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Ki net ochor e St r uct ur e, Dupl i cat i on, and

Di st r i but i on i n Mammal i an Cel l s :

Anal ysi s by Human Aut oant i bodi es f r om

Scl er oder ma Pat i ent s

SARI BRENNER, DANI EL PEPPER, M. W. BERNS, E. TAN, and B. R. BRI NKLEY

Depar t ment of Cel l Bi ol ogy, Bayl or Col l ege of Medi ci ne, Houst on, Texas 77030, Hi gh Vol t age El ect r on
Mi cr oscope Labor at or y, Madi son, Wi sconsi n 53706, Depar t ment of Devel opment al and Cel l Bi ol ogy,
Uni ver si t y of Cal i f or ni a, I r vi ne, I r vi ne, Cal i f or ni a 92717, and Depar t ment of Medi ci ne, Uni ver si t y of
Col or ado, Medi cal Cent er , Denver , Col or ado 80262

ABSTRACT

	

The speci f i ci t y of t he st ai ni ng of CREST scl er oder ma pat i ent ser umwas i nvest i gat ed

by i mmunof l uor escence and i mmunoel ect r on mi cr oscopy. The ser um was f ound t o st ai n t he

cent r omer e r egi on of mi t ot i c chr omosomes i n many mammal i an cel l t ypes by i mmunof l uor es-

cence. I t al so l ocal i zed di scr et e spot s i n i nt er phase nucl ei whi ch we have t er med " pr esumpt i ve

ki net ochor es . " The number of pr esumpt i ve ki net ochor es per cel l cor r esponds t o t he chr omo-

some number i n t he cel l l i nes obser ved . Use of t he i mmunoper oxi dase t echni que t o l ocal i ze

t he ant i ser a on Pt K2 cel l s at t he el ect r on mi cr oscopi c l evel r eveal ed t he speci f i ci t y of t he ser a
f or t he t r i l ami nar ki net ochor e di sks on met aphase and anaphase chr omosomes . Pr esumpt i ve

ki net ochor es i n t he i nt er phase nucl ei wer e al so vi si bl e i n t he el ect r on mi cr oscope as r andoml y

ar r anged, dar kl y st ai ned spher es aver agi ng 0. 22 p, m i n di amet er . Pr eabsor pt i on of t he ant i ser a
was at t empt ed usi ng mi cr ot ubul e pr ot ei n, pur i f i ed t ubul i n, act i n, and mi cr ot ubul e- associ at ed
pr ot ei ns . None of t hese pr ot ei ns di mi ni shed t he i mmunof l uor escence st ai ni ng of t he ser a,

i ndi cat i ng t hat t he ant i body- speci f i c ant i gen( s) i s a pr evi ousl y unr ecogni zed component of t he

ki net ochor e r egi on . I n some i nt er phase cel l s obser ved by bot h i mmunof l uor escence and
i mmunoel ect r on mi cr oscopy, t he pr esumpt i ve ki net ochor es appear ed as doubl e r at her t han

si ngl e spot s . Anal ysi s of r esul t s obt ai ned usi ng a mi cr ospect r ophot omet er t o quant i f y DNA i n

i ndi vi dual cel l s doubl e st ai ned wi t h scl er oder ma ser um and t he DNA f l uor escent dye, pr opi -

di um i odi de, l ed t o t he concl usi on t hat t he pr esumpt i ve ki net ochor es dupl i cat e i n G2 of t he

cel l cycl e .

The cent r omer e or ki net ochor e r egi on i n most ani mal cel l s can

be seen i n t he l i ght mi cr oscope as a l ocal i zed const r i ct i on

appear i ng on ot her wi se l i near met aphase chr omosomes . I t i s at

t hi s r egi on t hat t he si st er chr omat i ds, at t ached al ong t hei r

ent i r e l engt hs, f i r st separ at e at t he onset of anaphase. The

r egi on al so f unct i ons as t he si t e of spi ndl e f i ber ( mi cr ot ubul e)

at t achment . The pl acement of t he cent r omer e on t he chr omo-

some may di f f er f r om chr omosome t o chr omosome, but t her e

i s a const ant and r ecogni zabl e l ocat i on on homol ogous chr o-

mosomes and a speci f i c pat t er n wi t hi n a gi ven speci es .

I n t he el ect r on mi cr oscope, t he mi t ot i c cent r omer e i s al so

r ecogni zed by i t s const r i ct ed conf i gur at i on and by t he pr esence
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i n some speci es of a di st i nct , speci al i zed st r uct ur e cal l ed t he

ki net ochor e . The ul t r ast r uct ur e of t he ki net ochor e var i es i n

pl ant and ani mal speci es and has been especi al l y wel l descr i bed

i n mammal i an cel l s ( 7) . Br i ef l y, i t appear s t o have a t r i l ami nar

mor phol ogy i n cr oss sect i on, wi t h an el ect r on- dense out er pl at e,

l i ght l y st ai ni ng mi ddl e l ayer , and a dar ker i nner ar ea i mmedi -

at el y adj acent t o t he under l yi ng cent r omer i c het er ochr omat i n .

Spi ndl e mi cr ot ubul es ar e speci f i cal l y at t ached t o t he out er

pl at e . Ther e i s al so compel l i ng evi dence t o suggest t hat ki ne-

t ochor es ser ve as assembl y si t es or or gani zi ng cent er s f or t he

chr omosomal mi cr ot ubul es ( 10, 12, 16, 21, 23) .

