asks. 2 h l at er t he f l asks wer e gent l y r eshaken and t he mi t ot i c cel l s pl at ed
on gl ass cover sl i ps . At var i ous t i mes af t er shakeof f t he cel l s wer e exami ned
by i mmunof l uor escence . I n some exper i ment s t he cel l s wer e par t l y syn-
chr oni zed af t er shakeof f by bei ng bl ocked f or 9 h wi t h aphi di col i n at 2

Ag/ ml , washed t wi ce, and r el eased wi t h f r esh medi a . The r esul t s wi t h and
wi t hout aphi di col i n pr et r eat ment wer e i ndi st i ngui shabl e and t her ef or e wer e
combi ned i n t he subsequent anal ysi s . Popul at i ons wer e consi der ed syn-
chr oni zed i f >70%of t he cel l s had cyt opl asmi c br i dges af t er shakeof f , and

>85% wer e posi t i ve f or PCNA i mmunost ai ni ng dur i ng S phase. Onl y i n

some exper i ment s coul d PI KA i nununost ai ni ng be r eadi l y seen i n ever y

cel l . For t he cel l synchr ony exper i ment s onl y t he cel l s wher e PI KA st ai ni ng
coul d be cl ear l y seen wer e count ed . Each t i me poi nt r epr esent s 100- 600

cel l s count ed dur i ng t hr ee separ at e exper i ment s . Exami nat i ons wer e per -
f or med bl i nd so t hat t he r esear cher di d not know whi ch t i me poi nt was bei ng

count ed .

El ect r on Mi cr oscopy

I mmunoel ect r on mi cr oscopy was per f or med as descr i bed ( Cooke et al . ,
1990) . Br i ef l y, cel l s wer e gr own on cover sl i ps and f i xed i n si t u wi t h 4%
f or mal dehyde i n Dul becco' s PBS. Tr eat ment wi t h pr i mar y ant i bodi es and
subsequent washi ng was as f or i mmunof l uor escence ( see above) . The cel l s
wer e t hen i ncubat ed wi t h goat ant i - r abbi t I gG conj ugat ed t o 1 r un gol d

( Janssen Li f e Sci ences Pr oduct s, Pi scat away, NJ) di l ut ed 1 : 100 i n KB- f or
4 h at r oom t emper at ur e . Af t er washes i n KB- and D- PBS, t he cel l s wer e
f i xed i n 2 % gl ut ar al dehyde wi t h 0. 02 %t anni c aci d i n D- PBS and si l ver en-
hanced ( I nt enSe Si l ver Enhancement ki t ; Janssen Li f e Sci ences Pr oduct s) .
The cel l s exami ned wi t hout ant i body l abel wer e r i nsed br i ef l y wi t h D- PBS
and t hen f i xed wi t h 2 %gl ut ar al dehyde i n D- PBS pl us 2 mg/ ni l t anni c aci d
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Fi gur e 1. Di scover y of ant i ser a r ecogni zi ng a f ami l y of aut oant i gens
of 23- 25 kD. HeLa nucl ear pr ot ei ns wer e el ect r ophor esed on a
15 %SDS- pol yacr yl ami de gel and bl ot t ed t o ni t r ocel l ul ose. Ver t i -
cal st r i ps f r om t he bl ot wer e pr obed wi t h ser um f r om an aut oi m-
mune pat i ent known t o have ant i cent r omer e ant i bodi es ( l ane 1) or
aut oant i bodi es af f i ni t y pur i f i ed f r om a / 3- gal act osi dase/ p23- 25 f u-
si on pr ot ei n ( l ane 2) . The af f i ni t y- pur i f i ed aut oant i bodi es bi nd onl y
t o t he p23- 25 kD pr ot ei ns . The cent r omer e aut oant i gens at 17 kD
( CENP- A) , 80 kD ( CENPB) , 140 kD ( CENP- C) , and 50 kD
( CENP- D) ar e i ndi cat ed . Nucl ear pr ot ei ns wer e scr eened wi t h
pr ei mmune ( l ane 3) and i mmune ser um ( l ane 4) f r om a r abbi t i m-
muni zed wi t h a t r pE/ p23- 25 f usi on pr ot ei n . The r abbi t i mmune se-
r um, but not t he pr ei mmune ser um, bound t o t he p23- 25 pr ot ei ns .
The r abbi t i mmune ser um al so cont ai ned ant i bodi es t o a cr oss-
r eact i ng pr ot ei n doubl et at - 77 kD. Rabbi t ant i bodi es af f i ni t y
pur i f i ed f r om t he f usi on pr ot ei n i mmobi l i zed on ni t r ocel l ul ose
bound onl y t o t he p23- 25 kD pr ot ei ns on bl ot s ( l ane 5) .

f or 30 mi n . The cel l s wer e washed i n D- PBS, dehydr at ed, embedded, and

sect i oned as descr i bed ( Cooke et al . , 1990) .

Nucl ear Fer meabi l i zat i on and Enzyme Tr eat ment

HeLa cel l s wer e gr own over ni ght on gl ass cover sl i ps and t r eat ed wi t h KBS
( KB pl us 300 mMsucr ose wi t h pr ot ease i nhi bi t or s) at 4° C f or 2- 5 mi n .
The pr ot ease i nhi bi t or mi x i ncl uded 10 Ul ml Tr asyl ol ( Mobay Chemi cal
Cor p. , Pi t t sbur gh, PA) , 10 ni M PMSF ( Si gma Chemi cal Co. St . Loui s,
MO) , and chymost at i n, l eupept i n, ant i pai n, and pepst at i n ( CLAP, Si gma
Chemi cal Co . ) , each at 1 mg/ ml i n DMSO. The ext r act ed cel l s wer e t r eat ed
wi t h enzyme ( or cont r ol buf f er wi t hout enzyme) f or 20 mi n at 4° C ( mi cr o-
coccal nucl ease) or 20 mi n at r oomt emper at ur e ( RNAse A or DNase I ) i n
KBS wi t hout Tr i t on X- 100 ( KBS- ) . The buf f er s f or enzymat i c di gest i on
wer e as f ol l ows : RNAse ; KBS- , DNase ; KBS- pl us 10 mMMgC12, mi cr o-
coccal nucl ease ; KBS- pl us 2 mM CaC12 . The cel l s wer e t hen f i xed i n
met hanol at - 20° C and pr ocessed f or i mmunof l uor escence as descr i bed
above, except t he cel l s wer e washed i n KB- onl y . DNase and RNAse wer e
pur chased f r omBoehr i nger Mannhei mBi ochemi cal s, I ndi anapol i s, I N; mi -
cr ococcal nucl ease was f r omWor t hi ngt on .

