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ABSTRACT

	

The number , di st r i but i on, and nucl eat i ng capaci t y of mi cr ot ubul e- or gani zi ng cen-

t er s ( MTOCs) has been i nvest i gat ed i n a var i et y of cul t ur ed mammal i an cel l s . Most i nt er phase

cel l s cont ai n a si ngl e MTOC t hat i s l ocal i zed at t he cent r osome r egi on and cor r esponds t o t he

cent r i ol e and per i cent r i ol ar mat er i al . MTOCs, l i ke cent r i ol es, become dupl i cat ed dur i ng t he S

phase of t he cel l cycl e and ar e equat i onal l y di st r i but ed t o daught er cel l s i n mi t osi s . Mul t i pl e

MTOCs wer e r ar el y obser ved i n cul t ur ed cel l s except i n one cel l l i ne ( neur obl ast oma) , whi ch

al so di spl ayed an equal l y l ar ge number of cent r i ol es i n t he cyt opl asm. The ki net i cs of

mi cr ot ubul e assembl y and t he t ubul i n nucl eat i ng capaci t y of MTOCSwas assayed by i ncubat i ng

t ubul i n- depl et ed, per meabi l i zed 3T3 and si mi an vi r us 40- t r ansf or med 3T3 cel l s wi t h phospho-

cel l ul ose- pur i f i ed 6S br ai n t ubul i n and mi cr ot ubul e assembl y buf f er . I ni t i at i on and assembl y

of 6S t ubul i n occur r ed i n associ at i on wi t h t he cel l s' endogenous MTOCs, and t he l engt h,

number , and di st r i but i on of mi cr ot ubul es gener at ed about t he or gani zi ng cent er s wer e r egu-

l at ed and cel l speci f i c . Our r esul t s ar e consi st ent wi t h t he not i on t hat t he speci f i cat i on of

mi cr ot ubul e l engt h, number , and spaci al ar r angement r esi des l ar gel y i n t he MTOCs and

sur r oundi ng cyt opl asm and not i n t he t ubul i n subuni t s .

When cul t ur ed cel l s ar e exami ned by i ndi r ect i mmunof l uor es-

cence usi ng ant i bodi es t o pur i f i ed t ubul i n, adel i cat e f l uor escent
net wor k, t he cyt opl asmi c mi cr ot ubul e compl ex ( CMTC) , can

be obser ved at i nt er phase ( 4, 5, 10, 20) . When cel l s ent er mi t osi s

t he CMTC i s di smant l ed and r epl aced by anot her assembl age,

t he mi t ot i c appar at us, whi ch i s composed of a compl et el y

di f f er ent ar r angement of mi cr ot ubul es . The CMTCand mi t ot i c
appar at us r epr esent onl y t wo exampl es of mi cr ot ubul e ar r ays
t hat ar e spat i al l y and t empor al l y or gani zed i n eukar yot i c cel l s.
Ot her mor e or der ed assembl i es i ncl ude t he axoneme of ci l i a
and f l agel l a, t he manchet t e of sper mat i ds, and t he cyt opha-

r yngeal basket i n some ci l i at es. Fr om el ect r on mi cr oscope

st udi es i t i s appar ent t hat mi cr ot ubul es ar e usual l y or gani zed

i nt o pat t er ns ar ound di scr et e f oci such as cent r i ol es, basal
bodi es, and ki net ochor es of met aphase chr omosomes . Such
f oci have been t er med mi cr ot ubul e- or gani zi ng cent er s
( MTOCs) ( 23) and, as t he t er m i mpl i es, ar e t hought t o be bot h

Thi s wor k was pr esent ed i n a Symposi umon I nher i t ance and Expr es-
si on of Cel l For m and Mot i l i t y at t he Twent i et h Annual Meet i ng of
The Amer i can Soci et y f or Cel l Bi ol ogy, November 1980 .

t ubul i n i ni t i at i on si t es and or gani zi ng cent er s t hat ser ve as

t empl at es f or t he ar r angement s of speci f i c mi cr ot ubul e ar r ays

i n cel l s. Thi s semi nal concept has been based l ar gel y upon

mor phol ogi cal obser vat i on and has not r ecei ved r i gi d exper i -

ment al ver i f i cat i on .
I t has been pr oposed t hat mi cr ot ubul es, i n concer t wi t h ot her

cyt oskel et al component s, r egul at e cel l f or mand t he out gr owt h

of cel l pr ocesses ( 24) . Because cel l f or mand pat t er ns of pr ocess

ext ensi on ar e i nher i t ed t r ai t s t hat ar e t r ansmi t t ed f r om par ent

t o daught er cel l ( 24, 28) , MTOCs may qual i f y as endogenous

cyt opl asmi c det er mi nant s of cel l f or m. Accor di ngl y, t hey woul d

not onl y ser ve as f oci f or t he i ni t i at i on and anchor age of

mi cr ot ubul es, but as t empl at es f or det er mi ni ng l engt h, number ,

and spat i al di st r i but i on of mi cr ot ubul es t hat gr ow f r om t hem.

