
Evi dence f or Mi cr ot ubul e Subuni t Addi t i on t o t he Di st al End

of Mi t ot i c St r uct ur es I n Vi t r o

Mi cr ot ubul es possess an i nt r i nsi c mol ecul ar pol ar i t y . Thi s

pr oper t y has been det er mi ned f or neur ot ubul es and f l agel l ar

t ubul es by t hei r behavi or of gr owi ng f ast er i n vi t r o at one end

t han at t he ot her ( 1, 27) . I t has been conf i r med f or f l agel l ar

t ubul es by el ect r on mi cr oscopy ( 2) . The pol ar i t y of mi cr ot u-

bul es wi t hi n t he mi t ot i c appar at us may pl ay an i mpor t ant r ol e

i n chr omosome movement ; sever al model s f or t he mechani sm

of mi t osi s depend on such a pr oper t y ( 3, 18, 20, 22, 31) . The

pol ar i t y of spi ndl e mi cr ot ubul es has r ecent l y been i nvest i gat ed

usi ng i sol at ed mi t ot i c f r agment s t o seed t he gr owt h of neur o-

t ubul i n i n vi t r o ( 4, 32) . I n t hese st udi es, t he r at e of gr owt h of

neur ot ubul es at t ached t o i sol at ed ki net ochor es and cent r o-
somes has been measur ed : t he seeded neur ot ubul es gr ow wi t h

a r at e equal t o t hat expect ed f or subuni t addi t i on occur r i ng

onl y at t he f ast - gr owi ng end of a f r ee t ubul e. The deduct i on of
a pol ar i t y f r om t hese dat a r equi r es a knowl edge of t he end of

t he t ubul e t o whi ch t he subuni t s ar e addi ng . Bot h of t he

publ i shed st udi es make t he assumpt i on t hat subuni t addi t i on

i s occur r i ng at t he end di st al t o t he mi cr ot ubul e- nucl eat i ng si t e

( ki net ochor e or cent er ) . I ndeed, some assumpt i on was neces-

sar y because t her e was no i nf or mat i on pr evi ousl y avai l abl e
concer ni ng t he zone of subuni t addi t i on.

We r epor t her e on t he i sol at i on of mi t ot i c st r uct ur es f r om

cul t ur ed HeLa cel l s by means of a modi f i cat i on of t he condi -
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ABSTRACT HeLa cel l s bl ocked i n met aphase wi t h 0 . 04 p, g/ ml of t he mi cr ot ubul e poi son

nocodazol e wer e shown t o cont ai n l ar ge number s of mi cr ot ubul es wi t h t ypi cal mi t ot i c

or gani zat i on but no cent r i ol e . Lysi s of nocodazol e- poi soned cel l s i n a mi cr ot ubul e r eassembl y

buf f er cont ai ni ng 0 . 5 MPI PES, 2 . 5%di met hyl sul f oxi de, 1 mM EDTA, 1 MMM9Cl 2 , 1 mMGTP,

1% Tr i t on X- 165, 0 . 5% sodi um deoxychol at e, 0 . 2% SDS, pH 6. 9, pr eser ved met aphase ast er

st r uct ur es 5l t m i n di amet er sur r ounded onl y by a t hi n, f i br ous cel l r emnant . I ncl usi on of 2 mg/

ml por ci ne br ai n mi cr ot ubul e pr ot ei n i n t he l ysi s buf f er pr oduced ast er s up t o 20 / Am i n

di amet er wi t h a bi r ef r i ngent r et ar dat i on of 5- 6 nm. I n t hese l ar ge ast er s t he cent r al mi cr ot ubul es

had nor mal mor phol ogy, but per i pher al mi cr ot ubul es wer e cl ear l y abnor mal . Our i nt er pr et at i on

i s t hat i n hi gh PI PES l ysi s buf f er , exogenous br ai n t ubul i n adds t o t he di st al ends of pr eexi st i ng

ast er mi cr ot ubul es t o f or m abnor mal mi cr ot ubul es . Thi s obser vat i on suppor t s t he assumpt i ons

made by Bor i sy and by Summer s and Ki r schner i n t hei r i nt er pr et at i on of gr owt h exper i ment s

t o det er mi ne t he mi cr ot ubul e pol ar i t y i n mi t ot i c st r uct ur es .

t i ons f or t he assembl y of mi cr ot ubul e pr ot ei n ( MTP) r epor t ed
by Hi mes et al . ( 14) . Thi s met hod has al l owed us t o mar k t he
zone of neur ot ubul e subuni t addi t i on t o mi t ot i c ast er s i n vi t r o.

We al so r epor t some obser vat i ons on HeLa cel l s t r eat ed wi t h
t he synt het i c ant i mi cr ot ubul e dr ug, nocodazol e ( 9) , whose

pr oper t i es made possi bl e our appr oach t o t he det er mi nat i on of

t he zone of ast r al gr owt h.

MATERI ALS AND METHODS

Pr oduct i on of Mi t ot i c HeLa Cel l s

HeLa cel l s wer e cul t ur ed i n r ol l er bot t l es or cul t ur e f l asks i n Eagl e' s mi ni mal

essent i al medi um buf f er ed wi t h 10 mM HEPES t o pH 7 . 4 and suppl ement ed

wi t h 7%cal f ser um. Cel l s wer e synchr oni zed wi t h 5 mMt hymi di ne f or 16 h ( 36) .