Resul t s

Ant i - p23- 25 Ant i bodi es

Among t hose ser a f r ompat i ent s wi t h scl er oder ma spect r um
di sease t hat r ecogni ze cent r omer es ( Mor oi et al . , 1980) ar e

Saunder s et al . Compar t ment al i zat i on wi t hi n t he Nucl eus

a smal l number t hat al so r ecogni ze a set of aut oant i gens wi t h
mol ecul ar masses of - 23- 25 kD ( r ef er r ed t o her e as t he
p23- 25 ant i gens) ( Gul dner et al . , 1984 ; Ear nshaw and
Rot hf i el d, 1985) . These aut oant i gens can be seen t o f or ma
compl ex of t hr ee t o f our spot s on nonequi l i br i um t wo-
di mensi onal gel s ( Cox et al . , 1983 ; Saunder s, WS. , unpub-
l i shed obser vat i ons) . One such ser um ( Fi g . 1, l ane 1) was
used t o scr een a human Agt l l cDNA l i br ar y, and cl ones ex-
pr essi ng i mmunoposi t i ve f usi on pr ot ei ns wer e sel ect ed as
descr i bed el sewher e ( Saunder s, 1990) . Two sor t s of cl ones
wer e obt ai ned . The maj or i t y consi st ed of cDNAs encodi ng
CENPB, t he maj or cent r omer ec aut oant i gen ( Ear nshaw and
Rot hf i el d, 1985) . Ot her s, whi ch pr ovi ded t he st ar t i ng poi nt
f or t he exper i ment s descr i bed her e, encode epi t opes pr esent
on t he p23- 25 ant i gens ( Fi g. 1, l ane 2) . Aut oant i bodi es
af f i ni t y- pur i f i ed f r omt he f usi on pr ot ei n r ecogni zed t he ent i r e
compl ex of p23- 25 ant i gens, conf i r mi ng t hat t hese ant i gens
ar e st r uct ur al l y r el at ed ( Saunder s, WS. , and WC. Ear n-
shaw, manuscr i pt i n pr epar at i on) .

Pol ycl onal ant i bodi es t o t he f usi on pr ot ei n f r omone such
phage cl one ( t hat encoded 12 . 8 kD of human pol ypept i de)
wer e r ai sed i n a r abbi t ( see Mat er i al s and Met hods) . Thi s
i mmune ser umcont ai ned ant i bodi es t hat appar ent l y r ecog-
ni zed t he ent i r e p23- 25 compl ex of aut oant i gens ( Fi g . l , l ane
4) . The r abbi t i mmune ser umal so cr oss- r eact ed wi t h sever al
ot her pr ot ei ns . These ar e appar ent l y unr el at ed t o t he p23- 25
ant i gens, as shown by af f i ni t y pur i f i cat i on of ant i bodi es f r om
t he r abbi t ser um usi ng t he f usi on pr ot ei n i mmunogen i m-
mobi l i zed on ni t r ocel l ul ose . Such af f i ni t y pur i f i ed ant i bodi es
bi nd back onl y t o t he p23- 25 pr ot ei ns on bl ot s ( Fi g . 1, l ane
5) and al so t o t he PI KAs as descr i bed bel ow ( see Fi g. 3, J
and K) .

Rabbi t Ant i bodi es Bi nd t o a Novel Subnucl ear Regi on

We exami ned t he di st r i but i on of t he p23- 25 pr ot ei ns i n f i xed
cel l s by i ndi r ect i mmunof l uor escence wi t h t he r abbi t ser um.
Ant i bodi es f r om t he i mmune ser um r ecogni zed a hi ghl y
pol ymor phi c set of subst r uct ur es wi t hi n HeLa cel l nucl ei
( Fi g. 2) . We have desi gnat ed t hese r egi ons PI KAs .

PI KAs ar e ext r emel y var i abl e i n si ze and number . They
r ange i n si ze f r oma si ngl e l ar ge r oughl y spher i cal r egi on ( up
t o 5 Ami n di amet er ) i n t he nucl ei of some cel l s t o dozens
of smal l er punct at e f oci i n ot her s . Di scr et e ant i body bi ndi ng
r egi ons ar e not vi si bl e i n mi t ot i c and ear l i est G, cel l s . I n-
st ead a l ow l evel of di f f use st ai ni ng i s seen t hr oughout t he
cyt opl asm. Pr ei mmune ser um f r om t hi s r abbi t r ecogni zes
nei t her t he p23- 25 ant i gens ( Fi g . 1, l ane 3) nor t he nucl ear
spot s i n f l uor escence ( Fi g. 2 B, i nset ) .

Lar ge PI KAs ar e of t en qui t e conspi cuous when vi ewed by
phase- cont r ast mi cr oscopy ( Fi g . 3) . They can be r ecogni zed
as l i ght ar eas of t he nucl eus wi t h an i r r egul ar , but r oughl y
spher i cal , shape . PI KAs of t en appear t o have a di st i nct
boundar y and may have vi si bl e i nt er nal st r uct ur e ( Fi g . 3,
A- C) . They al so t ypi cal l y appear t o be l ess phase dense t han
t he sur r oundi ng nucl eopl asm( Fi g. 3, Dand E) . The f l uor es-
cent i mmunol abel i ng wi t hi n l ar ger PI KAs has a di st i nct
speckl ed appear ance, suggest i ng t hat ant i bodi es may bi nd t o
a cl ust er of subuni t s wi t hi n t he PI KA r egi on ( Fi g . 3 E and
L) . ( The speckl ed appear ance i s occasi onal l y di f f i cul t t o see
i n phot ogr aphi c pr i nt s . ) I n some cel l s t he PI KAs seem t o
br eak up i nt o smal l er subuni t s, and t he di st i nct boundar y
wi t h t he r est of t he nucl eopl asm i s l ost ( see bel ow) .
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Fi gur e 2 . Rabbi t ant i bodi es t o t he 23- 25 kD pr ot ei ns det ect a pol ymor phi c popul at i on of st r uct ur es wi t hi n HeLa cel l nucl ei . HeLa cel l s
wer e gr own on cover sl i ps, f i xed i n 100% met hanol at - 20° C, and scr eened by i ndi r ect i mmunof l uor escence usi ng ser umf r om a r abbi t
i mmuni zed wi t h t he p23- 25 f usi on pr ot ei n . Thi s ant i body r ecogni zes r egi ons wi t hi n t he nucl eus of most cel l s . The si ze and number of
t he st ai ned st r uct ur es var i ed gr eat l y bet ween di f f er ent cel l s . Phase- cont r ast ( A) and f l uor escence ( B) i mages ar e shown . Pr ei mmune ser um
was not i mmunor eact i ve ( i nset i n B shows a f i el d cont ai ni ng - 25 cel l s) . m, mi t ot i c cel l . Bar s : ( A and B) 20 Am; ( i nset ) 100 Am.

We have al so obser ved ot her " phase- l i ght " r egi ons of t he
nucl eus t hat do not r eact wi t h t he ant i - PI KA ant i bodi es .
These may r epr esent addi t i onal nucl ear domai ns si mi l ar
t o t he PI KAs, but l acki ng t he p23- 25 ant i gens ( Fi g . 3, F
and G) .