The chemi cal makeup of t he ki net ochor e i s l ar gel y unknown,
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al t hough cyt ochemi cal st udi es have shown t hat DNA ( 17) and
RNA ( 4, 17, 18) ar e pr obabl y pr esent and t hat DNA pl ays a
r ol e i n mai nt enance of ki net ochor e st r uct ur e ( 17) . Tubul i n has
al so been l ocal i zed i n t he mi t ot i c mammal i an ki net ochor e ( 15)
by i mmunoel ect r on mi cr oscopy and has been f ound t o pl ay an
essent i al r ol e i n mi cr ot ubul e assembl y ( 16) .

At t he end of mi t osi s, t he speci al i zed ki net ochor e st r uct ur e
as wel l as t he l ocat i on of t he cent r omer e i s l ost t o vi ew by
exi st i ng t echni ques f or t he dur at i on of i nt er phase. Par t of our
wor k wi l l make use of a new i mmunol ogi cal pr obe whi ch
al l ows vi sual i zat i on of t hi s ar ea dur i ng i nt er phase .

Recent l y, much at t ent i on has been gi ven t o t he det ect i on of
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ant i nucl ear ant i bodi es ( ANA) i n human pat i ent ser a f or di ag-
nosi s of and di st i nct i on bet ween cer t ai n r heumat i c di seases .
These di seases i ncl ude syst emi c l upus er yt hemat osus, Sj ogr en' s
si cca compl ex, mi xed connect i ve t i ssue di sease, and scl er o-
der ma ( bot h l i near and syst emi c scl er osi s) . Many of t he ser a
f r om pat i ent s wi t h t hese di seases show di st i nct pat t er ns of
nucl ear f l uor escence when used as i ndi r ect i mmunof l uor escent
pr obes on mouse- t i ssue f r ozen sect i ons or HEp2 t i ssue- cul t ur e
cel l s . Recent r epor t s ( 8, 13) have cor r el at ed t he pr esence of a
cent r omer e speci f i c ser umaut oant i body wi t h t he CREST var -
i ant of syst emi c scl er osi s . I n t he t wo st udi es ment i oned above,
>90% ( 33 of 35 pat i ent s st udi es) of CREST syndr ome scl er o-

FI GURE 1

	

i mmunof l uor escent l ocal i zat i on of scl er oder ma ant i cent r omer e ser um i n Pt K2 cel l s . Al l cel l s have been doubl e- st ai ned

wi t h a human ant i cent r osome ser um ( ar r ows poi nt t o cent r osomes) ( 5) t o pr ovi de or i ent at i on . ( a) Pr ophase Pt K2 cel l exhi bi t s a

si ngl e pai r of f l uor escent spot s on each chr omosome . x 2, 200 . ( b) At met aphase t he chr omosomes ar e l i ned up at t he met aphase

pl at e . x 2, 200. ( c) Anaphase . x 2, 200. ( d) Tel ophase . x 1, 800 .
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der ma pat i ent s have t hi s ant i body . The st ai ni ng pat t er n i s qui t e
r ecogni zabl e i n met aphase chr omosome spr eads, wher e t he
cent r omer e r egi on i s di scr et el y f l uor escent . On t i ssue sect i ons
or t i ssue- cul t ur e cel l s, t he mi t ot i c cel l s al so exhi bi t cent r omer e
f l uor escence . A most i nt er est i ng f or di ng i s t hat t he ant i ser um
st ai ns a di st i nct number of si t es i n t he i nt er phase nucl ei of cel l s .
Enzyme di gest i on exper i ment s pr esent ed i n one of t hese st udi es
( 13) i ndi cat ed t hat t he ant i gen st ai ned by t hi s ant i body i s a
pr ot ei n bound st r ongl y t o DNA at t he cent r omer e r egi on.

Thi s st udy f ur t her char act er i zes CREST scl er oder ma pat i ent
ser a by i mmunof l uor escence and i mmunoel ect r on mi cr oscopy
and r eveal s t he speci f i ci t y of t he ant i ser um f r om t he ki net o-
chor e component s and absence of l ocal i zat i on i n ot her com-
ponent s of t he cent r omer e . Al so i ncl uded i s a st udy of t he
st r uct ur e and di st r i but i on of i nt er phase " pr esumpt i ve ki net o-
chor es" by convent i onal and hi gh vol t age el ect r on mi cr oscopy
and a st udy of t he ef f ect s of mi cr ot ubul e depol ymer i zat i on by
col cemi d on ki net ochor e st r uct ur e as r eveal ed by t hi s ant i se-
r um. An anal ysi s of ki net ochor e separ at i on dur i ng t he cel l
cycl e i s accompl i shed usi ng mi cr ospect r ophot omet r y t o moni -
t or DNA r epl i cat i on .