8 h af t er r emoval of t he t hymi di ne, nocodazol e ( Al dr i ch Chemi cal Co . , I nc . ,

Mi l waukee, Wi s. ) as a I pg/ ml st ock i n di met hyl sul f oxi de ( DMSO) was added t o

t he cul t ur es t o gi ve a f i nal concent r at i on of 0. 04 f Lg/ ml . Mi t ot i c cel l s wer e shaken

f r om t he cul t ur e vessel 5- 6 h af t er t he addi t i on of nocodazol e . These di sl odged

cel l s wer e concent r at ed appr oxi mat el y f our f ol d by cent r i f ugat i on and r esuspen-

si on i n ' / 4 vol of t he same nocodazol e- poi soned medi um. The poi soned cel l s wer e

mai nt ai ned as a suspensi on cul t ur e at 37° C dur i ng t hecour se of exper i ment at i on .

MTP Pur i f i cat i on and Assembl y

MTPwas pur i f i ed f r om por ci ne br ai n by t he gl ycer ol met hod of Shel anski et

al . ( 28) i n a buf f er cont ai ni ng 0. 1 MPI PES, 1 mMMgCl , . I mMGTP, 1 . 0 mM

THE JOURNAL OF CELL BI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 87 OCTOBER 1980 152- 159

©The Rockef el l er Uni ver si t y Pr ess " 0021- 9525/ 80/ 10/ 0152/ 08 $1 . 00

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://ru

p
re

s
s
.o

rg
/jc

b
/a

rtic
le

-p
d
f/8

7
/1

/1
5
2
/1

3
8
8
7
5
6
/1

5
2
.p

d
f b

y
 g

u
e
s
t o

n
 0

4
 A

u
g
u
s
t 2

0
2
2



EGTA, pH6. 9. Pr ot ei n was st or ed i n t he same buf f er wi t h 8 Mgl ycer ol at - 20° C

and pr epar ed f or use f r esh dai l y ( 34) .

The MTP used i n cel l l ysi s exper i ment s was depl et ed of r i ng ol i gomer s by t he

met hod of Al l en and Bor i sy ( 1) . The use of t hi s pr ot ei n del ayed t he spont aneous

i ni t i at i on of mi cr ot ubul e assembl y out si de t he l ysed cel l r emnant , al l owi ng t he

ast er s and cage t o be pur i f i ed by a di scont i nuous gl ycer ol gr adi ent wi t hout an

adher i ng meshwor k of mi cr ot ubul es .

Pr epar at i on of Lysi s Buf f er

Nocodazol e- poi soned HeLa cel l s wer e l ysed i n a buf f er cont ai ni ng 0. 5 M

PI PES, t mMEGTA, l mMMgCl 2, 2. 5%DMSO, 1%Tr i t on X- 165, 0. 5%sodi um

deoxychol at e, 0. 2%SDS, pH 6. 9 . To avoi d pr eci pi t at i on of t he det er gent s, t he

l ysi s buf f er was pr epar ed as f ol l ows : The Tr i t on, MgC12. DMSO, and EGTA

wer e added t o a vol ume of wat er appr oxi mat el y a t hi r d t he f i nal vol ume of l ysi s

buf f er . Thi s sol ut i on was war med t o 37° C, t he deoxychol at e was added as a sol i d

and di ssol ved . Thi s sol ut i on was cool ed on i ce and t he PI PES was added sl owl y

as a 1 . 0- M st ock, pH 7, wi t h const ant vor t exi ng. SDSwas added t o t he i ce- col d

sol ut i on f r oma 10%st ock wi t h vor t exi ng. The sol ut i on was br ought t o i t s f i nal

vol ume by t he addi t i on of wat er . The compl et e l ysi s mi xt ur e was st abl e f or - - I

wk i f r ef r i ger at ed . El evat ed t emper at ur es f or ext ended per i ods caused a sl ow

pr eci pi t at i on of t he det er gent s . The l ysi s buf f er was used wi t h or wi t hout added

MTP. Just bef or e use, GTP was added t o t he l ysi s buf f er t o a concent r at i on of I

mm.

Tubul i n Addi t i on t o Tet r ahymena Pel l i cl es

Tet r ahymena wer e gr own i n 0. 75% pr ot eose pept one, 0. 75% yeast ext r act

( Di f co Labor at or i es, Det r oi t , Mi ch . ) , 1 . 5%sucr ose, 1 mMCaCl 2, 2 mMKH=PO, ,

and 30 Pg/ ml Sequest r i ne ( Ci ba- Gei gy Cor p. , Ar dsl ey, N. Y. ) . Cel l s wer e

col l ect ed by cent r i f ugat i on, l ysed, and deci l i at ed by r esuspensi on i n 0. 1 MPI PES,

pH 6. 9, cont ai ni ng l mMEGTA, 2 mMMgCl 2, and 0. 2%Noni det P- 40, and

agi t at ed on a vor t ex mi xer at r oomt emper at ur e . The l ysed, deci l i at ed cel l s wer e

col l ect ed by cent r i f ugat i on and mi xed wi t h 1 mg/ ml MTP i n l ysi s buf f er ,

i ncubat ed at 37° C f or 6 mi n, t hen f i xed by addi t i on of an equal vol ume of 2%

gl ut ar al dehyde i n 0. 1 MPI PES, pH 6 . 9 . Fi xed pel l i cl es wer e al l owed t o set t l e

ont o pol yl ysi ne ( 1 mg/ ml ) - coat ed sl i des, t hen pr ocessed f or el ect r on mi cr oscopy

as descr i bed bel owf or HeLa cel l s .