The Joumal of Cel l Bi ol ogy, Vol ume 115, 1991

PI KAs Ar e Pr esent i n a Var i et y of Cel l Types

PI KAs appear t o be f undament al nucl ear f eat ur es pr esent i n
a var i et y of human cel l t ypes . They ar e not speci al i zed f ea-
t ur es of t r ansf or med cel l s . Epi t hel i al ( HeLa) , er yt hr oi d
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Fi gur e 3. Gal l er y showi ng sever al i mpor t ant aspect s of PI KA mor phol ogy . ( A- C) The PI KA i s of t en di r ect l y vi si bl e by phase- cont r ast
mi cr oscopy . The domai ns r ecogni zed by ant i body appear l ess dense t han t he sur r oundi ng nucl eopl asmunder phase cont r ast . ( F and G)
I t i s possi bl e t o obser ve phase- l i ght r egi ons of t he nucl eus t hat do not r eact wi t h t he ant i - PI KA ant i bodi es . I n t he exampl e shown, a si ngl e
PI KA i s seen i n t hi s HeLa cel l ( F, ar r owhead) . Anot her phase- l i ght r egi on of t he nucl eopl asm was not i mmunor eact i ve ( F, ar r owhead,
0) . ( Hand I ) Pr i mar y human f i br obl ast nucl ei cont ai n PI KAs of mor phol ogy si mi l ar t o t hose seen i n HeLa cel l s . ( J- L) Af f i ni t y- pur i f i ed
ant i bodi es speci f i c f or t he 23- 25 kD ant i gens bi nd t o PI KAs. I n t hi s case, ant i bodi es wer e af f i ni t y pur i f i ed f r om a bact er i al f usi on pr ot ei n
( see Fi g. 1, l ane S) . The gr anul ar subst r uct ur e of t he PI KA i s par t i cul ar l y vi si bl e i n L. A, D, F, H, and J show phase- cont r ast i mages .
B, E, G, I , and L show ant i - PI KA f l uor escence. Phase and f l uor escence i mages ar e super i mposed i n CDNA st ai ni ng wi t h DAPI i s shown
i n K. Except f or Hand I , cel l s wer e f i xed i n 100%met hanol at - 20° C. The cel l i n Hand 1 was f i xed i n 3 %f or mal dehyde i n PBS. Bar s,

10 Ji m.
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( K- 562) , and t wo pr i mar y di pl oi d human f i br obl ast cel l l i nes
wer e t est ed by i mmunof l uor escence wi t h t he ant i - PI KA se-
r um. PI KAs wi t h a si mi l ar di st r i but i on i n si ze, shape, and
number wer e obser ved i n al l t hese cel l t ypes . An exampl e
of such st ai ni ng of a pr i mar y f i br obl ast i s shown i n Fi g . 3,
Hand I . We have not obser ved speci f i c st ai ni ng usi ng t hi s
ser um on cel l s of ot her speci es ( i ncl udi ng I ndi an munt j ac,
BHK, and pi g ki dney epi t hel i al ( LLC- PK) cel l s al t hough
si mi l ar phase- l i ght ar eas have been obser ved wi t hi n t he cel l
nucl ei .

Ant i - p23- 25 Ant i bodi es Bi nd t o t he PI KAs

Ant i - p23- 25 ant i bodi es af f i ni t y pur i f i ed f r omsever al di f f er -
ent subst r at es bound t o PI KAs i n a manner qual i t at i vel y i n-
di st i ngui shabl e f r om t hat of whol e ser um. The subst r at es
used f or af f i ni t y pur i f i cat i on i ncl uded bot h / 3- gal act osi dase
and t r ypt ophan synt het ase ( t r p E) p23- 25 f usi on pr ot ei ns, as
wel l as gel - pur i f i ed cel l ul ar p23- 25 pr ot ei ns f r om HeLa
cel l s ( Fi g . 3, J and K) . When af f i ni t y pur i f i cat i on exper i -
ment s wer e per f or med wi t h f our ot her unr el at ed bact er i al
and human pr ot ei ns no speci f i c st ai ni ng was obser ved
( r esul t s not shown) . These r esul t s demonst r at e convi nci ngl y
t hat ant i bodi es t hat bound t o PI KAs by i mmunof l uor escence
al so bound t o t he p23- 25 pr ot ei ns on bl ot s .

The Ul t r ast r uct ur e of t he PI KAs

The use of a r ecent l y devel oped pr ocedur e f or i mmunol ocal i -
zat i on of nucl ear ant i gens wi t h ul t r asmal l col l oi dal gol d
pr obes ( Cooke et al . , 1990) per mi t t ed us t o exami ne t he

Fi gur e 5. PI KA st ai ni ng depends on t he i n-
t egr i t y of t he DNA. HeLa cel l s wer e per -
meabi l i zed wi t h a buf f er cont ai ni ng Tr i t on
X- 100 ( see Mat er i al s and Met hods) and
t r eat ed wi t h mi cr ococcal nucl ease bef or e
i mmunof l uor escence. ( A) Nucl ei wer e st i l l
st r uct ur al l y i nt act as det er mi ned by phase-
cont r ast mi cr oscopy ; ( B) DAPI f l uor escence
was sl i ght l y r educed as expect ed . ( C) Cen-
t r omer e i mmunol abel i ng was st i l l det ect ed
af t er nucl ease t r eat ment . ( D) The ant i - PI KA
st ai ni ng was gr eat l y r educed or absent ( D)
f r omnucl ease- t r eat ed cel l s . Cel l s wer e f i xed
i n 100%met hanol at - 20° C. Bar , 20 / Am.

st r uct ur e of t he PI KAs by el ect r on mi cr oscopy. Thi s pr oce-
dur e r eveal ed t hat PI KAs have l ower el ect r on densi t y t han
t he sur r oundi ng nucl eopl asm and ar e t r aver sed by f i br ous
mat er i al wi t h an aver age di amet er of 11- 17 nm( Fi g . 4 A) .
The r abbi t ant i body of t en bound t o t hese f i ber s at poi nt s of
i nt er sect i on . Nonuni f or mbi ndi ng may be r esponsi bl e f or t he
speckl ed appear ance of t he PI KAs obser ved by i mmunof l uo-
r escence ( Fi g . 3 E) . The PI KAs wer e occasi onal l y f ound
near r egi ons of het er ochr omat i n or nucl eol i .

Lowl evel s of ant i body bi ndi ng t o t he cyt opl asmand t o t he
r est of t he nucl eus wer e al so obser ved, suggest i ng t hat t he
ant i body may al so r eact wi t h a di f f use component . No si g-
ni f i cant bi ndi ng was seen wi t h pr ei mmune ser um( r esul t s not
shown) . Quant i t at i ve anal ysi s showed t he densi t y of t he gol d
l abel wi t h t he i mmune ser umwas >8 t i mes hi gher i n PI KAs
t han i n t he r est of t he nucl eopl asm; >5 t i mes hi gher t han i n
t he cyt opl asm; and >38 t i mes hi gher t han i n t he nucl eol us .
We do not know whet her t he l ow l evel of backgr ound bi ndi ng
i n t he r est of t he nucl eus was due t o t he pr esence of di sper sed
PI KA ant i gens or t o nonspeci f i c bi ndi ng of t he gol d pr obes .

