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ABSTRACT

	

Mi t ot i c cel l s have been det er gent ext r act ed under condi t i ons t hat suppor t mi cr o-

t ubul e assembl y . When HeLa cel l s ar e l ysed i n t he pr esence of br ai n t ubul i n, mi t ot i c- ar r est ed

cel l s nucl eat e l ar ge ast er s and t r ue met aphase cel l s yi el d spi ndl es t hat r emai n encl osed wi t hi n

a r oughl y spher i cal cage of f i l ament ous mat er i al . Det er gent - ext r act ed mi t ot i c Chi nese hamst er

ovar y ( CHO) cel l s show a si mi l ar , i nsol ubl e cage but t he mi t ot i c appar at us i s onl y occasi onal l y

st abi l i zed . I n l at er st ages of mi t osi s, HeLa cages ar e obser ved i n el ongat ed and f ur r owed

conf i gur at i ons . I n t he t er mi nal st ages of cel l di vi si on, t wo daught er f i l ament ous net wor ks ar e

connect ed by t he i nt er cel l ul ar br i dge . When obser ved i n t he el ect r on mi cr oscope t he cages

i ncl ude f i ber s 7- 11 nmi n di amet er . The pol ypept i de composi t i on of cages i sol at ed f r om mi t ot i c

HeLa cel l s i s compl ex, but t he maj or pol ypept i des ar e a gr oup wi t h mol wt r angi ng f r om

43, 000- 60, 000 dal t ons and a hi gh mol ecul ar wei ght pol ypept i de . CHOcel l s cont ai n a subset of

t hese pr ot ei ns whi ch i ncl udes a maj or 58, 000- dal t on and a hi gh mol ecul ar wei ght pol ypept i de .

Two di f f er ent ant i ser a di r ect ed agai nst t he vi ment i n- cont ai ni ng i nt er medi at e f i l ament s bi nd t o

pol ypept i des i n t he el ect r ophor et i c pr of i l es of i sol at ed HeLa and CHO cages and st ai n t he

cages, as vi sual i zed by i ndi r ect i mmunof l uor escence . These r esul t s suggest t hat t he HeLa and

CHOcages i ncl ude i nt er medi at e f i l ament s of t he vi ment i n t ype . The pol ypept i de composi t i on

of HeLa cages suggest s t hat t hey al so cont ai n t onof i l ament s . The cages appar ent l y f or m as t he

cel l s ent er mi t osi s . We pr opose t hat t hese f i l ament ous cages mai nt ai n t he st r uct ur al cont i nui t y

of t he cyt opl asm whi l e t he cel l i s i n mi t osi s .

Mi t osi s i n mammal i an cel l s i s accompani ed by a dr amat i c

r eor gani zat i on of cyt opl asmi c and nucl ear component s . The

cyt oskel et on of i nt er phase i s l ar gel y di ssol ved dur i ng pr ophase,

and t he di st r i but i on of cyt opl asmi c membr anes i s gr ossl y per -

t ur bed wi t h t he br eakdown of t he nucl ear envel ope ( 12, 16, 42,

43, 23) . Even over al l shape i s al t er ed at mi t osi s, gi ven t he

t endency of most cel l s t o al t er t hei r physi cal at t achment t o

nei ghbor i ng sur f aces and r ound up ( 28, 57) . Wi t hi n t he nucl eus

t he nucl eol us di ssoci at es and t he chr omat i n condenses i nt o

chr omosomes. The act i ons of t he mi t ot i c spi ndl e on t he or ga-

ni zat i on of t he chr omosomes and t he subsequent segr egat i on

of t he chr omat i ds ar e per haps t he best - st udi ed r ear r angement s

i n t he mi t ot i c cel l . Cyt opl asmi c r eor gani zat i on, on t he ot her

hand, i s a l ess wel l char act er i zed pr ocess . I t i s cl ear t hat t he

i nt er phase or gani zat i on br eaks down dur i ng mi t osi s, and i t i s

equal l y cl ear t hat t he or gani zat i on i s r eest abl i shed af t er t el o-
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phase wi t h t he post mi t ot i c r eent r y i nt o i nt er phase . Sever al

st i mul at i ng paper s have r ecent l y shown t hat t her e i s of t en a

si mi l ar i t y bet ween t he t wo daught er s of a cel l di vi si on, sug-

gest i ng t hat some f act or s ar e i nher i t ed t hat hel p t o set up

cyt opl asmi c or gani zat i on i n t he next gener at i on ( 1, 51) . What

t hese component s mi ght be and how t he cel l s mi ght r emember

t hei r i nt er phase or gani zat i on ar e at pr esent quest i ons r equi r i ng

f ur t her i nvest i gat i on.

A pr evi ousl y successf ul appr oach t o t he st udy of f act or s

i mpor t ant i n cel l ar chi t ect ur e has been t hat of l ysi ng and

ext r act i ng cel l s wi t h condi t i ons t hat pr eser ve t he f i br ous el e-

ment s of t he cyt opl asm ( 10, 36, 25, 20) . Ther e ar e sever al

met hods of l ysi s appl i cabl e t o mi t ot i c cel l s whi ch pr eser ve some

or al l of t he mi t ot i c spi ndl e or t he cl eavage f ur r ow ( 37, 39, 41,

48, 58) , but l i t t l e at t ent i on has yet been pai d t o ot her compo-

nent s of t he mi t ot i c cel l .
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I n t hi s paper and t he accompanyi ng one ( 26) , we pr esent t he

r esul t of a sear ch f or new l ysi s condi t i ons t hat woul d ext r act

most of t he pr ot ei n of a mi t ot i c mammal i an cel l , yet st abi l i ze

t he mi cr ot ubul e component s of t he mi t ot i c appar at us ( MA) .