Lysi s of HeLa Cel l s

A 0. 7- ml al i quot of nocodazol e- poi soned HeLa cel l s i n suspensi on ( 105 cel l s/

ml ) was pel l et ed by cent r i f ugat i on at 300 g f or 30 s at r oomt emper at ur e . The cel l

pel l et was r esuspended and i ncubat ed f or 3 mi n at 37° C i n 0 . 5 ml of a buf f er

cont ai ni ng 1 mMPI PES, 5%DMSO, I mMEGTA, I mMMgCl 2 i n heavy wat er

( D, O) . Thi s buf f er causes hypot oni c swel l i ng of t he cel l s and mai nt ai ns t he

mi cr ot ubul es wi t hi n t he cel l s. The swol l en cel l s wer e pel l et ed as descr i bed above,

l ysed by t he addi t i on of 0. 2 ml of l ysi s buf f er wi t h or wi t hout added MTP, and

vor t exed ver y br i ef l y . Just bef or e addi t i on t o t he cel l pel l et , t he l ysi s buf f er was

war med f or 20 s i n a 37° C wat er bat h . Cel l s wer e exami ned at r oom t emper at ur e

on a Zei ss Phot oscope I I mi cr oscope .

El ect r on Mi cr oscopy

HeLa cel l s and l ysed cel l s wer e f i xed f or 15 mi n at 37° C by addi t i on of 30%

gl ut ar al dehyde t o a f i nal concent r at i on of 3%. Cel l s wer e r i nsed t wi ce i n 10%

sucr ose i n 0 . 1 Mcacodyl at e buf f er , pH 7. 0, and t hen t r eat ed wi t h 0. 2%t anni c

aci d i n t he same buf f er f or 3 mi n, al l at r oom t emper at ur e . Af t er t anni c aci d

t r eat ment , cel l s wer e r i nsed t hr ee t i mes as descr i bed above and osmi cat ed i n 1%

OsO, i n 0 . 1 Mcacodyl at e buf f er f or 5 mi n at r oom t emper at ur e. Af t er t hr ee

r i nses wi t h di st i l l ed wat er , t he sampl e was car ef ul l y dehydr at ed i n met hoxy-

et hanol ( Met Et ) at r oom t emper at ur e . We f ound t hat l ysed cel l s wer e ver y

sensi t i ve t o dehydr at i on ar t i f act s. The f ol l owi ng pr ocedur e, however , pr oved

ef f ect i ve : The sampl e was suspended i n 2 ml of 30%Met Et , and 0. 8 ml of 100%

Met Et was added dr opwi se wi t h mi xi ng bet ween each dr op. Cel l s wer e pel l et ed

f r omt hi s 50%Met Et and r esuspended i n 2 ml of 50%Met Et t o whi ch was added

1 . 3 ml of 100%Met Et dr opwi se as above.

Cel l s wer e pel l et ed and r esuspended i n l ml of 70%Met Et ; 2 ml of 100%was

added as descr i bed above . Cel l s wer e agai n pel l et ed and r esuspended i n 1 ml of

90%Met Et and 1 ml of 100% Met Et t wi ce. Cel l s wer e t hen r i nsed t wi ce wi t h

pr opyl ene oxi de and f l at - embedded i n Spur r ' s r esi n by t he met hod of Pi cket t -

Heaps et al . ( 26) . I ndi vi dual cel l s wer e exci sed, ser i al l y sect i oned, and st ai ned

wi t h ur anyl acet at e and l ead ci t r at e. Mi cr oscopy was per f or med on a Phi l i ps 300

el ect r on mi cr oscope .

Count s of mi cr ot ubul es i n l ysedcel l s wer e obt ai ned f r omel ect r on mi cr ogr aphs

of l ysed cel l s at var i ous di st ances f r om t he mi t ot i c cent er . The posi t i on of a

sect i on passi ng t hr ough t he ast r al cent er was est i mat ed by t he symmet r y and

or i ent at i on of t he mi cr ot ubul es r at her t han by f i ndi ng t he cent r i ol e pai r whi ch,

as descr i bed bel ow, was absent . Because t heast er i s a r adi al l y symmet r i c st r uct ur e,

t he or i ent at i on of t he mi cr ot ubul es i s i ndependent of t he di r ect i on i n whi ch t he

ast er i s sect i oned . Thi s al l owed a r at her unambi guous i dent i f i cat i on of t he ast r al

cent er . The di st ance of a gi ven sect i on f r om t he ast r al cent er was est i mat ed by

count i ng t he number of ser i al sect i ons t hat separ at ed i t f r om t he cent er and

assumi ng a sect i on t hi ckness of 90 nM. Such est i mat es ar e pr obabl y accur at e t o

wi t hi n 15%( 19) .