When cel l s ar e f i xed i n gl ut ar al dehyde and embedded
wi t hout ant i body t r eat ment , i t i s possi bl e t o i dent i f y nucl ear
r egi ons t hat r esembl e PI KAs wi t h r egar d t o si ze, shape, and
di st r i but i on . We f eel i t l i kel y t hat t hi s i s t he appear ance of
t he PI KAs i n opt i mal l y f i xed cel l s ( Fi g . 4 B) . The enhanced
speci men pr eser vat i on af f or ded by gl ut ar al dehyde f i xat i on
per mi t s us t o obser ve t hat t hese r egi ons ar e appar ent l y de-
voi d of i nt er chr omat i n gr anul es, whi ch ar e near l y ubi qui t ous
i n t he nucl eopl asm ( Fakan, 1986) . The absence of i nt er -
chr omat i n gr anul es coul d account f or t he appar ent l ower

Fi gur e 4. Ul t r ast r uct ur al char act er i zat i on of t he PI KA. ( A) PI KAs wer e det ect ed by pr eembeddi ng i mmunoel ect r on mi cr oscopy wi t h r abbi t
ant i - PI KA ant i bodi es . I mmunogol d l abel was det ect ed i n nucl ear r egi ons wi t h l ower appar ent densi t y t han t he sur r oundi ng nucl eopl asm.
Fi ber s t r aver si ng t he l abel ed r egi ons appear ed t o be t he si t es of ant i body bi ndi ng . Lower l evel s of i mmunol abel i ng coul d al so be det ect ed
i n ot her ar eas of t he nucl eus, possi bl y due t o a backgr ound di f f use di st r i but i on of t he ant i gen . ( B) HeLa cel l s wer e f i xed i n gl ut ar al dehyde
wi t hout i mmunol abel i ng ( see Mat er i al s and Met hods) and exami ned f or t he pr esence of PI KA- l i ke r egi ons . Put at i ve PI KAs wer e vi si bl e
as r egi ons of l ow el ect r on densi t y i n t he nucl eopl asm ( ar r ows) . I nt er chr omat i n gr anul es ( I G, ci r cl es) wer e not det ect ed i n t hese r egi ons .
Densel y st ai ni ng ar eas on ei t her si de of t he phot ogr aph ar e nucl eol i . Bar , 1 um.
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Fi gur e 6. The mor phol ogy of t he PI KAs changes as a r esul t of cel l
cycl e phase . The f r equency of si x di f f er ent t ypes of PI KA st r uct ur e
was det er mi ned f or synchr oni zed cel l s at var i ous t i mes af t er mi t ot i c
shake of f . Gr aphs showi ng t he f r equency of t he PI KAs i n synchr o-
ni zed popul at i ons ar e gi ven . The f r equency of each t ype of PI KA
changed gr adual l y dur i ng t he cel l cycl e . The l ar ger t ype 1 and t ype
2 PI KAs wer e pr esent onl y i n G, and ear l y S phase. The smal l er
t ypes wer e t he most common f or ml at er i n t he cel l cycl e . These dat a
suggest a gr adual shi f t t o smal l er and di sper sed PI KAs dur i ng t he
cel l cycl e .

densi t y of t he PI KAs when compar ed t o t he r est of t he
nucl eopl asm.

PI KAs Requi r es I nt act DNA t o Mai nt ai n
Ant i geni c I dent i t y

To begi n t o exami ne t he r el at i onshi p bet ween PI KAs and

DNA, we t est ed whet her enzymat i c di gest i on of t he DNA

had any ef f ect on PI KA mor phol ogy i n per meabi l i zed HeLa
cel l s . Cel l s wer e per meabi l i zed wi t h a buf f er cont ai ni ng
0. 5 %Tr i t on X- 100 and t r eat ed wi t h mi cr ococcal nucl ease or
DNase I bef or e ant i body i ncubat i on ( Fi g. 5) . These mi l d
di gest i on condi t i ons r educed, but di d not abol i sh, DNA
st ai ni ng wi t h DAPI ( Fi g . 5 B) . I n cont r ast , t he ant i body
bi ndi ng t o t he PI KAs was gr eat l y r educed or absent af t er
nucl ease t r eat ment ( Fi g . 5 D) . Abol i t i on of PI KA st ai ni ng r e-
qui r ed act i ve enzyme, f or no r educt i on of ant i body bi ndi ng
was obser ved i f cel l s wer e pr et r eat ed wi t h buf f er mi nus
nucl ease or wi t h mi cr ococcal nucl ease wi t hout t he r equi r ed
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cal ci um. Not al l nucl ear subst r uct ur e was el i mi nat ed by t he
nucl ease t r eat ment as shown by phase- cont r ast exami nat i on
and by t he per si st ence of cent r omer e st ai ni ng ( Fi g . 5 C) . Al -
t hough t hi s exper i ment shoul d not be t aken as pr oof t hat
DNAi s an i nt egr al component of t he PI KA, t he r esul t s sug-
gest t hat PI KAs ar e associ at ed wi t h DNA at some l evel . I n
cont r ast , RNA i nt egr i t y i s appar ent l y not r equi r ed t o mai n-
t ai n t he st r uct ur e of t he PI KAs. PI KA st ai ni ng was
unaf f ect ed by t r eat ment wi t h 50 p, g/ ml RNÀse A ( r esul t s not
shown) .

We exami ned t he di st r i but i on of DNAi n t he nucl eus r el a-
t i ve t o t he PI KAs by i mmunof l uor escence and conf ocal mi -
cr oscopy . Ant i - DNA ant i bodi es bound t hr oughout t he nu-
cl eus wi t h var i abl e i nt ensi t y. The ant i - PI KA ant i bodi es
bound r epr oduci bl y t o r egi ons of t he nucl eus wi t h r el at i vel y
l ess ant i - DNAant i body bi ndi ng ( Fi g . 3, Kand L) . Thi s r esul t
was seen r egar dl ess of t he or der i n whi ch t he ant i - PI KA and
ant i - DNA ant i bodi es wer e added . Thi s suggest s t hat PI KAs
may cont ai n DNAt hat i s l ess compact ed t han ot her ar eas of
t he nucl eus .

The Mor phol ogy of PI KAs Changes dur i ng
t he Cel l Cycl e

PI KAs under go a st r i ki ng change i n appear ance as HeLa
cel l s t r aver se t he cel l cycl e . To quant i f y t hi s phenomena, t he
mor phol ogy of t he PI KAs was cl assi f i ed i nt o si x cat egor i es,
and t he per cent age of cel l s wi t h each cat egor y of PI KA st ai n-
i ng was det er mi ned f or synchr oni zed cel l s at di f f er ent t i mes
af t er mi t osi s ( Fi g . 6) . The l ar ge t ype 1 and t ype 2 st r uct ur es
wer e det ect ed onl y dur i ng G, and ear l y S phase . As t he cy-
cl e pr ogr essed, t he PI KAs gr adual l y became smal l er and
mor e numer ous, as i f t he l ar ger PI KAs di sassoci at ed i nt o
smal l er subuni t s . By l at e S phase, near l y al l cel l s i n t he syn-
chr oni zed popul at i on had a di sper sed punct at e nucl ear st ai n-
i ng ( t ype 6) . Mi cr ogr aphs of cel l s wi t h r epr esent at i ve PI KA
t ypes ar e shown i n Fi g . 7.