MATERI ALS AND METHODS

Rat kangar oo ( Pt K2) and munt j ac cel l s wer e obt ai ned f r omt he Amer i can Type
Cul t ur e Col l ect i on ( ATCC; Rockvi l l e, Md . ) and gr own i n Ham' s F- 10 pl us 10%
f et al cel f ser um ( FCS) pl us 2 mMgl ut ami ne . Swi ss mouse 3T3 cel l s wer e al so
obt ai ned f r om t he ATCC and gr own i n Dul becco' s mi ni mal essent i al medi um
( MEM) pl us 10%FCS. Chi nese hamst er ( CHO- Kl ) cel l s wer e gr own i n McCoy' s

5A ( Hsu' s modi f i cat i on) suppl ement ed wi t h 2%FCSand 7%hor se ser um. Mouse
L- 929 and nor mal r at ki dney ( NRK) cel l s wer e obt ai ned f r om t he ATCC and
wer e pr ovi ded by R. Br own ( Fr eder i ck Cancer Resear ch Cent er , Fr eder i ck, Md. ) ,
as wer e human f or eski n f i br obl ast s at passage 30 .

Ant i ser a
Aut oant i bodi es agai nst t he cent r omer e wer e f ound i ni t i al l y i n scl er oder ma

pat i ent ser a by Mor oi et al . ( 13) . I n t hi s st udy, ser a f r omt wo pat i ent s wer e used
and f ound t o be i dent i cal . The ant i ser a wer e st or ed f r ozen or at 4° C wi t h 0. 02%
sodi um azi de. For use i n i mmunof l uor escence st udi es, t he ant i ser umwas di l ut ed
1 : 100 t o 1 : 400 wi t h Dul becco' s phosphat e- buf f er ed sal i ne ( PBS) . Fl uor escei n-

l abel ed ant i - human I gGs ( Mi l es- Yeda Labor at or i es, El khar t , I nd. ) wer e di l ut ed
1 : 20 i n PBS. Cel l s on cover sl i ps wer e pr epar ed f or i mmunof l uor escence by

r i nsi ng i n PBSand f i xi ng i n 3%f or mal dehyde i n PBSf or 20 mi n. Cel l s wer e t hen

r i nsed agai n and pl aced i n a sol ut i on of 0 . 05% Tr i t on X- 100 i n PBS f or 90 s.

Af t er r i nsi ng wi t h PBS, cel l s wer e i ncubat ed i n di l ut ed ant i ser a f or 30 mi n at

37° C, r i nsed f or 30 mi n i n PBS, and i ncubat ed f or 30 mi n at 37° C wi t h t he
appr opr i at e f l uor escent l y l abel ed ant i - I gGs. Af t er r i nsi ng, cel l s wer e mount ed i n
9: 1 gl ycer ol : PBS f or obser vat i on .

Col cemi d Tr eat ment
I n some exper i ment s, cel l cul t ur es wer e t r eat ed wi t h 0. 06 t o 0 . 1 pg/ ml col cemi d

f or 1- 3 h bef or e f i xat i on.

Pr eabsor pt i on of Ant i ser a wi t h Tubul i n, Act i n,
and Mi cr ot ubul e- associ at ed Pr ot ei ns

10 pl of t he cent r omer e speci f i c ant i ser a wer e i ncubat ed f or 48 h at 4° Cwi t h

one of each of t he f ol l owi ng: 70 pl of phosphocel l ul ose pur i f i ed 6S bovi ne br ai n

t ubul i n ( t ubul i n concent r at i on of 1 . 5 mg/ ml ) or 25 Al of a 2 . 5 mg/ ml sol ut i on of

skel et al muscl e G- act i n, a gi f t of J . Br yan, or 200 pl of a sol ut i on of phosphocel -

l ul ose pur i f i ed mi cr ot ubul e- associ at ed pr ot ei ns ( MAPs) ( 0 . 9 mg/ ml ) . 6S t ubul i n
and MAPs wer e pur i f i ed accor di ng t o t he pr ocedur e of Bor i sy et al . ( 3) . Pr ot ei n

det er mi nat i ons wer e done by t he Schact er l e and Pol l ack modi f i cat i on of t he
Lowr y pr ocedur e ( I 1, 20) . Af t er 48 h, t he ser a wer e di l ut ed t o a f i nal vol ume of

1 ml , gi vi ng a f i nal di l ut i on of 1 : 100, and used as descr i bed above f or i mmuno-

f l uor escence.

l mmunoel ect r on Mi cr oscopy
Cel l s wer e pr ocessed f or el ect r on mi cr oscopy by t he i mmunoper oxi dase pr o-

cedur e as descr i bed by Pepper and Br i nkl ey ( l 5) . Pt K2 cel l s ( kangar oo) wer e

gr own i n 60- mmLux Per manox di shes ( Lux Sci ent i f i c Cor p . , Newbur y Par k,

Cal i f . ) or on I 1 x 22- mmcover sl i ps . The cel l s wer e r i nsed i n PBS f or 5 mi n. ,

t hen f i xed i n 3% f or mal dehyde i n PBS f or 20 mi n . They wer e t hen r i nsed t wo

t i mes f or 4 mi n i n 0. 5 mg/ ml sodi umbor ohydr i de and t hen r i nsed t wo t i mes f or

l mi n i n 50 mMTr i s- HCI , pH 7 . 5 . Cel l s wer e t hen mi l dl y l ysed f or 90 s i n 0 . 05%