To qual i f y as cyt opl asmi c det er mi nant s, MTOCs must be

dupl i cat ed and segr egat ed dur i ng cel l di vi si on and t empor al l y

" pr ogr ammed" t o gener at e speci f i c mi cr ot ubul e ar r ays at ap-

pr opr i at e t i mes i n t he cel l cycl e or at speci f i c st ages of devel -

opment .
At t hi s j unct ur e, r el at i vel y l i t t l e i s known about t he mol ecul ar

composi t i on, number , l ocat i on, and mode of r epl i cat i on of
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MTOCs i n cel l s, and even l ess i s known about t hei r abi l i t y t o
or gani ze t he mi cr ot ubul e ar r ays t hat gr ow f r omt hem.

I n t he pr esent r epor t , we have used i mmunof l uor escence
pr ocedur es t o l ocal i ze MTOCs i n t he cyt opl asm and t o f ol l ow
t hei r r epl i cat i on and di st r i but i on i n l ar ge popul at i ons of cul -
t ur ed mammal i an cel l s . I n addi t i on, we ut i l i zed a per meabi l i zed
cel l model wi t h pur e exogenous t ubul i n t o assay MTOCs i n
t wo cel l l i nes ( t he met hods f or t hese pr ocedur es have been
publ i shed el sewher e ; see r ef er ences 3, 4, 6, 7, 17, and 22) . We
concl ude t hat t he cent r osome ( cent r i ol es and per i cent r i ol ar
mat er i al ) const i t ut es t he pr i mar y MTOC of i nt er phase cel l s .
These or ganel l es ser ve as t empl at es f or t he i ni t i at i on and
assembl y of speci f i c mi cr ot ubul e ar r ays i n cel l s and r et ai n t hei r
act i vi t y even i n t ubul i n- depl et ed, l ysed cel l s when exposed t o
exogenous br ai n t ubuhn. Thus, speci f i ci t y of mi cr ot ubul e
l engt h, number , and spat i al ar r angement appear s not t o r esi de
i n t he pr ot ei n subuni t s of mi cr ot ubul es but i n t he or gani zi ng
cent er s and t hei r sur r oundi ng envi r onment .

Vi sual i zat i on of MTOCs

by I mmunof l uor escence

When i nt er phase cel l s wer e exami ned by i ndi r ect i mmuno-
f l uor escence usi ng t ubul i n ant i body, an el abor at e ar r ay of
cyt opl asmi c mi cr ot ubul es, t he CMTC, coul d be seen i n most
cel l s ( Fi g. 1) . I n wel l - f l at t ened cel l s, one or t wo br i ght l y f l u-
or escent spot s coul d be seen wher e mi cr ot ubul es appear ed t o
conver ge. These spot s wer e usual l y near t he nucl eus and wer e
pr esumed t o be t he cel l cent er or cent r osome . I n ot her cel l s,
such r egi ons wer e not al ways appar ent . When t he cel l cul t ur e

was exposed t o Col cemi d f or 2 h, t he CMTC di sappear ed,
l eavi ng onl y a f ewshor t r esi dual mi cr ot ubul es i n t he cyt opl asm
and an occasi onal br i ght f l uor escent spot . When t he exposed
cel l s wer e washed and pl aced i nt o Col cemi d- f r ee medi umf or
15- 30 mi n, MTOCs coul d be det ect ed as di st i nct si t es i n t he
cyt opl asm f r om whi ch shor t l engt hs of mi cr ot ubul es r egr ew i n
a r adi al pat t er n ( Fi g. 2) . Thi s pr ocedur e, descr i bed ear l i er by
sever al i nvest i gat or s ( 5, 20, 29, 30) , per mi t s one t o i dent i f y
t ubul i n i ni t i at i on si t es or MTOCs and t o det er mi ne t hei r
l ocat i on and di st r i but i on i n cel l s . By count i ng t he i ni t i at i on
si t es i n a l ar ge number of cel l s, i t i s possi bl e t o est abl i sh a
f r equency di st r i but i on pr of i l e. Fi g. 3 shows di st r i but i on pr of i l es
of MTOCs i n Swi ss mouse 3T3 and si mi an vi r us 40- t r ans-
f or med 3T3 ( SV3T3) cel l l i nes anal yzed by t hi s pr ocedur e . I n
ever y cel l l i ne exami ned, most cel l s i n t he popul at i on di spl ayed
one or t wo MTOCs . Some cel l s di spl ayed mul t i pl e t ubul i n
i ni t i at i on si t es but t hese cel l s wer e al ways i n t he mi nor i t y . One
except i on was t he neur obl ast oma cel l l i ne N- 115, whi ch di s-
pl ayed a hi gher f r equency of mul t i pl e assembl y si t es as pr evi -
ousl y r epor t ed by Spi egel man et al . ( 29) .