Rel at i onshi p t o Ot her Nucl ear Component s

The PI KAs appear t o be i ndependent f r om si t es of DNA
r epl i cat i on and/ or concent r at i ons of PCNA, a cof act or of
DNApol ymer ase 6 ( Br avo et al . , 1987 ; Pr el i ch et al . , 1987) .
HeLa cel l s wer e scr eened si mul t aneousl y wi t h ant i - PI KA
ant i bodi es and ant i - PCNA ant i bodi es . The PI KA st ai ni ng
appear ed t o be i ndependent of t he posi t i on of PCNA ( Fi g .
8, A and B) . Si nce t he PI KAs wer e al so det ect ed when no
DNA synt hesi s i s occur r i ng i n t he cel l ( as def i ned by t he ab-
sence of PCNA i mmunof l uor escence and i n synchr oni zed
cel l s known t o be i n G, ) , we bel i eve t he st r uct ur al di f f er en-
t i at i on of t hi s nucl ear r egi on i s not di r ect l y due t o DNA
r epl i cat i on .

Si mi l ar l y, we exami ned t he di st r i but i on of RNApol ymer -
ase I I i n HeLa nucl ei r el at i ve t o t he PI KAs, Pol ymer ase I I
was f ound t o be di st r i but ed t hr oughout t he nucl eus, i ncl ud-
i ng t he PI KAs . However , i t showed no t endency t o be con-
cent r at ed i n t he PI KA r egi ons ( r esul t s not shown) .

The speckl ed PI KA st ai ni ng obser ved dur i ng l at e S and
G2 phases of t he cel l cycl e r esembl es t hat of cent r omer es
( Mor oi et al . , 1980) . However , cent r omer es and PI KAs ar e
di st i nct ent i t i es . The speckl es st ai ned wi t h t he ant i - PI KA an-
t i ser um do not col ocal i ze wi t h ant i bodi es t o t he cent r omer e-
associ at ed CENP- B ant i gen ( Fi g . 8, C and D) . The conf ocal
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Fi gur e 7. Exampl es of t he si x cl asses of PI KA mor phol ogy . Dur i ng mi t osi s ( M) and ver y ear l y G, , onl y a di f f use cyt opl asmi c st ai ni ng

can be det ect ed . Number s 1- 6 r ef er t o t he mor phol ogi cal cl asses pr esent ed i n Fi g. 6. Cel l s wer e f i xed i n 100%met hanol at - 20° C. Bar ,

5 gm.
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Fi gur e 8. PI KAs do not cor r espond t o r egi ons of ongo-
i ng r epl i cat i on, cent r omer es, or concent r at i ons of
snRNP ant i gens . Ant i - PI KA ser um i mmunof l uor es-
cence i s shown i n A, CE, and G. Bshows r egi ons of
ongoi ng DNAr epl i cat i on det ect ed wi t h ant i - PCNA. D
and Fshowt he l ocat i on of t he cent r omer i c het er ochr o-
mat i n, det ect ed wi t h monocl onal ant i body t o CENP- B
( Ear nshaw et al . , 1987) . ( E and Fwer e obt ai ned wi t h
t he l aser scanni ng conf ocal mi cr oscope. ) Hshows pr e-
sumed r egi ons of RNA spl i ci ng, det ect ed wi t h mono-
cl onal ant i body t o t he Smant i gens . The ar r owhead i n
Hshows PI KA r egi on. PCNA, cent r omer es, and SM
ant i gens ar e al l appar ent l y absent f r omt he PI KAs . Cel l s
wer e f i xed i n 100% met hanol at - 20° C. Bar , 10 Am.



Fi gur e 9 Excl usi on of t he hnRNP C, and C2 pr ot ei ns f r om t he
PI CA r egi ons . A shows t he pat t er n of bi ndi ng of ant i - PI CA ant i -
body t o HeLa nucl ei . B shows t he bi ndi ng of ant i body r ecogni zi ng
t he hnRNP C, and C2 pr ot ei ns t o t he same nucl eus . Ar r ows i ndi -
cat e t he PI CA r egi on . C, and C2 pr ot ei ns ar e l ocat ed t hr oughout
much of t he nucl eopl asm but ar e absent f r om t he PI CA r egi ons .
Ot her r egi ons of decr eased ant i body bi ndi ng common t o bot h panel s
ar e nucl eol i . To emphasi ze t he absence of t he hnRNP C, and C2

pr ot ei ns f r om t he PI CA, A was exposed f or consi der abl y l onger
t han t he ot her f i gur es showi ng PI CA st ai ni ng . Cel l s wer e f i xed i n
100%met hanol at - 20° C f ol l owed by acet one at - 20° C f or 30 s .

mi cr oscopy i mages of Fi g . 8, Eand F, shows t he i ndependent
di st r i but i on of PI KAs and cent r omer es par t i cul ar l y cl ear l y .

PI KAs ar e appar ent l y not associ at ed wi t h pr ot ei ns i n-
vol ved i n RNA pr ocessi ng or packagi ng . The Sm. ant i gens
( i nvol ved i n RNA pr ocessi ng ; Ler ner et al . , 1981) ( Fi g . 8,
G and H) and t he I mRNP C, and C2 pr ot ei ns ( Dr eyf uss,
1986 ; Pi nol - Roma et al . , 1989) ( Fi g . 9) wer e al l excl uded
f r omt he PI CA r egi ons . Si mi l ar r esul t s wer e obser ved f or t he
hnRNP A, and L pr ot ei ns ( r esul t s not shown) . These r e-
sul t s wer e seen r egar dl ess of t he or der i n whi ch t he ant i -
bodi es wer e added ( dat a not shown) . The obser ved excl usi on
of t hese nucl ear RNA- associ at ed pr ot ei ns was t r ue f or bot h
t he di f f use and concent r at ed f or ms of Sm ( Nyman et al . ,
1986) and t he I mRNP ant i gens ( Pi nol - Roma et al . , 1989) .
These r esul t s suggest t hat bot h snRNP and hnRNP ar e f ound
onl y r ar el y ( or not at al l ) i n t he l ar ge PI KAs .
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Di scussi on

PI KAs Ar e Lar ge Subnucl ear Domai ns of
Unknown Funct i on

PI KAs ar e l ar ge, r oughl y spher i cal nucl ear r egi ons t hat wer e
f i r st vi sual i zed af t er st ai ni ng wi t h a speci f i c ant i body, but
t hat ar e al so vi si bl e by phase- cont r ast and el ect r on mi cr os-
copy. Two ar gument s suggest t hat PI KAs r epr esent a f un-
dament al st r uct ur al f eat ur e of t he cel l nucl eus . Fi r st , t hey ar e
vi si bl e bot h by phase- cont r ast and i mmunof l uor escence mi -
cr oscopy af t er a var i et y of pr epar at i ve pr ocedur es, i ncl udi ng
t he use of t hr ee di f f er ent f i xat i ves ( met hanol , f or mal dehyde,
or gl ut ar al dehyde) , as wel l as di f f er ent wash and i ncubat i on
buf f er s . Second, PI KAs wer e vi si bl e i n al l human cel l l i nes
t est ed ( bot h t r ansf or med and pr i mar y cul t ur es) . Thi s sug-
gest s t hat PI KAs ar e not a consequence of speci al i zat i on
wi t hi n a par t i cul ar cel l t ype . PI KAs may have gone undi s-
cover ed bef or e t he devel opment of t he ant i bodi es di scussed
i n t hi s paper because t hey have a l ower densi t y t han t he sur -
r oundi ng nucl eopl asm.