Tr i t on X- 100 i n Tr i s, and washed wi t h buf f er . They wer e subsequent l y i ncubat ed

i n ei t her ant i cent r omer e or cont r ol human ser um f or 30 mi n at 37° C, washed

t hr ee t i mes f or 10 mi n i n Tr i s, and i ncubat ed i n per oxi dase- conj ugat ed ant i -

human I gG ( Mi l es- Yeda Labor at or i es) f or 30 mi n at 37° C. Af t er a f i nal 30- mi n

Tr i s wash, cel l s wer e f i xed i n a 2%gl ut ar al dehyde ( i n Tr i s) , r i nsed, and i ncubat ed

f or 5 mi n i n a sol ut i on of 0 . 02% di ami nobenzi di ne ( DAB) and 0. 02% H202 i n

Tr i s buf f er . Af t er a 5- mi nwat er wash, t he cel l s wer e i ncubat ed i n 1%OSO, f or 10

mi n and washed wi t h wat er . Cel l s on cover sl i ps wer e t hen mount ed f or l i ght

mi cr oscopy i n gl ycer ol as descr i bed above. Cel l monol ayer s gr own i n Lux di shes

f or el ect r on mi cr oscopy wer e r un t hr ough a gr aded ser i es of et hanol s and

embedded i n a medi umsof t f or mul at i on of Spur r ' s ( 22) l ow vi scosi t y epoxy r esi n.

I ndi vi dual cel l s wer e chosen f or t hi n ser i al sect i oni ng by pr ocesses pr evi ousl y

descr i bed ( 6) . Some cel l s wer e al so chosen f or t hi ck ( 0 . 3- 0 . 5 pi n) ser i al sect i oni ng

and wer e vi ewed i n t he hi gh vol t age el ect r on mi cr oscopy ( HVEM) at t he

Uni ver si t y of Wi sconsi n at Madi son. Thi ck or t hi n sect i ons wer e pi cked up on
si ngl e- sl ot ( 1 x 2 mm) f or mvar - coat ed copper gr i ds and exami ned at 60- 80 kV

( t hi n sect i ons) or i n t he HVEMwi t hout l ead or ur anyl acet at e st ai ni ng.

FI GURE 2

	

I nt er phase pr esumpt i ve ki net ochor es obser ved by i ndi -

r ect i mmunof l uor escence . The cel l s have al so been doubl e- st ai ned

wi t h ant i cent r osome ant i ser a as i n Fi g. 1 ( ar r ows) . ( a) I nt er phase cel l

wi t h si ngl e pr esumpt i ve ki net ochor es . El even ar e vi si bl e i n t he f ocal

pl ane of t he phot ogr aph . Thi r t een can usual l y be f ound i n Pt K2 ( 2n
= 13) . ( b) I nt er phase cel l wi t h doubl ed pr e- ki net ochor es . x 2, 600 .

BRENNER ET At .

	

Anal ysi s of Ki net ochor es by I mmunocyt ochemi st r y
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FI GURE 3

	

I ndi r ect i mmunoper oxi dase l ocal i zat i on of scl er oder ma ant i cent r omer e ser um by t hi n- sect i on el ect r on mi cr oscopy . ( a)

Cont r ol ki net ochor e i n a Pt K2 cel l st ai ned by t he i mmunoper oxi dase r eact i on wi t h nor mal human ser um. Not e t he l ack of cont r ast .

Ar r ow poi nt s t o ki net ochor e . x 23, 000 . I nset : ki net ochor e at hi gher magni f i cat i on . x 40, 000 . ( b) Met aphase cel l st ai ned wi t h

scl er oder ma ser um. The ki net ochor es ar e speci f i cal l y and dar kl y st ai ned i n compar i son t o Fi g . 4 a . x 15, 700 . ( c) Hi gher magni f i cat i on

of met aphase chr omosome showi ng t he pl at e st r uct ur e of t he ki net ochor e ( ar r ows) . Not e t he l ack of st ai ni ng of t he under l yi ng

cent r omer i c chr omat i n . x 57, 200.
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Cel l Synchr oni zat i on

I ndi an munt j ac cel l s wer e gr own i n gl ass Bl ake bot t l es . For cel l synchr ony

st udi es, cel l s wer e t r eat ed wi t h 0. 06 mg/ ml col cemi d f or 2 h and mi t ot i c cel l s

wer e det ached by shake of f . The mi t ot i c cel l s wer e r epl at ed i nt o medi a wi t hout

col cemi d on 11 x 22- mmgl ass cover sl i ps . 4 h af t er at t achment , t he cel l s wer e

f i xed and st ai ned wi t h scl er oder ma ser umas descr i bed above .

Mi cr ospect r ophot omet r y

To det er mi ne t he phase of t he cel l cycl e at whi ch ki net ochor es dupl i cat e,
mi cr ospect r ophot omet r i c anal ysi s was car r i ed out on i ndi vi dual Pt Kz cel l s whi ch
had been doubl e- st ai ned wi t h pr opi di um i odi de ( f or DNA) ( 9) and ant i cent r o-
mer e ser a wi t h f l uor escei n- conj ugat ed ant i human I gGt ag. For mi cr ospect r opho-
t omet r y, cel l s wer e f i xed f or 7 mi n i n 70%i ce- col d et hanol , r i nsed i n PBS, and
st ai ned as descr i bed above wi t h ant i ser um and f l uor escei n- t agged ant i - human

I gG. Bef or e mount i ng, cel l s wer e i ncubat ed f or 5 mi n i n 30 j i g per ml pr opi di um
i odi de i n PBS and r i nsed f or 5 mi n i n PBS.