We have f ound a buf f er t hat ext r act s >80%of t he cel l ' s pr ot ei n,
yet l eaves t he st abi l i zed spi ndl e encl osed wi t hi n a f i br ous cage

of det er gent - i nsol ubl e pr ot ei ns . Thi s cage appear s t o be de-
f or mabl e, as we have i sol at ed i t i n a sequence of shapes t hat
r ef l ect s t he geomet r y of t he di vi di ng cel l . By mi cr oscopi c,
bi ochemi cal , and ser ol ogi cal cr i t er i a we demonst r at e t hat t he
cages i ncl ude 10- nm f i l ament s of t he vi ment i n t ype ( 18, 30) i n
bot h HeLa and Chi nese hamst er ovar y ( CHO) cel l s . These
i sol at ed st r uct ur es ar e most l i kel y r el at ed t o t he cages of
i nt er medi at e f i l ament s t hat have r ecent l y been obser ved t o
f or m ar ound t he devel opi ng mi t ot i c spi ndl e, usi ng i ndi r ect
i mmunof l uor escence ( 6, 18, 30) . The cages r epr esent f i br ous
el ement s of t he cyt opl asm t hat per si st t hr oughout mi t osi s, and
we suggest t hat such a st r uct ur e mi ght ser ve as a f r amewor k
f or t he r eest abl i shment of i nt er phase or gani zat i on af t er cel l
di vi si on .

MATERI ALS AND METHODS

Cel l Cul t ur e

HeLa cel l s wer e gr own as monol ayer cul t ur es i n Dul becco' s modi f i ed Eagl e' s

medi um ( Gr and I sl and Bi ol ogi cal Co. [ GI BCO] , Gr and I sl and, New Yor k)

suppl ement ed wi t h 7% cal f ser um ( GI BCO) . Monol ayer s of CHOcel l s wer e

mai nt ai ned i n Ham' s Fl t ( GI BCO) suppl ement ed wi t h 10%f et al cal f ser um

( GI BCO) . I n some pr epar at i ons mi t ot i c cel l s wer e det ached f r omt he monol ayer
by gent l y shaki ng. I n ot her s, cel l s wer e par t i al l y synchr oni zed wi t h a si ngl e

t hymi di ne bl ock and r el ease ( 9) , f ol l owed by accumul at i on i n 0. 04 p/ ml Nocod-
azol e and shaki ng- of f as pr evi ousl y descr i bed ( 62) . Popul at i ons of l at e st age

mi t ot i c cel l s wer e obt ai ned by r el easi ngNocodazol e- accumul at ed cel l s i nt o dr ug-
f r ee medi umf or 50 mi n i n t he case of HeLa cel l s and 12 mi n f or CHOcel l s ( 62) .

Cel l Fr act i onat i on

Al l st eps of t he f r act i onat i on pr ocedur e wer e car r i ed out at 37° C. Mi t ot i c cel l s

wer e col l ect ed by cent r i f ugat i on at 200 g f or 3 mi n, r esuspended i n a hypot oni c

buf f er ( 1 mMPI PES, pH6. 9, 2 mMEGTA, l MMMgCI , , 5%di met hyl sul f oxi de

[ DMSO] , 95%Dz0) f or 2 mi n, pel l et ed by cent r i f ugat i on at 200g f or 2 mi n, and

l ysed i n mi cr ot ubul e ( MT) assembl y buf f er ( 0. 5 MPI PES, pH 6. 9, l mMMgC12,

1 mMEGTA, 5%DMSO, 1% Tr i t on- X 165, 0. 5%sodi um deoxychol at e, 0. 2%

SDS, I mMGTP, 2 mMphenyt met hyl sul f onyl f l uor i de [ PMSF] , 1% Apr ot i ni n

[ Si gma Chemi cal Co . , St . Loui s, Mo . ] ) ( 26) cont ai ni ng 2 mg/ ml of por ci ne br ai n

mi cr ot ubl e pr ot ei n ( MTP) . The MTPwas pr epar ed by t he met hod of Wei ngar t en

et al . ( 59) . Af t er t he f our t h cycl e of pol ymer i zat i on, t he pr ot ei n was r esuspended

at a concent r at i on of 4 mg/ ml i n 0. 5 MPI PES, 1 mMEDTA, depol ymer i zed at

0° C, and cent r i f uged f or 4 h at 225, 000g at 4° C t o pr oduce MTP whi ch showed

a l ag i n spont aneous assembl y ( 2) .

Lysed cel l s wer e di gest ed wi t h 20pg/ ml of DNase I ( Wor t hi ngt on Bi ochemi cal

Cor p. , Fr eehol d, N. J . ) t o r educe vi scosi t y . Some pr epar at i ons wer e f ur t her

ext r act ed i n 1 MKCI , 10 mMTr i s, pH 7. 5, I mMEGTA f or I h, col l ect ed at

1000 g f or 4 mi n, and t hen r esuspended i n 1 MKI , 100 mMTr i s, pH 8. 7, 1 mM

EGTA, 100 mMP- mer capt oet hanol f or an addi t i onal hour bef or e use ( 34) .

Mi cr oscopy

For l i ght mi cr oscopy, pr epar at i ons wer e seal ed under cover sl i ps and obser ved

wi t h a Zei ss Phot omi cr oscope I I usi ng phase, di f f er ent i al i nt er f er ence cont r ast

( DI C) and pol ar i zat i on opt i cs . Al l phot ogr aphs wer e t aken on Kodak SO 115

f i l m ( ASA 100) devel oped wi t h Di af me .

Whol e mount s of t he l ysed cel l pr epar at i ons wer e pr epar ed f or el ect r on

mi cr oscopy by f i xat i on f or 10 mi n i n 2%gl ut ar al dehyde wi t h 2 mMMgC12 i n 0. 1
MPI PES buf f er , pH6. 9 . I mmedi at el y af t er f i xat i on, l ysed cel l s wer e cent r i f uged
at 100 g f or 3 mi n ont o el ect r on mi cr oscopy gr i ds t hat had been mount ed on
cover sl i ps and cover ed wi t h For at var , over l ai d wi t h car bon and 0. 1%pol yl ysi ne.

Af t er 10 mi n t he gr i ds wer e r i nsed i n 0. 1 MNa cacodyl at e, pH 7. 4, 10%sucr ose,

and t hen st ai ned wi t h 0. 2%t anni c aci d ( Mal l i nckr odt I nc . , St . Loui s, Mo . ) i n t he

same buf f er f or 2 mi n ( 47) . The gr i ds wer e t hen r i nsed ext ensi vel y i n 0. 1 MNa

cacodyl at e, pH7. 4, 10%sucr ose, st ai ned wi t h 1%osmi umi n t he same buf f er f or

2 mi n, and t hen r i nsed i n di st i l l ed wat er , dehydr at ed wi t h a concent r at i on ser i es

of acet one or 2- met hoxyet hanol , and dr i ed by passi ng t hr ough t he cr i t i cal poi nt

of COz ( 3) . The speci mens wer e t hen car bon coat ed on bot h si des and exami ned

i n a JEM1000 . Thi n sect i ons of i nt act cel l s wer e pr epar ed as pr evi ousl y descr i bed

( 40) .