We have t hus f ar been unabl e t o demonst r at e PI CA- l i ke
nucl ear st ai ni ng i n nonhuman cel l l i nes . Thi s may be a con-
sequence of speci es speci f i ci t y of t he ant i bodi es, si nce phase-
l i ght r egi ons wi t h a mor phol ogy si mi l ar t o PI KAs coul d be
vi sual i zed i n t hese cel l s .

When nucl ei ar e ext r act ed wi t h var i ous combi nat i ons of
det er gent , nucl eases, and hi gh sal t or chaot r opi c agent s, t he
r esi dual i nsol ubl e mat er i al i s r ef er r ed t o as t he nucl ear ma-
t r i x ( Ber ezney and Cof f ey, 1977; Ber ezney, 1984 ; Kauf mann
et al . , 1986) . The vi ew of many r esear cher s i n t hi s f i el d i s
t hat t he i nsol ubl e pr ot ei ns of t he nucl ear mat r i x compr i se a
st r uct ur al scaf f ol di ng f or t he nucl eopl asm ( Ber ezney, 1984 ;
Vogel st ei n et al . , 1985) . PI KAs ar e sensi t i ve t o nucl ease
t r eat ment i n per meabi l i zed cel l s and ar e t her ef or e not par t
of t he nucl ear mat r i x .

Composi t i on of t he PI KAs

Rabbi t ant i bodi es t hat bi nd t o t he PI KAs al so bi nd t o t he
p23- 25 pr ot ei ns, suggest i ng t hat t hese pr ot ei ns ar e concen-
t r at ed wi t hi n t hi s nucl ear compar t ment . However , human
aut oant i bodi es t hat al so bi nd t o t hese pr ot ei ns on bl ot s do not
r eact wi t h PI KAs by i mmunof l uor escence . Thi s i s consi st ent
wi t h t he r esul t s of ear l i er st udi es whi ch f ai l ed t o det ect any
si gni f i cant bi ndi ng t o cul t ur ed cel l s wi t h af f i ni t y- pur i f i ed
ant i - p23- 25 aut oant i bodi es ( Gul dner et al . , 1984 ; Ear n-
shawand Rot hf i el d, 1985) . We have demonst r at ed el sewher e
t hat t he human ant i - p23- 25 aut oant i bodi es bi nd t o a l i mi t ed
r egi on of <58 ami no aci ds on t hese pr ot ei ns, and possi bl y
t o a si ngl e epi t ope wi t hi n t hi s r egi on ( Saunder s, WS. , and
WC. Ear nshaw, manuscr i pt i n pr epar at i on) . I t i s t her ef or e
possi bl e t hat t he por t i on of t he p23- 25 pr ot ei ns r ecogni zed by
t he aut oant i bodi es i s not accessi bl e i n t he i nt act cel l . Whi l e
we cannot excl ude t he possi bi l i t y t hat t he ant i - PI CA ant i -
bodi es may cr oss- r eact i n si t u wi t h an ant i gen ot her t han t he

p23- 25 pr ot ei ns, i t i s i mpor t ant t o not e t hat af f i ni t y- pur i f i ed
r abbi t ant i bodi es t hat det ect onl y t he p23- 25 ant i gens on i m-
munobl ot s exhi bi t PI CA f l uor escence i dent i cal t o t hat seen
wi t h whol e ser um( Fi g . 3, J and K) .

Enzyme di gest i on exper i ment s suggest t hat DNA i s r e-

qui r ed f or t he st r uct ur al i nt egr i t y of t he PI CA. PI KAs ar e
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no l onger det ect ed by i mmunof l uor escence af t er t r eat ment of
per meabi l i zed cel l s wi t h mi cr ococcal nucl ease or DNase I .
I mmunoel ect r on mi cr oscopy shows t hat t he ant i gens ar e
l ocal i zed on - 15- r un- di am f i ber s t hat t r aver se a l ess dense
r egi on of t he nucl eopl asm. These f i ber s may be chr omat i n
i n an ext ended conf i gur at i on . The si mpl est i nt er pr et at i on of
t hese r esul t s i s t hat DNA i s a st r uct ur al component of t he
PI KAs, al t hough ot her expl anat i ons ar e al so possi bl e.

St r uct ur e of t he PI KAs Changes Dr amat i cal l y dur i ng
t he Cel l Cycl e

When l ogar i t hmi c cul t ur es ar e st ai ned wi t h ant i - PI KA se-
r um, sever al di f f er ent pat t er ns of nucl ear st ai ni ng ar e ob-
ser ved . Thi s var i abi l i t y i n st ai ni ng i s cor r el at ed wi t h t he cel l
cycl e phase . PI KAs of G, or S phase cel l s f r equent l y com-
pr i se one or a ver y f ew l ar ge nucl ear domai ns, each of whi ch
may be up t o 5 gmi n di amet er . The pr esence of a di scr et e
subst r uct ur e wi t hi n t hese domai ns i s suggest ed by t he speck-
l ed pat t er n of ant i body bi ndi ng . One i nt er pr et at i on of t hi s
mor phol ogy i s t hat t he l ar ger PI KAs ar e aggr egat es of
smal l er subuni t s . Thi s i s consi st ent wi t h t he changes i n
PI KA st r uct ur e seen dur i ng t he cel l cycl e . As t he PI KAs be-
come pr ogr essi vel y smal l er and mor e di sper sed, t he l ar ger
st r uct ur es appar ent l y br eak apar t i nt o smal l er cl ust er s and
event ual l y i nt o si ngl e f oci . These f oci ar e about t he si ze of
cent r omer es st ai ned wi t h ant i bodi es speci f i c f or CENP- B
( Ear nshaw et al . , 1987) .

Evi dence f r om sever al l abor at or i es suggest s t hat i nt er -
phase chr omosomes occupy nonover l appi ng domai ns wi t hi n
t he nucl eus ( Manuel i di s and Bor den, 1988 ; Pi nkel et al . ,
1988 ; Haaf and Schmi d, 1991) . The si ze of t he l ar ger PI KAs
appr oaches t he si ze of chr omosomal domai ns of human l ym-
phocyt es ( Pi nkel et al . , 1988) and i t i s possi bl e t hat t he l ar ge
PI KAs obser ved dur i ng t he f i r st hal f of t he cel l cycl e r epr e-
sent such chr omosomal domai ns . Thi s mi ght expl ai n t he de-
pendence of t he i mmunof l uor escence on i nt act DNA . Fur -
t her mor e, i f t he PI KA pr ot ei ns ar e associ at ed wi t h DNA,
t hey may t hen ser ve as mar ker s f or t he movement of under l y-
i ng speci f i c DNA sequences . The dr amat i c changes i n PI KA
mor phol ogy dur i ng l at e G, and S phases may be i ndi cat i ve
of st r uct ur al r ear r angement s t hat occur i n t he nucl eus at t hi s
t i me . Exami nat i on of t he di st r i but i on of cent r omer e ant i gens
as a f unct i on of cel l cycl e phase suppor t s t he not i on t hat chr o-
mosomal domai ns under go si gni f i cant movement s as a f unc-
t i on of cel l cycl e phase ( f or r evi ew see Haaf and Schmi d,
1991) .