To eval uat e t he ef f ect s of Col cemi d t r eat ment or f i xat i on on
t he di spl ay of MTOCs, we var i ed t he Col cemi d concent r at i on
and used bot h met hanol and f or mal dehyde . These t r eat ment s
had no si gni f i cant ef f ect on t he f r equency of MTOCs as
det ect ed by i mmunof l uor escence ( 3) .

Ul t r ast r uct ur al Cor r el at es t o MTOCs
To exami ne t he ul t r ast r uct ur e of MTOCs, cel l s t r eat ed as

descr i bed above wer e f i xed and pr ocessed f or t r ansmi ssi on

FI GURE 1

	

3T3 cel l s showi ng t he cyt opl asmi c mi cr ot ubul e compl ex ( CMTC) . The br i ght cel l i n t he mi ddl e i n i s t el ophase . x 1500
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FI GURE 2

	

3T3 cel l s t hat have been exposed t o Col cemi d and t hen al l owed t o r ecover f or 15 mi n. The br i ght spot s ar e t ubul i n

assembl y si t es ( MTOCs) . x 1500

3

Swi ss Mouse 3T3

	

SV3T3
( Asynchr onous)

	

( Asynchr onous)

2 3 4

Mi cr ot ubul e I ni t i at i on Si t es

I 2 3

FI GURE 3 Hi st ogr am showi ng t he f r equency di st r i but i on t ubul i n

i ni t i at i on si t es i n asynchr onous 3T3 and SV3T3 cel l s ( f r om r ef er ence

3) .

el ect r on mi cr oscopy. Exami nat i on of ul t r at hi n ser i al sect i ons
showed t hat , i n ever y case, si t es of mi cr ot ubul e r egr owt h wer e
char act er i zed by t he pr esence of cent r i ol es and per i cent r i ol ar
mat er i al ( Fi g. 4) . I n t he case of neur obl ast oma cel l s, whi ch
di spl ayed a hi gher f r equency of mul t i pl e t ubul i n i ni t i at i on
si t es, mul t i pl e cent r i ol es ( up t o 16 per cel l ) wer e f ound i n t he
cyt opl asm ( Fi g . 5) . These wer e pr esent i n bot h ser um- f ed
cul t ur es and cul t ur es i nduced t o di f f er ent i at e i n ser um- f r ee
medi um. Al t hough t hey wer e usual l y obser ved i n a l ocal i zed
cl ust er , t he cent r i ol es wer e occasi onal l y seen t o be di sper sed i n
t he cyt opl asm, possi bl y account i ng f or t he mul t i pl e MTOCs
obser ved by i mmunof l uor escence . Fur t her evi dence t hat cen-
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t r i ol es r epr esent ed si t es of t ubul i n i ni t i at i on was obt ai ned when
MTOCs wer e anal yzed t hr oughout t he cel l cycl e.

Fat e of MTOCs i n t he Cel l Cycl e
To i nvest i gat e t he di sposi t i on of MTOCs i n t he cel l cycl e,

we exami ned pat t er ns of mi cr ot ubul e r egr owt h i n CHO cel l s
i n asynchr onous gr owt h, i n conf l uent nondi vi di ng cul t ur es
( pl at eau) , and at G, , S, and G2 phases of t he cel l cycl e. As
shown i n Fi g . 6, asynchr onous cul t ur es di spl ayed appr oxi -
mat el y equal number s of cel l s wi t h one or t wo MTOCs .
Pl at eau- phase cul t ur es cont ai ned pr edomi nant l y si ngl e
MTOCs . A si mi l ar di st r i but i on was f ound i n G, and ear l y- S-
phase cel l s. As cel l s pr ogr essed f ur t her i nt o S phase, most
di spl ayed t wo MTOCs, and by l at e G2 ( ear l y pr ophase) >90%
of t he cel l s cont ai ned t wo MTOCs ( dat a on G2 not shown) .
These dat a suggest t hat MTOCs ar e dupl i cat ed dur i ng mi d- S
phase, a t i me when cent r i ol es al so become vi si bl y dupl i cat ed
( 31) .

Cent r osomes vs. MTOCs
To f ur t her compar e t he di st r i but i on of MTOCs wi t h cent r o-

somes ( cent r i ol es pl us per i cent r i ol ar mat er i al ) , we compar ed
t he di st r i but i on f r equency of t ubul i n i ni t i at i on si t es wi t h t he
st ai ni ng pat t er n pr oduced i n i nt er phase 3T3 cel l s by a human
ant oant i ser um di r ect ed agai nst t he cent r osome ( 2) . For t hese
compar i sons, exponent i al l y gr owi ng 3T3 cel l s wer e spl i t i nt o
t wo equi val ent popul at i ons and anal yzed i ndependent l y by t he
t wo pr obes . As shown i n Fi g. 7 t he f r equency di st r i but i on of
cent r osomes cor r esponds pr eci sel y wi t h t he f r equency of
MTOCs i n 3T3 cel l s ( compar e wi t h Fi g. 3) .