SDS Pol yacr yl ami de El ect r ophor esi s

Mat er i al t o be anal yzed by SDSpol yacr yl ami de el ect r ophor esi s was di al yzed

agai nst 0. 1% SDS, pr eci pi t at ed wi t h 10 vol of acet one, and t hen col l ect ed by

cent r i f ugat i on at 20, 000 gf or 10 mi n . Sampl es wer e r esuspended i n sampl e buf f er

and el ect r ophor esed accor di ng t o t he pr ocedur e of Laemmh ( 33) . Mol ecul ar

wei ght det er mi nat i ons wer e cal cul at ed r el at i ve t o known pol ypept i de st andar d

by assumi ng t hat mobi l i t y i s pr opor t i onal t o t he l og of t he mol ecul ar wei ght .

I mmunol ogi cal Anal ysi s

Ant i gens wer e i dent i f i ed i n SDS pol yacr yl ami de gel s by t he pr ocedur e of

Bur r i dge ( I 1) . Af t er el ect r ophor esi s and f i xat i on wi t hout st ai ni ng, gel s wer e

equi l i br at ed wi t h buf f er at neut r al pH and over l ai d wi t h a 1 : 15 di l ut i on of

ant i ser um f or 16- 24 h f ol l owed by 6 d of r i nsi ng . Gel l anes wer e t hen over l ai d

wi t h St aph A pr ot ei n ( Phar maci a I nc. , Pi scat away, N. J. ) l abel ed wi t h
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( 29)

f or 16- 24 h and f ur t her r i nsed f or 5 d. The gel sl i ces wer e t hen st ai ned wi t h

Coomassi e Bl ue, dr i ed, and anal yzed by aut or adi ogr aphy .

I ndi r ect i mmunof l uor escence of i nt act cel l s was per f or med as pr evi ousl y

descr i bed ( 12) . Lysed cel l s wer e f i xed f or i mmunof l uor escence i n 0. 1 MHEPES,

pH6. 9, 3 mMMgSO, , 1 . 2%f or mal dehyde, and 0. 1%gl ut ar al dehyde f or 5 mi n.

Fi xed pr epar at i ons wer e t hen col l ect ed by cent r i f ugat i on at 500 g f or 4 mi n and

r i nsed i n phosphat e- buf f er ed sal i ne ( PBS) , f ol l owed by 30%goat ser um. These

cel l s wer e r esuspended i n i mmune ser umdi l ut ed 1 : 20 f or 25 mi n at 25° C, r i nsed

i n phosphat e buf f er sal i ne wi t hout cal ci um ( PBS) , i ncubat ed i n f l uor escei n-

conj ugat ed goat ant i - r abbi t I gG ( Mi l es Labor at or i es I nc. , El khar t , I nd . ) f or 20

mi n at 37° C, and t hen r i nsed ext ensi vel y. Pr epar at i ons wer e set t l ed ont o pol yl y-
si ne- coat ed cover sl i ps and mount ed i n El vano ( DuPont I nst r ument s, Wi l mi ngt on,
Del . ) . Mi cr ogr aphs wer e t aken wi t h Kodak Pl us X f i l m devel oped i n Di af i ne
usi ng Zei ss epi f l uor escence opt i cs .

RESULTS

Lysi s of Mi t ot i c HeLa and CHOCel l s

Tr eat ment of mi t ot i c cel l s ( Fi g. 1 a) wi t h t he hypot oni c buf f er
descr i bed above pr eser ves spi ndl e bi r ef r i ngence ( BR) whi l e t he
cel l s swel l ( Fi g . 1 b) . The subsequent l ysi s wi t h a det er gent -
cont ai ni ng MTP sol ut i on sol ubi l i zes >80%of t he cel l pr ot ei n
as j udged by col or i met r i c pr ot ei n est i mat i on ( 7) and di sper ses
t he chr omosomes, l eavi ng MT- cont ai ni ng ghost s ( Fi g . 1 c- e) .
HeLa cel l s accumul at ed wi t h Nocodazol e and l ysed wi t hout
r el ease of t he bl ock pr oduce l ar ge, cal ci um- sensi t i ve ast er s ( 26) ,
whi l e l at er st ages yi el d hi ghl y bi r ef r i ngent , spi ndl e- shaped
st r uct ur es. The si ze of t he ast er s and t he BR of t he spi ndl e i s
af f ect ed by t he concent r at i on of pol ymer i zabl e MTP i n t he
l ysi s mi xt ur e . Regar dl ess of t hi s concent r at i on, however , t he
i sol at ed mi t ot i c cent er s and associ at ed MTs ar e encl osed wi t hi n
a t hi n r ef r act i l e cage . The cages of l ysed, met aphase HeLa cel l s
aver age 18 f t m i n di amet er and ar e si mi l ar i n si ze t o t he i nt act
cel l bef or e swel l i ng . The MA of CHOcel l s i s mor e di f f i cul t t o
pr eser ve t han t hat of HeLa cel l s : i dent i cal ext r act i on condi t i ons
pr oduce a si mi l ar r ef r act i l e cage, but onl y occasi onal l y wi l l t he
cage cont ai n a st abi l i zed MA.

The r ef r act i l e cage i s by f ar t he most st abl e st r uct ur e i n t hese
ext r act ed mi t ot i c cel l s . Cel l s l ysed i n a wi de var i et y of buf f er s
pr omot i ng MT assembl y yi el d l abi l e spi ndl es whi ch r eadi l y
di ssol ve, but t he cage sur r oundi ng t he MA i nvar i abl y per si st s .
I ndeed, even under condi t i ons i n whi ch we have bi ased t he
equi l i br i um t owar ds a st abi l i zat i on of t he MT component by
t he addi t i on of MTP at sever al mi l l i gr ams per mi l l i l i t er , no
buf f er s have been f ound t hat wi l l sol ubi l i ze t he cage but l eave
t he MA i nt act .