RESULTS

Nocodazol e- poi soned HeLa Cel l s

Met aphase- ar r est ed HeLa cel l s wer e obt ai ned f or t hi s st udy

by i nhi bi t i ng cel l cycl e pr ogr essi on wi t h nocodazol e . Nocoda-

zol e i s a synt het i c dr ug t hat bi nds t o t ubul i n at t he col chi ci ne

si t e and mi cr ot ubul e pol ymer i zat i on i n vi vo and i n vi t r o ( 8, 9,

16) . HeLa cel l s poi soned wi t h 0. 04 hg/ ml nocodazol e wer e ver y

st abl y bl ocked i n mi t osi s ( 37) . Li ght mi cr oscope obser vat i on of

poi soned mi t ot i c cel l s i ndi cat ed t hat one- t hi r d t o one- hal f of

t he cel l s, dependi ng on t he cul t ur e, had condensed chr omo-

somes cl ear l y al i gned on a met aphase pl at e . Of t en, t r i pol ar and

t et r apol ar met aphase pl at es wer e seen i n addi t i on t o t he nor mal

bi pol ar ar r angement ( Fi g . 1) .

El ect r on mi cr oscopy of t he nocodazol e- poi soned cel l s i n-

var i abl y r eveal ed l ar ge number s of mi cr ot ubul es . I n al l 10 cel l s

exami ned, t hese mi cr ot ubul es had a met aphase- l i ke or gani za-

t i on ( Fi gs . 1 and 2) . That i s, even i n t hose cel l s wi t hout obvi ous

met aphase pl at es, mi cr ot ubul es ext ended f r om a cent er l ocat ed

at t he cel l per i pher y t owar d t he ki net ochor es of cent r al l y

l ocat ed chr omosomes . However , ser i al sect i oni ng f ai l ed t o r e-

veal a cent r i ol e i n f our of f i ve mi t ot i c cent er s of nocodazol e-

t r eat ed cel l s. Fi g . 3 shows a ser i es of phot ogr aphs t aken f r om

a compl et e ser i es t hr ough one such mi t ot i c cent er . I n one

nocodazol e- poi soned cel l we obser ved a cent r i ol e not associ -

at ed wi t h any mi cr ot ubul es at some di st ance f r om t he cent r i ol e-

f r ee mi t ot i c cent er ( Fi g . 4) .

Mi cr ot ubul e Assembl y i n Lysi s Buf f er

The condi t i ons used f or l ysi s of poi soned cel l s have enabl ed

us t o mar k t he zone of mi cr ot ubul e subuni t addi t i on i n l ysed

cel l s . These condi t i ons, descr i bed i n Mat er i al s and Met hods,

ar e si mi l ar t o t hose r epor t ed by Hi mes et al . ( 14, 15) and

suppor t t he assembl y of neur ot ubul i n i n vi t r o. We i nvest i gat ed

t hese condi t i ons wi t h r egar d t o t hei r ef f ect on mi cr ot ubul e

assembl y and l ar gel y conf i r med t he wor k of Hi mes and hi s

col l eagues, al t hough some di scr epanci es exi st . We conf i r med

t hat neur ot ubul i n i n 0. 5 MPI PES buf f er wi l l assembl e i nt o

pr ot of i l ament r i bbons ( Fi g . 5) . We have al so f ound t hat mi cr o-

t ubul e assembl y occur s t o t he same ext ent i n 0. 5 M PI PES

buf f er i n t he pr esence of a st r ong det er gent mi xt ur e, 1%Tr i t on

X- 165, 0. 5% deoxychol at e and, 0. 2% SDS, as measur ed by a

sedi ment at i on assay ( 17) .

MTP assembl y i n l ysi s buf f er whi ch was nucl eat ed by pr eex-

i st i ng mi cr ot ubul es pr oduced a pol ymer di f f er ent t han t hat

obser ved wi t h sel f - nucl eat ed assembl y . I sol at ed, deci l i at ed Tet -

r ahymena pel l i cl es wer e used t o nucl eat e t he assembl y of 1 mg/

ml of MTP i n l ysi s buf f er as descr i bed i n Mat er i al s and

Met hods . Pel l i cl es f i xed at 0° C showed no mi cr ot ubul e gr owt h .

The maj or i t y of t he pol ymer i zat i on at 37° C occur r ed as el on-

gat i on f r omt he basal bodi es . Gr azi ng sect i ons of such pel l i cl es

passed t hr ough t he basal bodi es i n some ar eas, whi l e i n ot her s

t hey cut bundl es of mi cr ot ubul es t hat gr ew out war d f r om t he

basal bodi es ( Fi g. 6) . These el ongat ed mi cr ot ubul es gener al l y

HEI DEMANN ET AL . Di st al Addi t i on of Tubul l n
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FI GURE 1 A t hi n sect i on t hr ough a nocodazol e- poi soned, met aphase- ar r est ed HeLa cel l . Thi s cel l shows a cl ear , t r i pol ar ,

met aphase- pl at e ar r angement of chr omosomes . One of t he t hr ee mi t ot i c cent er s i s appar ent i n t hi s sect i on and i s mar ked by an

ar r ow. Bar , 1 . 6 Am. x 6, 200.