FI GURE 4 El ect r on mi cr ogr aph of t ubul i n i ni t i at i on si t es i n 3T3

cel l s . C, cent r i ol e ; N, nucl eus ; MT, mi cr ot ubul e ; G, Gol gi . x 26, 000

FI GURE 5

	

El ect r on mi cr ogr aph of neur obl ast oma cel l showi ng pr o-

f i l es of f our cent r i ol es ( C) i n one sect i on . As many as 16 cent r i ol es

coul d be det ect ed i n t hese cel l s . C, cent r i ol e; N, nucl eus . x 26, 000

Anal ysi s of MTOCs i n Per meabi l i zed Cel l s
These exper i ment s wer e desi gned t o assay t he nucl eat i ng

capaci t y of MTOCs and at t empt t o r econst i t ut e t he CMTC i n
l ysed, det er gent - ext r act ed cel l s usi ng pur i f i ed bovi ne br ai n
t ubul i n. 3T3 cel l s wer e t r eat ed wi t h Col cemi d t o di sr upt en-
dogenous mi cr ot ubul es and t hen l ysed wi t h Tr i t on X- 100 i n
mi cr ot ubul e assembl y buf f er ( det ai l s concer ni ng met hods ar e
publ i shed el sewher e; see r ef er ences 7 and 22) . When t hese cel l s
wer e st ai ned wi t h t ubul i n ant i body, onl y a f ew shor t f l uor escent

mi cr ot ubul es wer e pr esent al ong wi t h one or t wo br i ght f l u-
or escent spot s r epr esent i ng r esi dual MTOCs i n t he cyt opl asm
( Fi g . 8 a) . When t he per meabi l i zed cel l s wer e i ncubat ed i n
mi cr ot ubul e r eassembl y buf f er f or 15 mi n at 37° C cont ai ni ng
a concent r at i on of 1 . 0 mg/ ml 6S bovi ne br ai n t ubul i n and t hen
st ai ned wi t h t ubul i n ant i body, numer ous l ong st r ai ght or
sl i ght l y cur ved mi cr ot ubul es wer e seen ext endi ng r adi al l y f r om
di scr et e or gani zi ng cent er s ( Fi gs. 8 d and 9) . I n most cases i t
was possi bl e t o i dent i f y appar ent l y i ndi vi dual mi cr ot ubul es
wi t h one end associ at ed wi t h a MTOC and t he ot her endi ng
near t he cel l sur f ace . Some mi cr ot ubul es appear ed t o penet r at e
t hr ough t he l ysed cel l sur f ace and ext end f or a shor t di st ance
out si de t he cel l . Most of t hem, however , t er mi nat ed i nsi de t he
cel l near t he si t e of t he pl asma membr ane . Onl y r ar el y di d t he
r econst i t ut ed mi cr ot ubul es bend and ext end al ong t he cel l
cor t ex as seen i n t he i nt act CMTC.

The success of t hi s pr ocedur e was dependent upon t he use
of phosphocel l ul ose- pur i f i ed t ubul i n i n t he r eassembl y mi xt ur e.
I f mi cr ot ubul e- associ at ed pr ot ei ns, ( MAPs) wer e pr esent , onl y
shor t mi cr ot ubul es f or med and t hese wer e r andoml y di st r i b-
ut ed i nsi de and out si de of t he l ysed cel l s .

FI GURE 6

	

Fr equency di st r i but i on of MTOCs i n CHO- KI cel l s dur i ng

t he cel l cycl e ( f r om r ef er ence 3) .

FI GURE 7

	

Hi st ogr am showi ng t he f r equency di st r i but i on of cent r o-
somes as det er mi ned by i ndi r ect i mmunof l uor escence usi ng human

aut oant i ser um.
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FI GURE 8

	

I ni t i at i on and assembl y of bovi ne br ai n t ubul i n at MTOCs of l ysed 3T3 cel l s . ( a) Col cemi d t r eat ed but not i ncubat ed

wi t h t ubul i n ; ( b) i ncubat ed wi t h t ubul i n at a concent r at i on of 0 . 25 mg/ ml ; ( c) i ncubat ed wi t h t ubul i n at a concent r at i on of 0. 45