Lysi s of i nt er phase cel l s usi ng t hese pr ocedur es sol ubi l i zes
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FI GURE 1

	

Fi g . 1 a shows i sol at ed mi t ot i c HeLa cel l s det ached f r om monol ayer cul t ur es by gent l e shaki ng ( DI C opt i cs) . Fi g . 1 6

shows mi t ot i c HeLa cel l s swol l en i n t he hypot oni c buf f er descr i bed i n Mat er i al s and Met hods ( pol ar i zat i on opt i cs) . Fi g . 1 ( c- e)

shows l ysed anaphase and ear l y G, HeLa cel l s l ysed i n t he pr esence of MT pr ot ei n as descr i bed i n Mat er i al s and Met hods, usi ng

phase ( c) , DI C ( d) , and pol ar i zat i on( e) opt i cs . Cage st r uct ur es ar e i ndi cat ed wi t h ar r owheads . Ext ensi ve backgr ound pol ymer i zat i on

of t he MT pr ot ei n has occur r ed i n t hi s pr epar at i on . Fi g . 1 f shows i nt er phase HeLa cel l s l ysed as descr i bed i n Mat er i al s and Met hods

( DI C opt i cs) . Bar , 10 t Lm. X 750.

>80% of t he cel l ul ar pr ot ei n ( 7) . A nucl ear st r uct ur e r emai ns

sur r ounded by l i mi t ed amount s of f i br i l l ar cyt opl asmi c mat e-

r i al ( Fi g . 1f , but no cage anal ogous t o t hat of mi t ot i c cel l s i s

seen. Si mi l ar pr epar at i ons have been r epor t ed by sever al ot her

l abor at or i es ( 11, 49, 36, 21, 20) . The i nt er phase cel l s i n our

l ysat es ar e not act i ve i n nucl eat i ng or gani zed bi r ef r i ngent

ar r ays of MTs when l ysed wi t h MTP. Si mi l ar var i at i on of MT-
or gani zi ng abi l i t y wi t h t i me i n t he cel l cycl e has been r epor t ed
pr evi ousl y ( 60, 38, 50, 56) .

El ect r on Mi cr oscopy of Det er gent - ext r act ed

Mi t ot i c Cel l s

Fi g . 2 a i s a pai r of st er eo hi gh- vol t age el ect r on mi cr ogr aphs

( HVEMs) of a pr omet aphase HeLa cel l l ysed i n assembl y

buf f er cont ai ni ng MTP. We of t en obser ve mul t i pl e ast er s i n

t he dr ug- bl ocked cel l s whi ch ar e al ways encl osed wi t hi n a t hi n

f i br ous cage . The l ar ge ast er s obser ved ar e t he r esul t of t he

el ongat i on of endogenous MTs by t he MTP i n t he l ysi s sol ut i on

( 26) . The f i br ous r emnant cl ear l y r ef l ect s t he geomet r y of t he

unl ysed cel l . The ast er s i n t he dr ug- bl ocked pr omet aphase cel l

and t he st abi l i zed spi ndl es i n t he met aphase cel l s ar e f ound

wi t hi n r oughl y spher i cal cages ( Fi g. 2 a and b) . Anaphase

spi ndl es l i e i n el ongat ed cages ( Fi g. 3 a) whi l e t el ophase st r uc-
t ur es show a di st i nct f ur r ow ( Fi gs. 2 c and 3 b) . The cages f r om

det er gent - ext r act ed t el ophase cel l s ar e of t en col l apsed, whi ch

may r ef l ect t he geomet r y of t he cages at t hi s st age or a t endency

of t hese st r uct ur es t o def or m dur i ng pr epar at i on . I n t he t er mi -

nal phase of cel l di vi si on, t he t wo si st er cel l ghost s ar e con-

nect ed by an i nt er cel l ul ar br i dge wi t h a di st i nct mi dbody ( Fi g .
3 c) . At t hi s st age, t he cage has di vi ded i nt o t wo, one- hal f
al most sur r oundi ng each daught er nucl eus . The cages t hus

appear t o be el ast i c and can be def or med i n concer t wi t h t he

ki net i c act i vi t i es of t he mi t ot i c spi ndl e and cl eavage f ur r ow.
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Scanni ng mi cr ogr aphs of l ysed mi t ot i c cel l s conf i r m t he t hr ee-

di mensi onal char act er i st i cs of t hese f i br ous cages ( dat a not

shown) . I nt er phase cel l s l ysed and pr epar ed f or mi cr oscopy by

si mi l ar met hods exhi bi t a di st i nct nucl eus wi t h at t ached f i br ous

pr ot ei n whi ch i s of t en f ound as a cap on t he nucl eus ( Fi g . 3 d)

or as a maze of f i ber s sur r oundi ng t he nucl eus .

Exami nat i on of t he cages at hi gher magni f i cat i on r eveal s a

het er ogeneous popul at i on of f i ber s ( Fi g. 4) . Many f i el ds con-

t ai n ar r ays of f i ber s showi ng an appr oxi mat el y uni f or m di am-

et er of 8- 11 nm char act er i st i c of i nt er medi at e f i l ament s ( 31,
24, 46) . Ot her f i ber s, however , appear beaded wi t h di amet er s
r angi ng f r om 10 t o 30 nm. Thi s nonuni f or m appear ance i s not

pr esent l y under st ood, but i t may r esul t f r om var i abl e amount s
of cyt opl asm adher i ng t o t he f i ber s dur i ng l ysi s and f i xat i on .

I n addi t i on t o t he MTs ext endi ng f r om t he mi t ot i c cent er s,

shor t segment s of MTs ar e obser ved ext endi ng f r om ot her

r egi ons of t he l ysed st r uct ur es i n di sor gani zed ar r ays . These

MTs ar e most l i kel y t he r esul t of nonspeci f i c nucl eat i on of t he

MTP used i n t he l ysi s sol ut i ons by t he mat er i al l ef t i n t he

ext r act ed cel l s .

El ect r on mi cr ogr aphs of l ysed mi t ot i c CHO cel l s r eveal a

si mi l ar f i l ament ous component i n t he det er gent - ext r act ed mi -

t ot i c ghost s ( Fi g . 5 a) . The cages ar e composed pr i mar i l y of

beaded f i ber s al t hough l ar ge number s of di sor gani zed MTs ar e
pr esent . The CHO cages appear t o have a l ower densi t y of

f i ber s t han t hose pr epar ed f r omHeLa cel l s and do not mai nt ai n

t he di st i nct geomet r y of t he mi t ot i c cel l af t er l ysi s . Nonet hel ess,

scanni ng el ect r on mi cr ogr aphs conf i r m t he r oughl y spher i cal

shape of t he mi t ot i c ghost s ( Fi g . 5 b) .