Pbssi bl e Funct i ons of t he PI KAs i n Cel l s

The obser vat i on t hat PI KAs cor r espond t o l ess dense r egi ons
of t he nucl eopl asm suggest s t hat t he ant i gens ar e associ at ed
wi t h euchr omat i n . Thi s, i n t ur n, coul d be consi st ent wi t h a
r ol e f or t he PI KA pr ot ei ns i n ei t her t r anscr i pt i on or some
f acet of RNA pr ocessi ng or st or age. We bel i eve t hi s t o be
unl i kel y, however .

Ther e i s i ncr easi ng evi dence f or hi gher - or der or gani zat i on
of RNA t r anscr i pt i on and pr ocessi ng wi t hi n t he nucl eus .
Thi s was f i r st seen f or RNA pr ocessi ng as a r esul t of t he
avai l abi l i t y of aut oant i bodi es speci f i c f or component s of t he
pr ocessi ng machi ner y . Thr ee- di mensi onal r econst r uct i on of
ant i - Sm- l abel ed cel l s f r om el ect r on mi cr ogr aphs r eveal ed

Saunder s et al . Compar t ment al i zat i on wi t hi n t he Nucl eus

t hat snRNP ant i gens ar e di st r i but ed i n a r et i cul ar net wor k
occupyi ng - 18% of t he nucl ear vol ume ( Spect or , 1990) .
Smal l er speci al i zed ar eas of appar ent spl i ceosome assembl y
( i dent i f i ed usi ng a monocl onal ant i body t o an ant i gen desi g-
nat ed SC- 35) have al so been i dent i f i ed ( Fu and Mani at i s,
1990) . Di scr et e concent r at i ons of hnRNPhave been demon-
st r at ed wi t h ant i bodi es t o t he hnRNP- associ at ed L pr ot ei n
( Pi nol - Roma et al . , 1989) . I n addi t i on t o bei ng di st r i but ed
t hr oughout much of t he nucl eus, a subf r act i on of t hi s pr ot ei n
was f ound t o be concent r at ed i n 1- 3 l ar ge r egi ons i n al l HeLa
nucl ei .

Mor e r ecent l y, i t has been shown t hat pol yadenyl at ed RNA
i s concent r at ed i n " 20- 40 di scr et e f oci wi t hi n t he nucl eus,
whi ch have been r ef er r ed t o as " t r anscr i pt domai ns" ( Car t er ,
K. , and J. Lawr ence, per sonal communi cat i on) . Because t he
t r anscr i pt domai ns al so cor r espond t o maj or f oci of Smant i -
body st ai ni ng, i t i s possi bl e t hat si gni f i cant l evel s of nucl ear
RNA pr ocessi ng al so occur wi t hi n t hese compar t ment s.

Doubl e st ai ni ng f or PI KAs and f or Smand hnRNP ant i -
gens r eveal s t hat t he l at t er ant i gens ar e excl uded f r om
PI KAs . Thus, PI KAs ar e di st i nct f r om t he t r anscr i pt do-
mai ns, and ar e unl i kel y t o r epr esent si t es of RNApr ocessi ng
or st or age. They ar e al so unl i kel y t o cor r espond t o maj or
l oci of pol ymer ase I I t r anscr i pt i on, si nce whi l e RNA pol y-
mer ase I I does occur wi t hi n PI KAs, t hi s may si mpl y r ef l ect
t he di st r i but i on of t he enzyme t hr oughout t he nucl eus .
Speci f i c ant i bodi es show no evi dence f or concent r at i on of
pol ymer ase I I i n t he PI KAs. Fur t her mor e, we have f ai l ed t o
not i ce any change i n st r uct ur e of t he l ar ger PI KAs af t er pr o-
l onged exposur e t o t he t r anscr i pt i onal i nhi bi t or ei - amani t i n
( Li ndel l et al . , 1970 ; r esul t s not shown) .

Toget her , t hese obser vat i ons suggest t hat PI KAs r epr esent
ar eas of euchr omat i n t hat ar e nei t her si t es of act i ve RNA
t r anscr i pt i on, st or age, or pr ocessi ng . The f unct i onal si g-
ni f i cance of t he PI KAs t hus r emai ns unknown .

Compar t ment al i zat i on wi t hi n t he Nucl eus

The obser vat i ons t hat some nucl ear pr ot ei ns ( t he p23- 25 an-
t i gens) ar e speci f i cal l y concent r at ed i n t he PI KA whi l e
ot her s ( snRNP- and hnRNP- associ at ed pr ot ei ns) ar e appar -
ent l y excl uded f r om i t suggest t hat t he PI KA i s a di st i nct nu-
cl ear compar t ment . I t i s t empt i ng t o specul at e t hat t hi s
segr egat i on of pr ot ei n ant i gens may be r ef l ect i ve of a br oader
pat t er n of f unct i onal segr egat i on wi t hi n t he nucl eus as wel l .

Unt i l ver y r ecent l y, t he concept t hat t he nucl eopl asm
mi ght be subdi vi ded i nt o di scr et e compar t ment s was consi d-
er ed hypot het i cal , and was l i t t l e suppor t ed by di r ect obser va-
t i on . The onl y nucl ear subst r uct ur es, ot her t han t he nucl eo-
l us, t hat had been descr i bed had been obser ved sol el y by
el ect r on mi cr oscopy and not hi ng was known about t hei r con-
st i t uent s . Thi s has now changed, however , and t hr ee wel l -
document ed exampl es of mammal i an nucl ear Compar t men-
t al i zat i on have been r epor t ed i n t he r ecent l i t er at ur e .