Anal ysi s was done usi ng a Nanospec 10s comput er i zed mi cr ospect r ophot om-
et er syst em ( Nanomet r i cs, I nc. , Sunnyval e, Cal i f ) f i t t ed t o a Zei ss Uni ver sal

f l uor escence mi cr oscope. The spect r ophot omet er i ncor por at es a monochr omet er
as wel l as a sensi t i ve phot omul t i pl i er capabl e of det ect i on over t he 200- 900 nm

r ange . Ten r eadi ngs per cel l wer e t aken and aver aged by a Hewl et t Packar d
comput er ( Packar d I nst r ument Co. , I nc. , Downer s Gr ove, I l l . ) i nt er f aced t o t he
spect r ophot omet er . The l at t er was al so equi pped wi t h a var i abl e sl i t aper t ur e
whi ch was used t o del i neat e t he desi r ed ar ea . I n t hi s case, t he sl i t was set t o a
wi dt h sl i ght l y l ar ger t han t he di amet er of an i nt er phase nucl eus . Pr opi di um
i odi de f l uor escence i nt ensi t y of each i ndi vi dual cel l at 620 nt n ( t he exper i ment al l y
det er mi ned maxi mumemi ssi on wavel engt h) was measur ed usi ng an exci t at i on
f i l t er f or f l uor escence ( exci t at i on peak at 546, bar r i er f i l t er pass >590) , whi ch
does not exci t e f l uor escei n i sot hi ocyanat e . The speckl ed st ai ni ng pat t er n was t hen
quant i f i ed by count i ng t he number of di scr et e f l uor escent spot s i n each cel l , usi ng
f l uor escei n exci t at i on f i l t er s ( exci t at i on 450- 490 nm, bar r i er 520- 560 nm) . Back-
gr ound of t he pr opi di um i odi de st ai ni ng was f ound t o be ext r emel y l ow as
i ndi cat ed by a near zer o r eadi ng bot h wi t h t he l i ght t o t he spect r ophot omet er
bl ocked and t he sl i t posi t i oned sl i ght l y of f i nt er phase nucl ei .

RESULTS

The ser um f r om scl er oder ma CREST pat i ent s was f ound t o
speci f i cal l y bi nd t o t he cent r omer e i n many di ver se cel l t ypes :

t hese i ncl ude CHO- Kl , kangar oo Pt K2 , I ndi an munt j ac, mouse
3T3 and L- 929, and human f i br obl ast s . The st ai ni ng speci f i ci t y
f or t he cent r omer e r egi on i s most obvi ous i n mi t ot i c cel l s . A
ser i es of mi t ot i c Pt K2 cel l s st ai ned wi t h t he scl er oder ma ser um
i s shown i n Fi g . 1 . At pr ophase and met aphase, t he f l uor escence
i s conf i ned t o t he cent r omer e r egi on of t he chr omosome and i s
vi si bl e as pai r ed spot s at t he pr i mar y const r i ct i on on ever y
chr omosome. At anaphase and t el ophase, t he now si ngl e f l u-
or escent r egi ons ar e l ocal i zed at t he l eadi ng por t i on of t he
chr omat i ds as t hey move t owar d t he spi ndl e pol es ( Fi g . 1 c and
d) . Af t er t el ophase, t he st ai ni ng per si st s i n i nt er phase cel l s ( Fi g.
2) . A maj or i t y of cel l s show di scr et e spot s i n t he nucl eus . A
smal l number of cel l s show pai r ed spot s as i l l ust r at ed i n Fi g.
2b .

To det er mi ne t he r el at i onshi p bet ween t he number of spot s
i n t he nucl eus and t he chr omosome number , I ndi an munt j ac
( 2n = 7) cel l s wer e synchr oni zed and st ai ned as descr i bed i n
Mat er i al s and Met hods . The di st r i but i on of number s of nucl ear
spot s i n Gt cent er ed at seven spot s per nucl eus, cor r espondi ng
t o t he di pl oi d chr omosome number i n munt j ac ( 1) .

To det er mi ne t he ul t r ast r uct ur al speci f i ci t y of t he scl er o-
der ma ant i cent r omer e ser um, t he i ndi r ect i mmunoper oxi dase
met hod was used t o l ocal i ze t he ser um at t he el ect r on mi cr o-
scopi c ( EM) l evel . Fi gs . 3 and 4, r espect i vel y, i l l ust r at e t hi n
sect i ons vi ewed by convent i onal t r ansmi ssi on EMand t hi ck
sect i on vi ewed by HVEM. I n bot h ser i al t hi n sect i ons and t hi ck
sect i ons, t he ant i ser um was f ound t o st ai n bot h t he i nner and
out er pl at es of t he ki net ochor e, as wel l as t he i mmedi at el y
adj acent chr omat i n f i ber s . The st ai ni ng di st i ngui shes t he ki -
net ochor es ent i r el y f r omt he under l yi ng unst ai ned cent r omer í c
chr omat i n. Mor e t han 120 i nt er phase cel l s wer e exami ned by
bot h convent i onal and HVEM ( see Fi g. 5) . The ant i ser um-
st ai ned cel l s di spl ayed smal l , spher i cal , el ect r on- dense si t es i n
t hei r nucl ei whi ch aver aged 0. 22 j t t m i n di amet er . I n vi ew of