We have st udi ed t he st r uct ur e of t he i sol at ed cages wi t h t hi n

sect i ons and el ect r on mi cr oscopy, but t he r esi due of mat er i al

l ef t af t er det er gent ext r act i on i s so spar se t hat t he i mages ar e

not usef ul i n compar i son wi t h t he HVEMs pr esent ed i n Fi gs .
2 and 3 . Thi n sect i ons of unl ysed and unswol l en cel l s ar e,



FI GURE 2 Thr ee pai r s of st er eo mi cr ogr aphs of l ysed mi t ot i c HeLa cel l s . Mi t ot i c cel l s wer e l ysed i n t he pr esence of MTP and

pr ocessed f or hi gh- vol t age el ect r on mi cr oscopy as descr i bed i n Mat er i al s and Met hods . Al l pai r s wer e t i l t ed by 3° about a ver t i cal

axi s bet ween t he t aki ng of t he t wo pi ct ur es . Fi g . 2 a i s a pai r of mi cr ogr aphs of l ysed dr ug- bl ocked cel l s . Fi g . 2 b i s of a l ysed

met aphase cel l . Fi g . 2c i s of a l ysed t el ophase cel l . The mi dbody appear s t o have f or med i n t hi s cel l bef or e t he cl eavage f ur r ow

compl et ed cyt oki nesi s . The cage st r uct ur es ar e i ndi cat ed wi t h ar r owheads . x 3, 000 .
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FI GURE 3

	

HVEMs of l ysed mi t ot i c and i nt er phase HeLa cel l s . Cage st r uct ur es ar e i ndi cat ed wi t h ar r owheads . Fi g . 3 a shows an

anaphase cel l wi t h t he hi nt of a f or mi ng cl eavage f ur r ow. Fi g . 3 b shows a t el ophase cel l wi t h a di st i nct cl eavage f ur r ow. I n t hi s

pr epar at i on t he or gani zed MTs i n t he ghost wer e l ost . Fi g . 3 c shows a pai r of ear l y G, cel l s connect ed by an i nt er cel l ul ar br i dge

wi t h a di st i nct mi dbody r i ng. Fi g . 3 d shows a pai r of l at er G, daught er cel l s wi t h di st i nct nucl ei and a cap of f i l ament ous mat er i al .

The r emnant of t he mi dbody i s at t ached t o one daught er cel l ( ar r ow) . The hi gh concent r at i on of MTP i n t hi s pr epar at i on nucl eat ed

what we i nt er pr et as a l ar ge number of nonspeci f i c MTs . The daught er cel l s appear t o have some symmet r y about t he mi dbody .

Bar , 2 j m. x 3, 000.

however , i nf or mat i ve about t he physi ol ogi cal di st r i but i on of
f i br ous el ement s t hat appear t o const i t ut e t he cage . We have
f ocused on CHOcel l s f or t hi s wor k because HeLa cel l s cont ai n

a var i et y of i nt er medi at e f i l ament s t hat cannot be di st i ngui shed

i n t he el ect r on mi cr oscope . The cyt opl asm of CHO cel l s i n
met aphase cont ai ns l ar ge bundl es of 10- nm f i l ament s si t uat ed

about mi dway bet ween t he per i pher y of t he spi ndl e and t he

cel l cor t ex ( Fi g. 5 c and d) . These bundl es l oosel y enci r cl e t he
spi ndl e and, as such, ar e l i kel y candi dat es f or component s of
t he cage seen i n t he l ysed cel l s. The enl ar ged di amet er of t he
cage r el at i ve t o t he posi t i on of t he f i ber bundl es i n unl ysed
cel l s may be t he r esul t of t he swel l i ng pr ocess t hat pr ecedes

l ysi s .

Sever al of t he popul at i ons of mi t ot i c cel l s pr epar ed f or l i ght
and el ect r on mi cr oscopy wer e obt ai ned by accumul at i ng mi -
t ot i c popul at i ons wi t h t he use of t he r eadi l y r ever si bl e ant i mi -
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cr ot ubul e dr ug Nocodazol e ( 27, 62) . Ant i mi cr ot ubul e dr ugs

have been shown t o pr oduce al t er at i ons i n cel l ar chi t ect ur e

whi ch, i n addi t i on t o t he depol ymer i zat i on of MTs, i ncl ude a

r ear r angement of i nt er medi at e f i l ament s and a di sor gani zat i on

of cel l ul ar or ganel l es ( 14, 24, 31) . However , mi t ot i c cel l s l ysed

wi t hout exposur e t o Nocodazol e di spl ay i nsol ubl e f i l ament ous

cages t hat appear i dent i cal t o t hose col l ect ed wi t h t he use of

l ow concent r at i ons of Nocodazol e ( compar e Fi gs . 2 a, 3 6 and

Fi g . 3 a, c) . I t i s t her ef or e unl i kel y t hat st r uct ur es obser ved her e

ar e t he r esul t of t he synchr oni zat i on pr ocedur es empl oyi ng

0 . 04 t t g/ ml of Nocodazol e .

Pol ypept i de Composi t i on of t he Fi br ous Cage

The el ect r ophor et i c pr of i l es of t he det er gent - ext r act ed mi -

t ot i c and i nt er phase HeLa cel l s ar e si mi l ar and r eveal sever al



FI GURE 4

	

A f i el d near t he edge of a cage f r om a det er gent - ext r act ed mi t ot i c HeLa cel l . Sever al mi cr ot ubul es ( mt ) and a l ar ge

number of f i ber s 8- 11 nmi n di amet er ( i f ) ar e pr esent . Al so, gl obul ar mat er i al appear s t o be associ at ed wi t h many of t he f i ber s i n

our pr epar at i ons . Bar , 0. 1 l i m. x 60, 000 .

maj or pol ypept i des whi ch r ange i n mol wt f r om 43, 000 t o

60, 000 dal t ons ( Fi g. 6) . Ther e i s al so a maj or hi gh mol ecul ar

wei ght pol ypept i de of - - 260, 000 dal t ons . The pr of i l es of l ysed

CHO cel l s ar e l ess compl ex t han t hose of HeLa cel l s and

cont ai n maj or pol ypept i des of 58, 000 and 260, 000 mol wt .