FI GURE 2

	

A hi gher magni f i cat i on i mage of t he spi ndl e r egi on i n a met aphase- ar r est ed, nocodazol e- poi soned HeLa cel l . Pol e- t o-

ki net ochor e t ubul es ar e abundant . Bar , 0 . 6 Am. x 16, 400.

FI GURE 3

	

( a- f ) Si x el ect r on mi cr ogr aphs f r om a compl et e ser i al of si xt een sect i ons t hr ough a mi t ot i c cent er i n a nocodazol e-

poi soned cel l . I n t hi s case, as i n t hr ee ot her s, no cent r i ol e was f ound i n t he cent r ospher i c, osmi ophi l i c cl oud . Bar , 0 . 4 Am. x 27, 700 .

had l at er al ar ms associ at ed wi t h t hem. Of t en, cr oss sect i ons of

t hese t ubul es l ooked l i ke pi nwheel s wi t h cur ved l at er al ar ms
decor at i ng t he hol l ow t ubul e. I n cont r ast , sel f - nucl eat ed assem-
bl y of MTP i n l ysi s buf f er pr oduced ver y f ew t ubul es showi ng
pat ent l umens .
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I sol at i on of Ast er s

Nocodazol e- poi soned, met aphase- ar r est ed cel l s wer e se-

l ect ed f r om cul t ur e bot t l es by mechani cal agi t at i on . Cel l s wer e
har vest ed by cent r i f ugat i on at 600 g f or 1 mi n. The cel l pel l et
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FI GURE 4

	

An el ect r on mi cr ogr aph of a sect i on t hr ough a cent r i ol e

i n a nocodazol e- poi soned, met aphase- pl at e cel l . The mi t ot i c cent er

i s many sect i ons away . Cl ear l y, t hi s cent r i ol e was not act i ng as a

mi t ot i c cent er . Bar , 0. 21am. x 45, 500 .

FI GURE 5

	

An el ect r on mi cr ogr aph of a sect i on t hr ough a pel l et of

por ci ne br ai n mi cr ot ubul e pr ot ei n pol ymer i zed i n 0. 5 MPI PES, 2 . 5%

DMSO, 1 mM EGTA, 1 MM MgC12, 1 mM GTP, 1% Tr i t on X- 165,

0. 5% sodi um deoxychol at e, 0. 2%SDS, pH 6 . 9 . Bar , 0 . 1 l am. x 90, 000 .

FI GURE 6 A gr azi ng sect i on of a deci l i at ed Tet r ahymena pel l i cl e

whi ch has nucl eat ed mi cr ot ubul e el ongat i on i n l ysi s buf f er . On t he

l ef t , t he sect i on cont ai ns cr oss sect i ons of basal bodi es at t wo

di f f er ent l evel s . On t he r i ght i s a t uf t of neur ot ubul i n pol ymer

ext endi ng f r oma basal body . Not e t hat t ubul es wi t h evi dent l umens

and hooked decor at i on f or m i n l ysi s buf f er when nucl eat ed by

exi st i ng mi cr ot ubul es . Compar e t o Fi g . 5 . Bar , 0. 31Em. x 36, 000 .

was r esuspended i n 1 mMPI PES, 1 mMEGTA, 5%DMSOi n

heavy wat er ( D20) , pH 6. 9, f or 3 mi n at 37° C. Thi s caused

hypot oni c swel l i ng of t he cel l s whi l e st abi l i zi ng t he exi st i ng

mi cr ot ubul e st r uct ur es . Swol l en cel l s wer e cent r i f uged as de-

scr i bed above and r esuspended i n l ysi s buf f er wi t h or wi t hout

por ci ne br ai n MTP. The onl y obser ved ef f ect of swel l i ng was

t o r educe t he amount of cyt opl asmi c debr i s adher i ng t o t he

i sol at e; t he i sol at ed ast er s wer e unchanged i f cel l s wer e l ysed

wi t hout pr evi ous hypot oni c swel l i ng.

Cel l s t hat wer e l ysed i n buf f er wi t hout added MTPpr oduced

smal l ast er s or spi ndl es 4- 6 r un i n di amet er wi t h a bi r ef r i ngence

of 0. 7- 1 . 2 nm r et ar dat i on ( Fi g . 7) . These ast er s wer e sur -

r ounded by a t hi n, f i br ous cel l r emnant we have cal l ed t he

cage. These " endogenous ast er s" wer e composed of nor mal

mi cr ot ubul es ar r anged r adi al l y about mi t ot i c cent er s ( Fi g. 8) .

No cent r i ol es wer e obser ved i n ser i al sect i on t hr ough t hese

endogenous ast er s . Ver y l i t t l e mat er i al ot her t han mi cr ot ubul es

and t he ast er - encompassi ng cage was obser ved i n sect i ons

t hr ough t he l ysed cel l s.

Swol l en cel l s t hat wer e l ysed i n buf f er cont ai ni ng 2 mg/ ml

por ci ne br ai n mi cr ot ubul e pr ot ei n pr oduced st r uct ur es as seen

i n Fi gs . 9 and 10 . 85%of t hese l ysed cel l s cont ai ned one or

mor e l ar ge ast er s up t o 25 Am i n di amet er sur r ounded by a

f i br ous cage . We have r ef er r ed t o t hese ast er s as exogenous

ast er s, as t hey wer e pr oduced i n t he pr esence of exogenous

por ci ne br ai n t ubul i n . The bi r ef r i ngent r et ar dat i on by t hese

ast er s, measur ed i n a r egi on hal f way bet ween t he ast r al cent er

FI GURE 7 A pol ar i zat i on l i ght mi cr ogr aph of endogenous ast er s

and t he spi ndl e- encompassi ng case ( see t ext ) . Bar , 15 t Lm. x 680 .