FI GURE 4 Hi gh- vol t age st er eo el ect r on mi cr ogr aphs of a t hi ck- sect i oned met aphase cel l . The ki net ochor es ar e densel y and

speci f i cal l y st ai ned . x 7, 000 .
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t he amor phous appear ance of t hese si t es and t hei r di ssi mi l ar i t y
t o st ai ned r egi ons on met aphase chr omosomes, we t er med t hem
" pr esumpt i ve ki net ochor es" ( pr e- ki net ochor es) . Ther e wer e

gener al l y 12- 13 pr e- ki net ochor es i n each Pt K2 nucl eus, cor r e-
spondi ng t o t he 2n chr omosome number . The i mages obser ved
by EMcor r esponded wel l t o t he i mmunof l uor escent st r uct ur es
obser ved i n t he nucl ei of Pt K2 cel l s ( see Fi g. 2) . I n some

i nt er phase cel l s t he pr e- ki net ochor es appear ed doubl ed when

vi ewed by EM( Fi g. 5 b) . Subsequent l y, we shal l pr ovi de evi -

dence t hat such cel l s wer e pr obabl y i n ver y l at e G2 phase of
t he cel l cycl e .

Speci al at t ent i on was pai d t o t he di st r i but i on of t hese pr e-
ki net ochor es i n i nt er phase nucl ei . I n ver y r ecent wor k by Mor oi
et al . ( 14) on CHO cel l s and Ramos human B- l ymphoi d cel l
l i ne, pr e- ki net ochor es seemed t o be associ at ed wi t h t he nucl ear
membr ane. No consi st ent associ at i on coul d be f ound bet ween
t he pr e- ki net ochor es and t he nucl ear envel ope i n Pt K2 and, i n
gener al , t he ar r angement of t he st ai ned spot s appear ed r andom
i n t he i nt er phase nucl eus . An except i on t o t hi s was l at e t el o-
phase/ ear l y G, , when t he pr e- ki net ochor es coul d be seen l o-

cal i zed i n t he ar ea of t he nucl eus near est t o t he pr evi ous spi ndl e
pol e, as mi ght be expect ed . I n addi t i on, one ( and somet i mes
t wo) pr e- ki net ochor e was of t en seen cl osel y apposed t o t he
nucl eol us ( Fi g. 5) i n many i nt er phase cel l s . Thi s i s possi bl y a
mani f est at i on of t he pr oxi mi t y of t he cent r omer e and nucl eol us
or gani zer t o each ot her on t he X chr omosome of Pt K2 cel l s ( 2) ,

but was al so obser ved by Mor oi et al . ( 14) , who used Chi nese
hamst er ovar y cel l s, whi ch do not have cent r omer e and nu-
cl eol us or gani zer s i n pr oxi mi t y . To f ur t her exami ne t he possi bl e
r ol e of mi cr ot ubul es i n t he st r uct ur al mai nt enance of t he
ki net ochor e i n t er ms of t hi s newki net ochor e ant i gen, col cemi d-
t r eat ed cel l s wer e exami ned by bot h i mmunof l uor escence and

el ect r on mi cr oscopi c i mmunoper oxi dase pr ocedur es . The l o-
cat i on and ul t r ast r uct ur e of t he i nt er phase pr e- ki net ochor es
appear ed unal t er ed by col cemi d t r eat ment , as di d pr e- ki net o-
chor es i n ear l y pr ophase cel l s . Mi t ot i c cel l s assumed t he f ami l -
i ar " c" met aphase conf i gur at i on ( 7) and t he ki net ochor e st ai n-
i ng was vi si bl e as a r i ng pat t er n by f l uor escence as shown i n
Fi g . 6 a . The ul t r ast r uct ur al l ocal i zat i on of t he ant i ser um i s
shown i n Fi g . 6 b . Not e t hat t he st ai ni ng r eveal s t wo obvi ous
l ayer s of t he ki net ochor e, as compar ed t o convent i onal l y
st ai ned col cemi d- t r eat ed ki net ochor es whi ch show onl y one
di st i nct l ayer . The l engt h of t he st ai ned ki net ochor e i ncr eased
appr oxi mat el y f our f ol d, a f i ndi ng al so r epor t ed i n convent i onal
pr epar at i ons ( 19) .

As pr evi ousl y ment i oned, i t was not i ced dur i ng exami nat i on
of l ar ge number s of i nt er phase Pt K2 or munt j ac cel l s t hat a
ver y smal l per cent age of cel l s ( <0 . 5° l o) exhi bi t ed pai r ed f l u-
or escent spot s ( see Fi g . 2b) . To cor r el at e t he doubl i ng of pr e-
ki net ochor es wi t h t he cel l cycl e i n Pt K2, cel l s wer e doubl e-
st ai ned wi t h pr opi di um i odi de and ant i ki net ochor e ser um.
I ndi vi dual cel l s wer e anal yzed wi t h t he mi cr ospect r ophot om-
et er as descr i bed i n Mat er i al s and Met hods . Lat e t el ophase/
ear l y i nt er phase cel l s ( cont ai ni ng t he G, or 2n, 2c amount of
DNA) or pr ophase, met aphase, and ear l y anaphase cel l s ( whi ch
cont ai n t he G2 or 2n, 4c amount of DNA) wer e measur ed as
cal i br at i on st andar ds on each sl i de . Fi g. 7 shows t he di st r i bu-
t i on of f l uor escence i nt ensi t i es at 620 nm( t he emi ssi on maxi -
mumf or pr opi di um i odi de) of l at e t el ophase/ ear l y i nt er phase
cel l s ( G, ) and of pr ophase, met aphase or ear l y anaphase ( G2)