Our mor phol ogi cal st udi es r eveal t hat t he MA i s mi ssi ng f r om

t he cel l ghost s t hat have been t hr ough t wo cycl es of det er gent

ext r act i on i n t he absence of exogenous t ubul i n ( dat a not

shown) . The ext r act i on of t he spi ndl e i s r ef l ect ed i n t he absence

of maj or t ubul i n pol ypept i des i n t he i sol at ed ghost s . Compar -

i son of t he maj or pol ypept i des pr esent i n t he det er gent - ex-

t r act ed cages and t hose of whol e- cel l ext r act s suggest s t hat t he
pr ot ei ns of t he cage ar e among t he most abundant pr ot ei ns of
t he cel l i n bot h HeLa and CHO cel l s.

I mmunol ogi cal Char act er i zat i on of t he Fi br ous

Cage f r om Mi t ot i c Cel l s

I n an ef f or t t o i dent i f y some pr ot ei n component s of t he

f i br ous cage, t wo di f f er ent ant i ser a di r ect ed agai nst 10- nm

f i l ament s f r om cul t ur ed cel l s wer e obt ai ned f r om ot her i nves-

t i gat or s. Ant i ser a pr epar ed agai nst i nt er medi at e f i l ament pr o-

t ei ns f r om hamst er cel l s wer e t he gener ous gi f t s of Rober t

Gol dman ( 53) and of Ri char d Hynes ( 30) . Bot h ser a wer e used

t o st ai n el ect r ophor et i c pr of i l es of t he det er gent - ext r act ed mi -

t ot i c cages accor di ng t o t he pr ocedur e of Bur r i dge ( 11) ( Fi g . 7) .

The ser umf r om Hynes' l abor at or y bi nds t o t he maj or 58, 000-
dal t on pol ypept i de f r om mi t ot i c HeLa and CHO cel l s . Thi s
ant i ser umwas r ai sed agai nst a 58, 000- dal t on pol ypept i de f r om
hamst er f i br obl ast s t hat has been i mpl i cat ed as t he subuni t of

t he i nt er medi at e f i l ament s by sever al l abor at or i es and has been
named " vi ment i n" ( 18) . By t he same assay, t he ant i ser um of

St ar ger et al . ( 53) , whi ch was r ai sed usi ng i nt act i nt er medi at e

f i l ament s as an ant i gen, r ecogni zes t he hi gh 260, 000- dal t on
pol ypept i de pr esent i n bot h t he HeLa and CHOpr epar at i ons .

I sol at ed cages pr epar ed f r om dr ug- bl ocked mi t ot i c HeLa

and CHO cel l s st ai n wi t h bot h ser a ( Fi g . 8) . The f l uor escent
st r uct ur es appear as spher i cal cages wi t h occasi onal def or ma-
t i ons of t he sur f ace . No i ndi vi dual f i l ament s can be di st i n-
gui shed i n our pr epar at i ons, pr obabl y because of t he hi gh
densi t y of t he f i ber s i n t hese st r uct ur es .

DI SCUSSI ON

St abi l i zed mi t ot i c cent er s or spi ndl es, as i sol at ed her e f r om

HeLa cel l s, ar e sur r ounded by a f i br ous cage t hat i s mi ssi ng or

gr eat l y r educed i n si mi l ar l y t r eat ed i nt er phase cel l s . Appar -

ent l y, t he cage f or ms as t he cel l ent er s mi t osi s . The cage

changes shape as t he cel l pr oceeds t hr ough mi t osi s t o accom-

modat e t he el ongat i ng spi ndl e, and dur i ng cyt oki nesi s i t i s

par t i t i oned i nt o t he t wo daught er st r uct ur es . Lysed mi t ot i c
CHO cel l s r eveal si mi l ar f i br ous cages, but onl y occasi onal l y
do t hey cont ai n a st abi l i zed spi ndl e . When vi sual i zed i n t he

el ect r on mi cr oscope, t he cages i sol at ed f r om HeLa and CHO
cel l s consi st of het er ogeneous f i br ous mat er i al t hat i ncl udes
f i ber s 10 nmi n di amet er .

Anal ysi s of t he f i br ous cages by SDS gel el ect r ophor esi s
shows t hat t hey ar e chemi cal l y compl ex, but compar ed wi t h
cel l sap t hey ar e gr eat l y enr i ched f or pol ypept i des wi t h mobi l -

i t i es char act er i st i c of i nt er medi at e f i l ament s . The r at her het er -

ogeneous mor phol ogy of t he cage f r act i on i s consi st ent wi t h

t he bi ochemi cal compl exi t y t hat t hey di spl ay. Our ser ol ogi cal

st udi es of t he cages f r om HeLa and CHOcel l s do, nonet hel ess,
conf i r m t hat t hey cont ai n i nt er medi at e ( 10- nm) f i l ament s of
t he vi ment i n t ype. I n HeLa cel l s, whi ch ar e of epi t hel i al or i gi n,
t he cages ar e par t i cul ar l y wel l devel oped and may al so cont ai n
i nt er medi at e f i l ament s of t he ker at i n t ype .
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FI GURE 5

	

Mi t ot i c CHOcel l s . Fi g . 5a shows a HVEM and Fi g . 5 b shows a scanni ng el ect r on mi cr ogr aph of det er gent - ext r act ed

CHOcel l s . These cel l s onl y occasi onal l y cont ai n a st abi l i zed mi t ot i c spi ndl e . Bar , 1 t Lm. x 6, 000. Fi g . 5 c and d show convent i onal

t hi n- sect i on el ect r on mi cr ogr aphs of i nt act mi t ot i c CHO cel l s showi ng bundl es of 10- nm f i l ament s i n t he cyt opl asm ( ar r owheads) .

Bar , 0. 1 pm. x 40, 000 .

I nt er medi at e f i l ament s, def i ned as unbr anched cyt opl asmi c

f i ber s wi t h a di amet er of - 10 r i m, have been descr i bed i n a

var i et y of cel l s . Bi ochemi cal and i mmunol ogi cal char act er i za-

t i ons of t hese f i ber s i n sever al l abor at or i es have l ed t o t he

concl usi on t hat t hey occur i n at l east f i ve di st i nct cl asses.