mg/ ml ; ( d) i ncubat ed wi t h t ubul i n at 1 . 0 mg/ ml . x 1800

Because of t he cl ar i t y of i ndi vi dual mi cr ot ubul es i n t hese
pr epar at i ons i t was possi bl e t o count and measur e t he l engt h of
t ubul es associ at ed wi t h MTOCs. Fi g. 8 a and b shows l ysed
cel l s t hat wer e i ncubat ed f or 15 mi n wi t h var yi ng concent r a-
t i ons of t ubul i n . Essent i al l y no gr owt h of mi cr ot ubul es coul d
be seen i n cel l s i ncubat ed wi t h pr ot ei n concent r at i ons <0 . 3
mg/ ml . Above t hi s concent r at i on, mi cr ot ubul es coul d be de-
t ect ed and a measur e of t he el ongat i on r at e det er mi ned by
compar i ng aver age mi cr ot ubul e l engt h af t er 15 mi n of i ncu-
bat i on at di f f er ent pr ot ei n concent r at i ons . When mi cr ot ubul e
gr owt h was pl ot t ed as a f unct i on of pr ot ei n concent r at i on ( Fi g.
10) , sever al i nt er est i ng f eat ur es wer e obser ved . Mi cr ot ubul e
l engt h i ncr eased dur i ng t he i ncubat i on per i od wi t h i ncr easi ng
concent r at i ons of t ubul i n up t o - 1 . 0 mg/ ml and t hen ceased
t o i ncr ease f ur t her . Fr om t hi s dat a, t he cr i t i cal concent r at i on
( C) f or i ni t i at i on was est i mat ed t o be 0. 3 mg/ ml , a val ue
compar abl e t o t hat of t he C i n vi t r o ( 1) . The number of
mi cr ot ubul es per or gani zi ng cent er al so r eached a peak at - 1 . 0
mg/ ml . At a hi gher t ubul i n concent r at i on, t he number of
mi cr ot ubul es per or gani zi ng cent er act ual l y decr eased, f or some
unknown r eason .

Si mi l ar ki net i cs wer e obt ai ned by mai nt ai ni ng a f i xed t ubul i n
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concent r at i on and var yi ng t he t i me of i ncubat i on ( Fi g. 11) .
Af t er 15 mi n of i ncubat i on at 0 . 9 mg/ ml t ubul i n, mi cr ot ubul e
l engt h st abi l i zed and f ai l ed t o i ncr ease wi t h f ur t her i ncubat i on
up unt i l 32 mi n . A r educed r at e of el ongat i on was obser ved
wi t h 0. 5 mg/ ml t ubul i n.

Fi del i t y of MTOCs i n t he Lysed Cel l Model
To compar e t he number of MTOCs i n t he l ysed cel l model

wi t h t hat i n i nt act cel l s, MTOCs wer e count ed i n 300 r andoml y
sel ect ed 3T3 cel l s t hat had been l ysed and i ncubat ed wi t h pur e
t ubul i n. As shown i n Fi g. 12, t he number of MTOCs i n t he
l ysed cel l model was equi val ent t o t hat i n i nt act cel l s as
det er mi ned by count s of si t es wher e mi cr ot ubul es r egr ew af t er
r ever sal f r om Col cemi d . Thus, we concl ude t hat al l of t he
MTOCs ar e act i ve i n t he l ysed- cel l model .

Compar i son of MTOCs i n 3T3 and SV3T3 Cel l s
I n pr evi ous st udi es we have r epor t ed di f f er ences i n t he

expr essi on of cyt opl asmi c mi cr ot ubul es bet ween nor mal and
t r ansf or med cel l s ( 4, 11, 19) . Ther ef or e, we wi shed t o use t he
l ysed cel l syst em t o compar e t he mi cr ot ubul es assembl ed i n



FI GURE 9 Mi cr ot ubul e pat t er n i n 3T3 cel l s af t er i ncubat i on wi t h pur e t ubul i n . Not e di st i nct i ni t i at i on si t es and r adi at i ng

mi cr ot ubul es . x 1250

3T3 and SV3T3 . When SV3T3 cel l s wer e l ysed and exposed t o

pur e t ubul i n under i dent i cal condi t i ons used f or 3T3 cel l s,

mi cr ot ubul e assembl y occur r ed i n associ at i on wi t h or gani zi ng

cent er s . When SV3T3s wer e exami ned by i ndi r ect i mmunof l u-

or escence, t hei r mi cr ot ubul es appear ed t o be consi der abl y

shor t er t han t hose r econst i t ut ed i n 3T3 cel l s ( Fi g . 13 a and b) .

When t he i ni t i at i on and el ongat i on of mi cr ot ubul es wer e ana-

l yzed i n SV3T3, t he ki net i cs of assembl y wer e si mi l ar t o t hose

of 3T3 cel l s and t he number of i ni t i at i on si t es per cel l was

i dent i cal . However , t he aver age l engt h of mi cr ot ubul es assem-

0. 2 0. 4 0. 6 0. 8 1 . 0

	

1 . 5

Tubul i n, mg/ ml

FI GURE 10

	

( a) Mi cr ot ubul e el ongat i on vs . t ubul i n concent r at i on . ( b) Number of mi cr ot ubul es/ i ni t i at i on si t e r eaches a peak at

t ubul i n concent r at i on of 1 . 0 mg/ ml .

bl ed i n t he t r ansf or med cel l s was t wo t o t hr ee t i mes l ess t han

i n 3T3 cel l s ( Fi g . 14a) . Al so, t he number of mi cr ot ubul es per

i ni t i at i on si t e( s) i n SV3T3 cel l s was 30- 40%smal l er ( Fi g. 14 b) .