cel l s. I nt er phase cel l s wer e t hen anal yzed by count i ng t he pr e-
ki net ochor es i n each i ndi vi dual cel l usi ng t he f l uor escei n ex-
ci t at i on f i l t er s. The number of pr e- ki net ochor es was pl ot t ed
agai nst t he pr opi di um i odi de f l uor escence by usi ng pr opi di um

FI GURE 5

	

I mmunoper oxi dase l ocal i zat i on of i nt er phase pr esumpt i ve ki net ochor es . ( a) Low and hi gh magni f i cat i on ( i nset ) t hi n-

sect i on mi cr ogr aphs of i nt er phase pr e- ki net ochor es . Not e t he pr e- ki net ochor es associ at ed wi t h t he nucl eol us i n bot h a and b. ( a)

x 20, 300 . I nset : x 60, 000 . ( b) Hi gh vol t age el ect r on mi cr ogr aphs of i nt er phase pr e- ki net ochor es showi ng doubl ed pr e- ki net ochor es

( ar r ows) . Al l pr e- ki net ochor es i n t hi s cel l wer e pai r ed and a t ot al of 12 pai r s wer e count ed i n ser i al sect i ons . x 8, 000.
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FI GURE 6 Local i zat i on of ant i ki net ochor e ser um i n col cemi d- t r eat ed Pt K2 cel l s by i mmunof l uor escence and i mmunoel ect r on
mi cr oscopy . ( a) I mmunof l uor escence di st r i but i on of ki net ochor es i n col cemi d- t r eat ed " C" met aphase cel l . x 2, 000, ( b) " C"

met aphase ki net ochor es st ai ned wi t h t he ant i ki net ochor e ser um by t he i mmunoper oxi dase pr ocedur e . x 21, 000 . I nset : hi gh
magni f i cat i on of " C" met aphase ki net ochor e . Not e t he doubl e- l ayer ed appear ance of t he ki net ochor e ( ar r ows) . x 62, 400.

FI GURE 7

	

St andar d di st r i but i on of pr opi di um i odi de f l uor escence

i n G, ( l at e t el ophase daught er nucl ei ) and G2 ( met aphase cel l s) .

i odi de f i l t er s . Fi g. 8 shows t he r esul t s of t hi s anal ysi s . I nt er phase
cel l s cont ai ni ng 11- 15 si ngl e pr e- ki net ochor es appear ed t o have
DNA cont ent s cor r espondi ng t o al l phases of t he cel l cycl e-
G, , S, and G2 . The f ew cel l s obser ved wi t h doubl e pr e- ki net o-
chor es al ways had t he G2 amount of DNA. I t shoul d be not ed
t hat Fi g. 8 does not r epr esent a r andom sampl e of i nt er phase
cel l s . Cel l s wi t h doubl e pr e- ki net ochor es wer e sel ect ed f or
measur ement of DNA f l uor escence and ar e t hus shown i n a
di spr opor t i onat e number r el at i ve t o t hei r gener al f r equency i n
t he popul at i on .

DI SCUSSI ON

The ser umf r omCREST scl er oder ma pat i ent s has been f ound
t o st ai n t he cent r omer e r egi on by i ndi r ect i mmunof l uor escence
i n cel l s of sever al mammal i an speci es . When t he st ai ni ng was
l ocal i zed at t he el ect r on mi cr oscopi c l evel , i t was f ound t o be
hi ghl y speci f i c f or t he i nner and out er ki net ochor e pl at es and
t he i mmedi at el y adj acent chr omat i n . The speci f i c st ai ni ng of
t he per oxi dase r eact i on i s especi al l y vi si bl e i n t hi ck sect i ons
exami ned by HVEMand i l l ust r at e t he ut i l i t y and f easi bi l i t y of
HVEMi mmunocyt ochemi st r y . These f i ndi ngs i ndi cat e t hat t he
ki net ochor e ant i gen i s a hi ghl y conser ved speci es, and pr ovi de
t he f i r st evi dence of a uni que ki net ochor e const i t uent . The
speci f i ci t y of t he el ect r on mi cr oscopi c l ocal i zat i on al so af f or ds
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FI GURE 8 Gr aph of t he number of vi si bl e pr e- ki net ochor es i n

met aphase cel l s vs . t he f l uor escence i nt ensi t y of pr opi di um i odi de.

G, , S, and G2 boundar i es ar e det er mi ned as i n Fi g . 7 . Not e : many

cel l s wi t h si ngl e pr e- ki net ochor es have t he G2 amount of DNA.

a cl ear di st i nct i on bet ween t he cent r omer e and t he ki net ochor e
i n t hat t hi s ant i gen i s di st r i but ed onl y t o t he ki net ochor e pl at es
and not t o t he under l yi ng cent r omer i c chr omat i n .