Muscl e cel l s, neur ons and gl i al cel l s al l cont ai n f i l ament s t hat

appear 10 nm i n di amet er ( 5, 8, 13, 31, 35, 44, 45, 61) . The
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f i ber s of t hese cel l s ar e i mmunol ogi cal l y di st i nct , even compar -

i ng cel l s f r om t he same or gani sm. Cel l s of epi der mal or i gi n

cont ai n i nsol ubl e f i l ament s 6- 8 nmi n di amet er cal l ed t onof i l -

ament s ( 17, 19, 21, 32, 54) . These f i ber s per vade t he cyt opl asm

and ar e f ound i n sever al di f f er ent i at ed st at es . The const i t uent

pol ypept i des of t hese f i ber s have been i dent i f i ed as ker at i ns,

and t hey i ncl ude a f ami l y of at l east si x pol ypept i des wi t h mol



FI GURE 6

	

Pol ypept i de composi t i on of whol e HeLa and CHOcel l s

compar ed t o det er gent - ext r act ed i nt er phase and det er gent - ex-

t r act ed mi t ot i c cel l s . Popul at i ons of mi t ot i c and i nt er phase cel l s

wer e pr epar ed and ext r act ed t wi ce wi t h det er gent s as descr i bed i n

Mat er i al s and Met hods . I nsol ubl e mi t ot i c cages and i nt er phase

nucl ei wi t h associ at ed f i ber s wer e anal yzed on SI DS pol yacr yl ami de

gel s and compar ed t o whol e cel l s and known mar ker s : ( a) 10 j ug

por ci ne br ai n t ubul i n, ( b) 1 x 105 whol e Hel a cel l s, ( c) 2 x 106

det er gent - ext r act ed i nt er phase HeLa cel l s, ( d) 1 . 5 x 10 6 det er gent -

ext r act ed mi t ot i c HeLa cel l s, ( e) 251ug r abbi t skel et al muscl e, ( f ) 5

x 105 whol e CHOcel l s i nt er phase, ( g) 5 x 106 det er gent - ext r act ed

i nt er phase CHO cel l s, ( h) 4 x 106 det er gent - ext r act ed mi t ot i c CHO

cel l s .

wt f r om 40, 000 t o 60, 000. Ant i body pr oduced agai nst sol ubl e
ker at i n ( pr eker at i n) wi l l decor at e f i l ament ous ar r ays i n cul -

t ur ed cel l s of epi t hel i al or i gi n, i ncl udi ng HeLa cel l s, but t hi s

pr obe does not st ai n t he i nt er medi at e f i l ament s of f i br obl ast s

( 17, 19, 55) . A f i f t h di st i nct syst em of i nt er medi at e f i l ament s

f or ms net wor ks i n t he cyt opl asm of a number of i nt er phase

cel l s ( 6, 18, 25, 30, 52) . These net wor ks appear t o or i gi nat e

f r om a j uxt anucl ear posi t i on and col l apse ar ound t he nucl eus

t o f or m per i nucl ear whor l s when i nt er phase mi cr ot ubul es ar e

depol ymer i zed by ant i mi cr ot ubul e r eagent s ( 15, 24) . A 58, 000-

dal t on pol ypept i de has been i dent i f i ed as a subuni t of t hese

f i l ament s by sever al l abor at or i es ( 18, 25, 30) and has been

named vi ment i n by Fr anke et al . ( 18) . Vi ment i n f i ber s ar e

i nsol ubl e i n t he pr esence of noni oni c det er gent s at bot h l ow

and hi gh i oni c st r engt h ( 4, 30, 52, 49) . They have been i dent i -
f i ed as a maj or component of cyt oskel et al pr epar at i ons f r om a

wi de var i et y of cel l t ypes ( 4, 30, 19) .

The i mmunof l uor escent st ai ni ng of i sol at ed mi t ot i c cages
f r om HeLa and CHO cel l s and t he r adi oi mmune r ecogni t i on
of appr opr i at e pol ypept i des i n t he el ect r ophor et i c pr of i l es of

t he i sol at ed cages by ant i ser a di r ect ed agai nst t he vi ment i n

f i ber s demonst r at es t hat t hi s cl ass of i nt er medi at e f i l ament s i s

pr esent i n our det er gent - ext r act ed pr epar at i ons f r om bot h ep-

i t hel i al cel l s and f i br obl ast s . The l ocal i zat i on of i nt er medi at e

f i l ament s of t hi s t ype i n t he i sol at ed mi t ot i c cages even af t er

ext r act i on of t he spi ndl e i s not sur pr i si ng, consi der i ng t he l ar ge
number of r epor t s t hat i nt er medi at e f i l ament s r emai n i nsol ubl e
af t er det er gent ext r act i on . The met aphase or gani zat i on of t he

f i l ament s i n a cage t hat sur r ounds t he MA suggest s t hat t he

i nt er phase ar r ays col l apse ar ound t he mi t ot i c spi ndl e as t he cel l

ent er s i nt o mi t osi s .
Pr evi ous i mmunof l uor escence st udi es have descr i bed vi men-

t i n f i l ament s f or mi ng a cage ar ound t he MA ( 18, 30) : such

f i l ament s ar e pr obabl y a maj or component of t he st r uct ur e

i sol at ed i n t hi s i nvest i gat i on. A si mi l ar i mmunof l uor escence

st udy has descr i bed t he i nt er medi at e f i l ament s of t he vi ment i n

t ype f or mi ng a r i ng ar ound t he MA i n endot hel i al cel l s ( 6) .

The pl anar geomet r y may r esul t f r om t he f l at shape of t hese

endot hel i al cel l s whi ch di f f er s f r om t he r ounded shape of t he

mi t ot i c HeLa and CHO cel l s we have st udi ed . Bl ose ( 6) has

demonst r at ed t hat t he r i ng of i nt er medi at e f i l ament s i s not
cl eaved i f t he cl eavage f ur r ow i s i nhi bi t ed wi t h cyt ochal asi n .
Si mi l ar l y, t he cage of i nt er medi at e f i l ament i n HeLa cel l s
r emai ns spher i cal when cel l s ar e ar r est ed at t he onset of mi t osi s,
suggest i ng t hat t he i nt er medi at e f i l ament s ar e passi vel y de-
f or med by t he ki net i c act i vi t i es of t he mi t ot i c spi ndl e and
cl eavage f ur r ow. Thi n- sect i on el ect r on mi cr ogr aphs of i nt act
mi t ot i c CHO cel l s i n whi ch t he i nt er medi at e f i l ament s ar e

r eadi l y i dent i f i abl e demonst r at e t hat t he f i l ament s appear i n

t he cyt opl asm ar ound t he per i met er of t he cel l , however , t hey

do not appear t o i nt er act wi t h t he cel l membr ane.