FI GURE 8 An el ect r on mi cr ogr aph of a t hi n sect i on t hr ough t he

cent er of an endogenous ast er . The bl ack spl ot ches ar e bel i eved t o
be mat er i al f r om t he cage. A concent r at i on of such mat er i al f or ms

a per i met er ar ound al l t he ast er s seen i n t hi n sect i on j ust as t he

cage sur r ounds ast er s seen i n t he l i ght mi cr oscope . Bar , 0. 3 l am.

x 36, 000 .
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FI GURE 9

	

A pol ar i zat i on l i ght mi cr ogr aph of exogenous ast er s and

sur r oundi ng cage ( see t ext ) . Bar , 18 , um . x 560 .

FI GURE 10

	

A Nomar ski i mage of exogenous ast er s and sur r oundi ng

cage ( see t ext ) . Bar , 6 . 6 pm. x 1, 500.

and t he di st al ext r emi t y, var i ed among est er s bet ween 4 . 3 and

5 . 9 nm. The bi r ef r i ngence of exogenous and endogenous ast er s,

as wel l as any ast er st r uct ur e seen i n Nomar ski opt i cs, di sap-

pear ed compl et el y upon cool i ng t o 0° C or upon addi t i on of 5
mMCaCl 2 . The cage, on t he ot her hand, was st abl e under
t hese condi t i ons ( Fi g . 11) . I n cer t ai n gi ant , mul t i nucl eat e cel l s,

l ysi s pr oduced a l ar ge number of ast er s wi t hi n a si ngl e cel l

r emnant ( Fi g . 12) . A smal l yi el d, - 10%, of ast er s f r ee of t he

sur r oundi ng cage ( Fi g. 13) was obt ai ned by l ysi ng met aphase-

ar r est ed cel l s t hat had been t r eat ed wi t h cyt ochal asi n B ( 20 pg/
ml ) added t o t he nocodazol e- cont ai ni ng medi umf or 20 mi n at
37° C bef or e l ysi s . Ast er s and/ or ast er s and shel l s wer e sepa-

r at ed f r om t he sol ubl e cel l l ysat e by cent r i f ugat i on at 1, 000 g

15 6
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f or 10 mi n at r oom t emper at ur e on a 10- 50% di scont i nuous
gr adi ent of gl ycer ol i n 0 . 5 MPI PES buf f er wi t hout det er gent .
Ast er s and/ or ast er s and cages wer e l ocat ed at t he 10- 50%
i nt er f ace .

The exogenous ast er s wer e composed of mi cr ot ubul es wi t h

r adi al ar r angement ( Fi g . 14) . Wi t hi n 2. 5 pmof t he ast er cent er

87%of t he mi cr ot ubul es had a nor mal mor phol ogy, whi l e 82%

of t he mi cr ot ubul es di st al t o t hi s r adi us had t he l at er al ar ms

( Tabl e 1) . Gener al l y, t hese decor at ed t ubul es had a uni f or m

or i ent at i on consi st ent wi t h t hei r al l havi ng ar i sen f r om a cent er

( Fi g. 15) .

I sol at i on of Spi ndl es

The ast er i sol at i on met hod can be used t o i sol at e spi ndl e

st r uct ur es sur r ounded by a f i br ous cage f r om cel l s al l owed t o
r ecover f r om nocodazol e poi soni ng.

FI GURE 11

	

A pol ar i zat i on l i ght mi cr ogr aph of HeLa cel l s af t er l ysi s

as f or exogenous ast er s wi t h addi t i on of 5 mm CaC1 2. A 2- mi n

i ncubat i on on i ce of a pr epar at i on of exogenous ast er s pr oduces an

i dent i cal i mage . Ast er s but not cages ar e col d and cal ci um l abi l e .

Bar , 36 pm. x 400 .

FI GURE 12

	

A Nomar ski i mage of a gi ant , mul t i nucl eat e HeLa cel l

l ysed t o pr oduce exogenous ast er s . Some such cel l s pr oduced mor e

t han 50 ast er s per cel l r emnant . Bar , 9 pm. x 1, 100.
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FI GURE 13

	

A Nomar ski i mage of t hr ee exogenous ast er s wi t hout a

sur r oundi ng cage pr oduced by t r eat ment of cel l s wi t h cyt ochal asi n

B bef or e l ysi s . Bar , 6. 6 Am. x 1, 500.

FI GURE 14

	

An el ect r on mi cr ogr aph of a sect i on t hr ough an exog-

enous ast er - 1Am f r om t he cent er . The maj or i t y of mi cr ot ubul e

cr oss sect i ons ar e of nor mal mor phol ogy . Bar , 0. 3 Am. x 36, 000 .