I n addi t i on t o t he abi l i t y t o l ocal i ze ki net ochor es on mi t ot i c
chr omosomes, i t i s now possi bl e t o def i ne and l ocal i ze what we
cal l i nt er phase pr e- ki net ochor es . The concl usi on t hat t he f l u-
or escent and el ect r on- dense spot s seen r andoml y ar r anged i n
i nt er phase nucl ei ar e t r ul y equi val ent wi t h mi t ot i c ki net ochor es
i s suppor t ed by sever al pi eces of evi dence . Fi r st , t he di st r i but i on
of t he number s of pr e- ki net ochor es pr esent i n i nt er phase nucl ei
cor r esponds t o t he chr omosome number i n t he par t i cul ar spe-
ci es . Thi s has been shown her e i n synchr oni zed munt j ac cel l s
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and al so f ound t o be t r ue i n Pt K2 Cel l s- Secondl y, when ear l y
pr ophase and pr omet aphase cel l s ar e st ai ned by t he ant i ser um
and obser ved i n t he el ect r on mi cr oscope ( dat a not shown) , t he
mor phol ogy of t he st ai ned ar eas cor r esponds t o t he ki net ochor e
mut at i on sequence as descr i bed by Roos ( 19) .

The f ai l ur e t o di mi ni sh t he f l uor escence st ai ni ng of t he
ki net ochor e af t er pr eabsor pt i on of t he ant i ser a wi t h mi cr ot u-
bul e pr ot ei ns, 6S t ubul i n, MAPS, or act i n i ndi cat es t hat t he
ant i gen i s di st i nct f r omt hese pr ot ei ns . Thi s f i ndi ng, al ong wi t h
t he pr evi ousl y publ i shed enzyme dat a ( 13) , i ndi cat es t hat t he
ant i gen f or whi ch t he scl er oder ma ant i body i s speci f i c i s a
pr evi ousl y unr ecogni zed uni que component of t he ki net ochor e .

Col cemi d t r eat ment of cel l s di d not al t er t he f l uor escence or
ul t r ast r uct ur al l ocal i zat i on of ki net ochor e or gani zer s i n i nt er -
phase or i n ear l y pr ophase. Mi t ot i c cel l s i n t he met aphase
conf i gur at i on showed a r i ng of f l uor escent ki net ochor es . Thi s
ar r angement i s consi st ent wi t h el ect r on mi cr oscopy st udi es
whi ch have shown t hat t he ki net ochor es i n col cemi d- t r eat ed
mi t ot i c cel l s ar e r adi al l y di st r i but ed about t he cent r osome ( 7) .
The i mmunoel ect r on mi cr oscopi c l ocal i zat i on of t he ki net o-
chor e ant i gen i n " C" met aphase cel l s i s of speci al not e because
i t r eveal s t he per si st ence of t he t r i l ami nar ki net ochor e mor -
phol ogy. Thi s mor phol ogy i s not r eveal ed by convent i onal
el ect r on mi cr oscope st ai ni ng.

The abi l i t y t o f ol l ow t he pr e- ki net ochor es t hr ough t he cel l
cycl e has made i t possi bl e t o t i me t he dupl i cat i on of t he
ki net ochor e r egi on, at l east i n t er ms of t hi s ant i gen. We con-

cl ude f r om t he mi cr ospect r ophot omet r i c st udi es t hat t he pr e-
ki net ochor e becomes vi si bl y dupl i cat ed dur i ng G2 phase of t he
cel l cycl e . I t i s i mpossi bl e t o det er mi ne t he exact t i me of
dupl i cat i on i n G2 . We can, however , specul at e, on t he basi s of
t he ext r emel y l ow f r equency of cel l s wi t h doubl ed pr e- ki net o-
chor es, t hat t he pr e- ki net ochor es become vi si bl y separ at ed ver y

l at e i n G2 . Doubl ed pr e- ki net ochor es wer e never seen i n cel l s
wi t h DNAcont ent l ess t han t he G2 amount , wher eas cel l s wi t h
si ngl e pr e- ki net ochor es di spl ayed al l val ues of DNAcont ent i n
t he Gf , S, and G2 r ange.

I n summar y, scl er oder ma CRESTant i cent r omer e ser umhas
been f ound t o be a hi ghl y speci f i c pr obe f or t he ki net ochor e of
many t ypes of mammal i an cel l s. Thi s t ype of aut oi mmuno-
l ogi cal pr obe and ot her s l i ke i t ( 5) pr omi se t o pr ovi de much
new i nf or mat i on about t he composi t i on and f unct i on of cel l
component s . I n t hi s st udy, t he ant i - ki net ochor e ser umhas been
empl oyed t o l ocal i ze mi t ot i c ki net ochor es and di st i ngui sh t hem
f r omot her component s of t he cent r omer e. I n addi t i on, we have
i dent i f i ed st r uct ur es t er med t he pr esumpt i ve ki net ochor es i n
i nt er phase cel l s . Thr ough t he use of t hi s pr obe, we have been
abl e t o exami ne t he vi si bl e dupl i cat i on of t he pr e- ki net ochor es,
and have concl uded t hat dupl i cat i on occur s dur i ng l at e G2

phase of t he cel l cycl e.
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