HeLa cel l s have r ecent l y been i dent i f i ed as cont ai ni ng i nt er -

medi at e f i l ament s i mmunol ogi cal l y r el at ed t o t he ker at i n- con-

t ai ni ng t onof i l ament s i n addi t i on t o t he vi ment i n f i l ament s

( 20) . Si mi l ar f i l ament s wer e shown t o be l acki ng i n f i br obl ast s

such as t he CHO cel l s . These f i ber s wer e demonst r at ed t o be

i nsol ubl e i n det er gent and al so t o col l ect ar ound t he MA t o

f or m a " basket " dur i ng cel l di vi si on . I t i s hi ghl y l i kel y t hat our

i sol at ed HeLa cel l mi t ot i c cages i ncl ude pr eker at i n- cont ai ni ng

i nt er medi at e f i l ament s as wel l as vi ment i n- cont ai ni ng f i l a-

FI GURE 7

	

St ai ni ng of el ect r ophor et i c pr of i l es of mi t ot i c cages i so-

l at ed f r om HeLa ( a and c) and CHO ( b and d) cel l s usi ng ant i ser a

di r ect ed agai nst t he vi ment i n t ype of i nt er medi at e f i l ament s . Fi g. 7 a

and b show st ai ni ng by t he ser um of St ar ger et al . ( 53) ; Fi g . 7 c and

d show st ai ni ng by t he ser um of Hynes and Dest r ee ( 30) ; Fi g . 7 e

and f show t he pr of i l e of gel s c and d st ai ned wi t h Coomassi e bl ue.
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FI GURE 8

	

I ndi r ect i mmunof l uor escent st ai ni ng of det er gent - ext r act ed mi t ot i c cel l s wi t h ant i bodi es di r ect ed agai nst t he vi ment i n

t ype i nt er medi at e f i l ament s . Phase ( a) and f l uor escence mi cr ogr aph ( b) of det er gent - ext r act ed mi t ot i c HeLa cel l s usi ng ant i ser um

of St ar ger et al . ( 53) . Phase ( c) and f l uor escence mi cr ogr aph ( d) of det er gent - ext r act ed mi t ot i c CHOcel l s usi ng ant i ser um of Hynes

and Dest r ee ( 30) . Bar , 10 km. x 625 .

ment s. These t onof i l ament s may account f or t he pol ypept i des

of 40, 000- 55, 000 dal t ons pr esent i n t he l ysed HeLa cel l s and

not pr esent i n t he l ysed CHOcel l s ( 11) . Thi s second cl ass of

i nt er medi at e f i l ament s may al so cont r i but e t o t he gr eat er st a-

bi l i t y of t he l ysed HeLa cel l s compar ed t o t he l ysed CHOcel l s.

Sever al l abor at or i es have pr oposed t hat t he di st r i but i on of

vi ment i n f i l ament s i s cl osel y t i ed t o t hat of t he MTs, a sugges-

t i on based bot h on t he si mi l ar i t y of t hei r spat i al di st r i but i on i n

many cel l s and on t he r ear r angement of i nt er medi at e f i l ament s

t hat occur s when MTs ar e depol ymer i zed by ant i mi cr ot ubul e

dr ugs ( 19, 24, 30) . The r ear r angement of t he i nt er medi at e

f i l ament s i nt o a cage sur r oundi ng t he MA may be an anal ogous

r esul t of t he physi ol ogi cal depol ymer i zat i on of t he cyt opl asmi c

MTs as t he mi t ot i c spi ndl e assembl es. I t i s not ewor t hy, how-

ever , t hat i nt er medi at e f i l ament s ar e conspi cuousl y absent f r om

t he spi ndl e i t sel f , except f or t he t el ophase i nt er zone ( 40) wher e

t hey ar e pr esumabl y co- mi ngl ed wi t h t he spi ndl e t ubul es by

t he act i on of t he cl eavage f ur r ow. I t seems unl i kel y, t her ef or e,

t hat mi t ot i c MTs i nt er act i n any di r ect way wi t h i nt er medi at e

f i l ament s .

No speci f i c f unct i on f or t he i nt er medi at e f i l ament s i n cul -

t ur ed cel l s has yet been i dent i f i ed, al t hough many i nvest i gat or s

have suggest ed t hat t hey pl ay a st r uct ur al r ol e i n t he cyt opl asm.

The f i l ament s may be associ at ed wi t h t he wel l - known excl usi on

of cyt opl asmi c or ganel l es f r om t he ar ea of t he mi t ot i c spi ndl e

( 22) , or t hey may f or ma cage because t her e i s no pl ace el se f or

t hem t o go. Mor e specul at i ve but i nt r i gui ng i s t he possi bi l i t y

t hat t he r et ent i on of t hese f i l ament s and what ever addi t i onal

mat er i al i s associ at ed wi t h t hem i n t he absence of cyt opl asmi c

MTs or mi cr of i l ament bundl es al l ows t hem t o ser ve a skel et al
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r ol e i n mi t ot i c cel l s . When t he mi cr of i l ament bundl es, t he

cyt opl asmi c MTs, and t he nucl ear envel ope br eak down i n

pr ophase, much of t he i nt er phase or gani zat i on of a cel l i s l ost .

Nonet hel ess, cel l s r eest abl i sh t hei r i nt er phase mor phol ogy

shor t l y af t er di vi si on . Per haps t he mi t ot i c cage ser ves as a

f r amewor k t hat hel ps r edef i ne t he cyt opl asmi c geomet r y af t er

cyt oki nesi s .

Thi s i nvest i gat i on was suppor t ed by gr ant VCM 154C f r om t he Amer -

i can Cancer Soci et y and gr ant PCM- 77- 14796 f r om t he Nat i onal

Sci ence Foundat i on . G. W. Zi eve was suppor t ed by a post doct or al

f el l owshi p f r om t he Hel en Hay Whi t ney Foundat i on .

Recei ved f or publ i cat i on 30 November 1979, and i n r evi sed f or m

16 June 1980.
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