Met aphase- ar r est ed cel l s t hat wer e r i nsed f r ee of nocodazol e
wi l l r eent er t he mi t ot i c cycl e. Cel l s t hat had r ecover ed f r om
nocodazol e poi soni ng f or 30 mi n wer e swol l en and l ysed i n 0. 5

MPI PES buf f er cont ai ni ng 2 mg/ ml MTP as out l i ned above .

Li ght mi cr oscope obser vat i on of such l ysed cel l s r eveal ed spi n-

dl e- shaped f i ber ar r ays devoi d of chr omosomes and any ast r al

st r uct ur e . The r et ar dat i on of t hese spi ndl es var i ed f r om5 . 3 t o

8 . 6 nor . Spi ndl es wi t h chr omosomes i nt act wer e obt ai ned by

l ysi ng cel l s i n a l ysi s mi xt ur e i n whi ch t he SDS concent r at i on

had been l ower ed t o 0 . 02% ( Fi g. 16) . Spi ndl es of st ages l at er

t han met aphase wer e obt ai ned by l ysi ng cel l s af t er l onger

per i ods of r ecover y f r om t he nocodazol e bl ock .

DI SCUSSI ON

The t r ue met aphase ar r est of HeLa cel l s caused by l ow doses
of nocodazol e al l owed us t o obt ai n t he l ar ge number of mi t ot i c
spi ndl e i sol at es used i n t hese exper i ment s . Our obser vat i ons
ar gue t hat l owdoses of nocodazol e do not have t he same ef f ect

on cul t ur ed cel l s as do l ow doses of col cemi d and col chi ci ne,

t hough al l appear t o bi nd t o t he same si t e on t ubul i n ( 16) .

Al t hough l ow doses of col chi ci ne ( 24) and col cemi d ( 7) do

al l ow some mi cr ot ubul e assembl y, nocodazol e- t r eat ed cel l s

show r el at i vel y nor mal mi t ot i c or gani zat i on of t hese t ubul es .

Col chi ci ne and col cemi d ar r est ar e col l oqui al l y r ef er r ed t o as

met aphase ar r est , however , t hey gener al l y cause a r i ng- shaped

conf i gur at i on of condensed chr omosomes cal l ed a C- mi t osi s

( 10) . Despi t e t he l ar gel y nor mal ar r ay of mi cr ot ubul es i n

nocodazol e- poi soned cel l s, such cel l s ar e ver y st abl y ar r est ed

i n mi t osi s ( 37) . Low doses of col chi ci ne, i n cont r ast , al l owsome

cel l s t o " cr eep" past mi t osi s i nt o i nt er phase ( 24) . Lowdoses of

nocodazol e al l ow mi cr ot ubul e assembl y t o met aphase, but

bl ock f ur t her pr ogr ess compl et el y . Two i nt er pr et at i ons come
r eadi l y t o mi nd. Some par t i cul ar l y nocodazol e- sensi t i ve mi cr o-
t ubul es ar e r equi r ed f or anaphase movement s or nocodazol e

i nhi bi t s t he br eaki ng of t he ki net ochor e l i nk t hat j oi ns t he
bi val ent chr omosomes . Because t he maj or i t y of r epor t ed ef f ect s
of nocodazol e ar e on mi cr ot ubul e assembl y ( 8, 9, 16) , t he
f or mer i nt er pr et at i on seems mor e l i kel y .

The exi st ence of mul t i pl e i ni t i at i ng si t es i n cul t ur ed i nt er -

phase cel l s, and t he r ol e of t he cent r i ol e, i f any, i n or gani zi ng

t he mi t ot i c appar at us ar e bot h t opi cs sur r ounded by cont r o-

ver sy ( 6, 13, 25, 30) . Our f or di ng of mul t i pl e, cent r i ol e- f r ee

mi t ot i c cent er s i n nocodazol e- t r eat ed cel l s suggest s t hat t he

t ubul e- i ni t i at i ng mat er i al of t he pol e mat ur es nor mal l y wi t hout

associ at i on wi t h cent r i ol es. I n t he absence of cent r i ol es, t hi s

t ubul e- i ni t i at i ng mat er i al di vi des i nt o a var i abl e number of

aggr egat es, each ser vi ng as a mi t ot i c cent er .

The l ysi s of nocodazol e- poi soned, met aphase- ar r est ed HeLa

cel l s i n t he l ysi s buf f er wi t hout neur ot ubul i n pr oduced r el a-

t i vel y smal l ast er st r uct ur es t hat wer e shown t o be composed of

nor mal mi cr ot ubul es . We bel i eve t hat t hese endogenous ast er s

ar e t he r emnant of t he mi cr ot ubul e ar r ay t hat exi st ed i n t he

dr ug- bl ocked cel l . The l ysi s of met aphase cel l s wi t h our con-

di t i ons pr eser ves t he mi cr ot ubul es and cage whi ch exi st ed i n

t he ar r est ed cel l s but l i t t l e el se.