The nucl ear subst r uct ur es t hat most r esembl e PI KAs ar e
t er med coi l ed bodi es . These ar e spher i cal obj ect s, 0. 3- 0. 5
gmi n di amet er , t hat wer e i ni t i al l y obser ved usi ng a hi s-
t ochemi cal st ai n f or RNA i n t he el ect r on mi cr oscope ( Mon-
ner on and Ber nhar d, 1969) . Coi l ed bodi es cont ai n t wi st ed
f i br i l s ( pr esumabl y pr ot ei naceous) t hat ar e i nsensi t i ve t o
DNase I t r eat ment . A speci f i c pr ot ei n component of coi l ed
bodi es has r ecent l y been i dent i f i ed usi ng a human aut oant i -
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body, i n a st udy t hat r eveal s bot h si gni f i cant si mi l ar i t i es and
di f f er ences bet ween coi l ed bodi es and t he PI KA ( Raska et
al . , 1991) . The t wo r esembl e one anot her i n f our ways : ( 1)
bot h show a f r equent pr oxi mi t y t o t he nucl eol us ; ( 2) bot h
cont ai n a l ower concent r at i on of DNA t han t he sur r oundi ng
nucl eopl asm; ( 3) bot h ar e devoi d of hnRNP L pr ot ei n ; and
( 4) bot h appear t o l ack i nt er chr omat i n gr anul es. Despi t e
t hese si mi l ar i t i es, PI KAs and coi l ed bodi es show sever al
di f f er ences. The si ze of t he mar ker ant i gens i s di f f er ent ( 80
kDf or coi l ed bodi es and 23- 25 kDf or PI KAs) , al t hough t hi s
does not excl ude t he pr esence of bot h ant i gens i n a si ngl e
st r uct ur e . Mor e si gni f i cant l y, t he number and si ze of t he t wo
st r uct ur es di f f er . Ant i body st ai ni ng f ai l ed t o r eveal mor e
t han ei ght coi l ed bodi es per nucl eus ( Raska et al . , 1991) ,
whi l e a si gni f i cant l y l ar ger number of PI KA f oci i s seen i n
t he l at t er par t of t he cel l cycl e. I n addi t i on, t he l ar gest PI KAs
( N5 gm) ar e 5- 10- f ol d l ar ger t han t he l ar gest coi l ed bodi es .
Fi nal l y, t he appear ance of t he t wo st r uct ur es ( as obser ved by
el ect r on mi cr oscopy) di f f er s . Coi l ed bodi es ar e t ypi cal l y
mor e dense t han t he sur r oundi ng nucl eopl asmand ar e of t en
sur r ounded by a capsul e ( Monner on and Ber nhar d, 1969) .
I n cont r ast , t he PI KA appear s t o be l ess dense t han t he sur -
r oundi ng nucl eopl asm and l acks a def i ned capsul e . We con-
cl ude t hat coi l ed bodi es and PI KAs ar e most l i kel y t o be di s-
t i nct ent i t i es wi t hi n t he nucl eopl asm.

PI KAs show l ess r esembl ance t o nucl ear bodi es, whi ch
ar e spher i cal , encapsul at ed st r uct ur es t hat appar ent l y bud of f
of t he nucl eol us and may cont ai n nascent r i bosomal RNA
( Vagner - Capodano et al . , 1982) . The st r uct ur e of nucl ear
bodi es var i es consi der abl y : bot h t he gr anul ar and f i br i l l ar
component s of t he nucl eol us can be seen i n di f f er ent pr opor -
t i ons f or di f f er ent nucl ear bodi es ( Dupuy- Coi n and Bou-
t ei l l e, 1972) . Aut oant i bodi es t hat r ecogni ze nucl ear bodi es
have r ecent l y been descr i bed ( Fusconi et al . , 1991) . These
r ecogni ze an ant i gen of ei t her 78- 92 or 96- 100 kD ( i t was
not possi bl e t o di st i ngui sh bet ween t he t wo) . Bet ween 5 and
15 nucl ear bodi es coul d be det ect ed per cel l , and i n al l ci r -
cumst ances t hese wer e si gni f i cant l y smal l er t han t he l ar ge
PI KAs . Because nucl ear bodi es l ook even l ess l i ke PI KAs by
el ect r on mi cr oscopy t han do coi l ed bodi es, we agai n con-
cl ude t hat t he t wo ar e l i kel y t o be di st i nct st r uct ur es .

At hi r d nucl ear subst r uct ur e mor e si mi l ar t o t he PI KA was
i dent i f i ed usi ng an aut oant i body t hat r eact s wi t h a 55- kDnu-
cl ear pr ot ei n ( Ascol i and Maul , 1991) . Thi s ant i body r ecog-
ni zes a scat t er i ng of " nucl ear dot s" i n gr owi ng cel l s f r oma
var i et y of or gani sms . These dot s r esembl e t he PI KAs as t hey
appear i n t he l at er par t s of t he cel l cycl e . Li ke t he PI KA, nu-
cl ear dot s ar e al so appar ent l y not associ at ed wi t h RNP pr o-
t ei n domai ns or cent r omer es . However , t hey di f f er f r omt he
PI KA i n t wo i mpor t ant r egar ds . Fi r st , at no t i me i n t he cel l
cycl e does t he si ze of t he nucl ear dot s appr oach t hat of t he
PI KA dur i ng G, phase . Second, t he f l uor escence of nucl ear
dot s i s unchanged af t er t r eat ment of t he nucl ei wi t h DNase
1 . Thus, t he nucl ear dot s appar ent l y compr i se yet anot her
cl ass of nucl ear domai ns t hat i s di st i nct f r omt he PI KA.

Toget her , t hese r ecent r esul t s ar e consi st ent wi t h an
emer gi ng vi ew of t he st r uct ur e of t he nucl eus . Thi s vi ew sug-
gest s t hat t he nucl eopl asm i s, at l east i n par t , di f f er ent i at ed
i nt o di st i nct st r uct ur al domai ns . Some of t hese domai ns ar e
vi si bl e by phase- cont r ast mi cr oscopy al one . Nucl eol i ar e a
conspi cuous exampl e of t hi s t ype of compar t ment al i zat i on .
The PI KAs, whi l e vi si bl e, ar e l ess st r i ki ng under phase con-
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t r ast and r equi r ed t he devel opment of speci f i c ant i bodi es f or
t hei r pr esence t o be convi nci ngl y demonst r at ed . Car ef ul ex-
ami nat i on of f i xed cel l s by phase cont r ast r eveal s t he pr es-
ence of ot her l ar ge, st r uct ur al l y di st i nct " phase- l i ght " nu-
cl ear r egi ons t hat do not bi nd t he ant i - p23- 25 ant i bodi es .
We suspect t hat t hese r epr esent ot her speci al i zed nucl ear do-
mai ns, and suggest t hat as ant i bodi es f or ot her nucl eopl as-
mi c pr ot ei ns ar e devel oped, mar ker s f or t hese r egi ons may
become avai l abl e as wel l .

Concl usi ons

These exper i ment s, t oget her wi t h pr evi ous wor k descr i bi ng
t he hnRNP L ( Pi nol - Roma et al . , 1989) , SC- 35 ( Fu and
Mani at i s, 1990) , and " nucl ear dot " ant i gens ( Ascol i and
Maul , 1991) suppor t an emer gi ng vi ew of t he nucl eus as be-
i ng compar t ment al i zed i nt o mul t i pl e di scr et e domai ns t hat
can of t en be i dent i f i ed onl y usi ng ant i body pr obes . The most
st r i ki ng obser vat i on pr esent ed her e i s t hat t he PI KAs ( l i ke
nucl eol i ) under go dr amat i c mor phol ogi cal al t er at i ons as
cel l s t r aver se t he cel l cycl e . I t wi l l be i nt er est i ng t o not e
whet her ot her domai ns ar e st at i c, or whet her , l i ke t he
PI KAs, t hey under go st r uct ur al r ear r angement s as a f unct i on
of cel l cycl e phase .

We t hank Dr s . Naomi Rot hf i el d and Sabi na Hi l debr andt , Joan St ei t z, Joe
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scr i pt ; and Dr s . Becky Ber nat , Eddi e Wood, Al ast ai r Mackay, Ann Pl ut a,

and Joe Gal l f or t hei r hel pf ul comment s .
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