A st r i ki ng di f f er ence i s al so i l l ust r at ed i n t he l engt h di st r i but i on

of mi cr ot ubul es gr own about or gani zi ng cent er s as shown i n

Fi g. 15 . I t i s i nt er est i ng and per haps si gni f i cant t hat i n bot h

3T3 and SV3T3 cel l s mi cr ot ubul es appear ed t o t er mi nat e near

t he cel l boundar y . The shor t er mi cr ot ubul es i n SV3T3 cel l s

t her ef or e cor r el at ed wi t h t hese cel l s bei ng consi der abl y smal l er

i n di amet er t han 3T3 cel l s.
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FI GURE 11

	

Mi cr ot ubul e el ongat i on i n 3T3 cel l s vs . t i me of i ncuba-

t i on at t wo concent r at i ons of 6S t ubul i n ( O, 0 . 9 mg/ ml ;zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" , 0 . 5 mg/

ml ) ( f r om r ef er ence 7) .
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X=1. 62

FI GURE 12

	

Compar i son of f r equency of MTOCs i n 3T3 cel l s i n vi vo

and i n t he l ysed cel l syst em.

The or gani zat i on of mi cr ot ubul es i n eukar yot i c cel l s r anges
f r om hi ghl y or der ed, as seen i n axonemes of ci l i a and f l agel l a
and axopodi a of some pr ot ozoans, t o t he r el at i vel y di sper sed
cyt opl asmi c net wor ks seen i n cel l monol ayer s . I n ever y case,
however , mi cr ot ubul es ar e not assembl ed and ar r anged as f r ee
ent i t i es but as i nt er act i ng ar r ays associ at ed wi t h a di st i nct
MTOC. The MTOCs ar e st r uct ur al l y def i ned component s t hat
ar e dupl i cat ed i n t he cel l cycl e and di st r i but ed equal l y t o
daught er cel l s dur i ng di vi si on . I t i s r easonabl e t o vi ew MTOCs
as her i t abl e cyt opl asmi c det er mi nant s t hat ar e pr ogr ammed t o
speci f y pat t er ns of mi cr ot ubul es t hat gr ow f r om t hem. The

FI GURE 13 Anal ysi s of t ubul i n i ni t i at i on and el ongat i on i n l ysed

3T3 and SV3T3 cel l s exposed t o bovi ne br ai n t ubul i n under i dent i cal

condi t i ons . ( a) I mmunof l uor escence of 3T3; ( b) i mmunof l uor es-

cence of SV3T3 . x 1000

or gani zat i on and di st r i but i on of mi cr ot ubul es may i n t ur n
i nf l uence t he or gani zat i on of ot her component s of t he cyt o-
pl asmand t he over al l shape of cel l s. Ut i l i zi ng var i ous i mmu-
nof l uor escence t echni ques, i t i s now possi bl e t o obser ve
MTOCs i n popul at i ons of cul t ur ed cel l s and t o eval uat e t hei r
capaci t y t o i ni t i at e and speci f y mi cr ot ubul es under def i ned
exper i ment al condi t i ons .

Al t hough i t has been pr oposed t hat cul t ur ed cel l s cont ai n
numer ous MTOCs ( 29, 30) , our st udy suggest s t hat most cel l s
di spl ay a si ngl e MTOC near t he cel l nucl eus t hat cor r esponds
mor phol ogi cal l y t o t he cent r osome and cont ai ns cent r i ol es and
per i cent r i ol ar mat er i al . Dur i ng t he G, phase of t he cel l cycl e,
each cel l cont ai ns a si ngl e MTOC. Two f unct i onal MTOCs
appear i n t he mi d- S phase and r emai n f unct i onal t hr oughout
G2 . I n our st udy, mul t i pl e MTOCs wer e r ar el y seen i n cul t ur ed
cel l s . Our f i ndi ngs i n t hi s r egar d ar e i n agr eement wi t h r epor t s
by Shar p et al . ( 26) and Wat t and Har r i s ( 34) and ar e at
var i ance wi t h a r epor t by Spi egel man et al . ( 29) who f ound an
aver age of ei ght t ubul i n i ni t i at i on si t es i n human f i br obl ast s,
usi ng ver y si mi l ar i mmunof l uor escence pr ocedur es . These i n-
vest i gat or s al so r epor t ed mul t i pl e MTOCs i n neur obl ast oma
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FI GURE 14 ( a) Compar i son of l engt h vs . t ubul i n concent r at i on i n

3T3 ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ) and SV3T3 ( O) ; ( b) compar i son of t he number of mi cr ot u-

bul es/ assembl y si t e as a f unct i on of t ubul i n concent r at i on ( f r om

r ef er ence 7) .
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FI GURE 15 Lengt h di st r i but i on of mi cr ot ubul es ext endi ng f r om

MTOCs i n 3T3 and SV3T3 cel l s sel ect ed at r andom.