The condi t i ons we used f or l ysi s of poi soned cel l s suppor t

t he addi t i on of char act er i st i c, abnor mal t ubul i n pol ymer s t o

t he ends of pr eexi st i ng mi cr ot ubul es . The neur ot ubul i n pol y-

mer nucl eat ed by Tet r ahymena basal bodi es showed l at er al

ar ms ext endi ng f r om t he wal l of t he newl y gr own mi cr ot ubul e

( Fi g . 6) . We have used t hi s unusual mor phol ogy as a mar ker
f or t he si t e of t ubul i n addi t i on t o a mi t ot i c st r uct ur e. We bel i eve

t hat t he zone of t ubul i n subuni t addi t i on t o mi t ot i c mi cr ot u-
bul es i s at t he end di st al t o t he mi t ot i c cent er . Thi s i nt er pr et a-

t i on i s suppor t ed by t he f ol l owi ng obser vat i ons: The absence

of r i bbon st r uct ur es wi t hi n t he cage, t he pr of usi on of t ubul es

wi t h an evi dent l umen and l at er al ar ms, and t he uni f or m
or i ent at i on of mi cr ot ubul es ( Fi g. 15) ar gue t hat t he decor at ed

t ubul es wer e t he r esul t of el ongat i on . I f t hese decor at ed t ubul es

TABLE I

Mi cr ot ubul e Cr oss Sect i ons Seen i n Endogenous and

Exogenous Ast er s

HEI DEMANN ET AL . Di st al Addi t i on of Tubul i n
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Endogenous

ast er s

Nor mal

Deco-

r at ed

Exogenous

ast er s

Nor mal

Deco-

r at ed

Mi cr ot ubul e cr oss sect i ons 1, 156 39 1, 134 178

wi t hi n - V2. 5- um r adi us of

t he ast er cent er

Mi cr ot ubul e cr oss sect i ons - - 339 1, 504

out si de - 2 . 5- Am r adi us
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FI GURE 15

	

An el ect r on mi cr ogr aph of a sect i on t hr ough an exogenous ast er - 6 Am f r om t he cel l cent er . Not e t hat t he gr eat

maj or i t y of mi cr ot ubul es have cur ved l at er al ar ms ext endi ng f r om t he wal l of t he mi cr ot ubul e . Thi s i s seen i n hi gher magni f i cat i on

i n t he i nset . Not e al so t he uni f or mor i ent at i on of mi cr ot ubul e cr oss sect i ons . Bar , 0. 7 gm. x 15, 000. I nset : x 53, 000.

FI GURE 16

	

A Nomar ski i mage of a Hel a cel l t hat had been al l owed

t o r ecover f r om nocodazol e t r eat ment f or 30 mi n bef or e l ysi s . The

cel l was l ysed at 37° C i n 0. 5 MPI PES, 2. 5% DMSO, 1 mMEGTA, 1

MMMgCI Z, 1 mMGTP, 1%Tr i t on X- 165, 0. 5%sodi um deoxychol at e,

0. 02% SDS, pH 6. 9 cont ai ni ng 2 mg/ ml por ci ne br ai n MTP. The 10-

f ol d l ower concent r at i on of SDS pr eser ves t he chr omosomes. Bar ,

3 . 6 Am. x 2, 800.

had ar i sen de novo, one woul d expect t o f i nd r i bbons or r andom

or i ent at i ons of t ubul es. The hi gh concent r at i on of nor mal

mi cr ot ubul es near t he cent er of t he ast er ( pr esumabl y t he

endogenous ast er ) and t he hi gh concent r at i on of abnor mal

pol ymer s i n t he per i pher y ar gue t hat t he el ongat i on occur r ed

at t he di st al end of t he mi cr ot ubul es . The exper i ment s suppor t

t he val i di t y of t he assumpt i on made i n t he gr owt h r at e st udi es

of Bor i sy ( 4) and Summer s and Ki r schner ( 32) t hat exogenous

t ubul i n adds at t he di st al end of mi t ot i c mi cr ot ubul es . I t must

be not ed, however , t hat t he condi t i ons we have used f or

mi cr ot ubul e assembl y ar ehar dl y physi ol ogi cal . For t hat mat t er ,

0. 1 MPI PES buf f er may depar t subst ant i al l y f r om condi t i ons
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i n t he cyt opl asm. I t i s cl ear l y of i nt er est t o t r y t o car r y exper i -

ment s on t he zone of gr owt h of spi ndl e t ubul es i nt o t he cel l

and det er mi ne t he zone of gr owt h i n vi vo .

S. R. Hei demann woul d l i ke t o t hank H. St uar t Pankr at z of t he

Depar t ment of Mi cr obi ol ogy, and Dr . P. Fi l ner of t he M. S. U- D. O. E.

Pl ant Resear ch Labor at or y f or assi st ance and t he use of t hei r f aci l i t i es .

Thi s i nvest i gat i on was suppor t ed by Bi omedi cal Resear ch Suppor t

f unds f r omt heCol l ege of Ost eopat hi c Medi ci ne and Col l ege of Nat ur al

Sci ence at Mi chi gan St at e Uni ver si t y as wel l as gr ant s U. C. M. 154C

f r om t he Amer i can Cancer Soci et y and PCM- 77- 14796 f r om t he

Nat i onal Sci ence Foundat i on t o J . R. McI nt osh . Thi s wor k was begun

whi l e S. R. Hei demann was a Nat i onal Sci ence Foundat i on Nat i onal

Needs Post doct or al Fel l ow. G. W. Zi eve was suppor t ed by a post doc-

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

Recei vedf or publ i cat i on 17 December 1979, and i n r evi sedf or m 19 May

1980.
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