( st r ai n N- 115) cel l s ( 30) . Al t hough we wer e not abl e t o conf i r m

t hei r obser vat i on i n f i br obl ast s, we di d obser ve an unusual l y

hi gh f r equency of MTOCs i n N- 115 cel l s . When t hese cel l s

wer e exami ned by el ect r on mi cr oscopy, an unexpect ed r esul t

was obt ai ned . I nst ead of t he usual cent r i ol e pai r , t hese cel l s

di spl ayed as many as 16 cent r i ol es per cel l . Mul t i pl e cent r i ol es

have been i ndependent l y descr i bed i n mouse neur obl ast oma

cel l s by Shar p et al . ( 26) . Al t hough t he cent r i ol es usual l y

exi st ed i n one or t wo cl ust er s t hat f unct i oned as l ocal i zed

or gani zi ng cent er s, some cel l s di spl ayed di sper sed cent r i ol e

pai r s t hat ser ved as i ndi vi dual nucl eat i ng si t es . Thus, t he

mul t i pl e MTOCs seen i n N- 115 cel l s appear t o cor r el at e wi t h

t he pr esence of an equal l y l ar ge number of cent r i ol es . I n our

st udi es, mul t i pl e cent r i ol es wer e not nor mal l y seen i n f i br obl ast

and epi t hel i al cel l s, and we have no expl anat i on f or t he r esul t s

of Spi egel man et al . ( 29) . A si mi l ar concl usi on has been r eached

i ndependent l y by Shar p et al . ( 26) and Wat t and Har r i s ( 34) .

Sever al l i nes of evi dence suggest t hat MTOCs f unct i on t o

r egul at e t he speci f i ci t y of mi cr ot ubul es or gani zed ar ound t hem.

The number , l engt h, and di st r i but i on of mi cr ot ubul es gener -

at ed by MTOCs of cul t ur ed cel l s may be cel l cycl e- dependent

( 4, 33) . MTOCs of i nt er phase cel l s gener at e mi cr ot ubul e ar r ays

t hat di f f er f r om t hose gener at ed i n t he mi t ot i c cel l s . Tel zer and

Rosenbaum ( 33) r epor t ed t hat MTOCs of HeLa cel l ext r act s

wer e compet ent t o i ni t i at e mi cr ot ubul e assembl y onl y when

t he MTOCs wer e f r om mi t ot i c cel l s . Under t he condi t i ons of

our exper i ment s t he cent r osome r emai ns compet ent t o i ni t i at e

mi cr ot ubul es at al l st ages of t he cel l cycl e . The di f f er ences

bet ween our f i ndi ngs and t hose of Tel zer and Rosenbaummay

be at t r i but abl e t o di f f er ences i n t he l ysi s and ext r act i on pr o-

cedur e used . We al so suggest ed t hat t he di f f er ences may have

occur r ed because MTOCs of HeLa cel l s, l i ke t hose of SV3T3

and per haps many ot her t r ansf or med cel l s, ar e at t enuat ed i n

t hei r capaci t y t o i ni t i at e cyt opl asmi c mi cr ot ubul e assembl y

dur i ng i nt er phase .

Our r esul t s wi t h t he l ysed- cel l syst em suggest t hat mi cr ot u-

bul es t hat i ni t i at e at MTOCs el ongat e t o def i ned l engt hs and

cease t o el ongat e f ur t her even i n t he pr esence of hi gher pr ot ei n

concent r at i ons or i ncr eased t i me of i ncubat i on. Not al l mi cr o-

t ubul es gr own f r om a sel ect ed MTOC achi eved t he same l engt h

dur i ng t he i ncubat i on per i od, and a br oad di st r i but i on of

l engt hs was obser ved about each or gani zi ng cent er . I n gener al ,

most mi cr ot ubul es t er mi nat ed near t he cel l mar gi ns . The di r ec-

t i on of el ongat i on appear ed t o be f r om t he or gani zi ng cent er

out war d, and pol ymer i zat i on al ways occur r ed wi t hi n t he pl ane

of t he cyt opl asm. Al t hough we have no di r ect i nf or mat i on on

mi cr ot ubul e pol ar i t y i n our syst em, Ki r schner ( 15) has pr o-

posed a model i n whi ch t he mi nus ends of st abl e mi cr ot ubul es

ar e embedded i n t he MTOC whi l e t he posi t i ve, f ast - gr owi ng

ends ar e di st al t o t he or gani zi ng cent er s . Recent obser vat i ons

by McI nt osh et al . ( 18) conf i r med t hi s ar r angement i n mi t ot i c

ast er s and ot her MTOCs wher e t he pol ar i t y of mi cr ot ubul es

was def i ned by a mor phol ogi cal mar ker . Thus, t he pol ar i t y of

mi cr ot ubul es appear s t o be def i ned by t he MTOC, but at t hi s

j unct ur e we know ver y l i t t l e about how t he l engt hs of mi cr o-

t ubul es ar e r egul at ed.

Sever al model s f or r egul at i ng pol ymer l engt h have been

pr oposed ( 13, 14, 16, 21) . Lengt hs achi eved at st eady- st at e may

r esul t f r om t he avai l abi l i t y of t ubul i n subuni t s . Obvi ousl y, t hi s

expl anat i on does not appl y i n our syst em because t he avai l a-

bi l i t y of sol ubl e 6S t ubul i n was unl i mi t ed . Mi cr ot ubul e l engt h

may be cont r ol l ed by a ver ni er mechani sm i nvol vi ng anot her

pol ymer such as mi cr of i l ament s or i nt er medi at e f i l ament s .

Al t hough f i l ament s wer e abundant i n our syst em, we have no

i nf or mat i on on t hei r di st r i but i on wi t h r espect t o mi cr ot ubul es .

Anot her possi bl e mechani sm f or l i mi t i ng gr owt h and cont r ol -

l i ng l engt h woul d be t o cap t he gr owi ng end wi t h anot her

mol ecul e. Because mi cr ot ubul es gener al l y t er mi nat e near t he

cel l mar gi n, a cappi ng mechani sm may exi st near t he cel l

sur f ace t o r egul at e l engt h .

The ar gument f or l engt h r egul at i on i n our syst em i s r ei n-

f or ced by t he f i ndi ng t hat mi cr ot ubul es assembl ed i n 3T3 cel l s

wer e t wo t o t hr ee t i mes l onger t han t hose gener at ed i n SV3T3

cel l s under i dent i cal condi t i ons of i ncubat i on . Al t hough t he
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shor t er l engt h of mi cr ot ubul es i n SV3T3 cel l s cor r esponds t o
a smal l er cyt opl asmi c ar ea i n t hese cel l s, mi cr ot ubul es can be
i nduced t o el ongat e t o appr oxi mat el y t he same l engt h as i n
3T3 cel l s when i ncubat ed wi t h cAMP ( 32) . These exper i ment s
suggest t hat el ongat i on may be r egul at ed by t he phosphor yl a-
t i on of a subst r at e, possi bl y t ubul i n or an MAP pr ot ei n, by a
cAMP- dependent pr ot ei n ki nase . I nt er est i ngl y, mi cr ot ubul e
el ongat i on i n 3T3 cel l s was not i nduci bl e by cAMP under t he
same condi t i ons ( 32) . These f i ndi ngs ar e consi st ent wi t h t he
pr oposal t hat cyt opl asmi c mi cr ot ubul e or gani zat i on i s al t er ed
i n t r ansf or med cel l s ( 4, 11, 19) and t hat cAMP can pr oduce
r ever se t r ansf or mat i on i n a mi cr ot ubul e- dependent manner ( 4,

12) . Whet her or not t he at t enuat i on of mi cr ot ubul es i n t r ans-
f or med cel l s i s r el at ed t o t he act i on of a t r ansf or mi ng f act or
such as pp60' ( 9) or a si mi l ar t r ansf or mat i on- associ at ed ki nase
act i vi t y f r om sar coma vi r us- t r ansf or med cel l s ( 25) r emai ns t o
be det er mi ned. Ot her f act or s such as i ncr eased cal moduhn- t o-
t ubul i n r at i os i n t r ansf or med cel l s may al so l i mi t mi cr ot ubul e
pol ymer i zat i on ( 8) .

I n summar y, our i nvest i gat i on suppor t s t he f ol l owi ng gener al
concl usi ons; ( a) Most cul t ur ed mammal i an cel l s cont ai n a
si ngl e MTOC associ at ed wi t h t he cent r osome r egi on. ( b) Af t er
cel l di vi si on, Gf - phase cel l s gener al l y cont ai n a si ngl e MTOC
t hat cor r esponds t o a cent r i ol e pai r and sur r oundi ng per i cen-
t r i ol ar mat er i al . ( c) The number of MTOCs, l i ke cent r i ol es,
appear s t o doubl e dur i ng t he S phase . ( d) The f i nal l engt h and
number of mi cr ot ubul es assembl ed about MTOCs appear t o
be cel l speci f i c and i ndependent of t ubul i n concent r at i on . I t i s
hi ghl y unl i kel y, however , t hat al l of t he speci f i ci t y f or mi cr o-
t ubul e ar r ays i s pr ogr ammed i nt o t he MTOC. The char act er -
i st i cs of mi cr ot ubul es emanat i ng f r om MTOCs may al so be
det er mi ned i n par t by t he sur r oundi ng cyt opl asmi c envi r on-
ment .

These exper i ment al r esul t s ar e consi st ent wi t h t he cl assi c
not i on t hat t he cent r osome def i nes t he cel l cent er and i mpar t s
or der and ar r angement t o t he sur r oundi ng cyt opl asm, or gan-
el l es, and i ncl usi ons . The t empor al and spat i al assembl y and
di spl ay of cyt opl asmi c mi cr ot ubul es pr ovi de a st r uct ur al basi s
f or r egul at i ng cel l f or m and pr ocess f or mat i on . I n t ur n, t he
sequent i al r epl i cat i on of cent r i ol es and associ at ed st r uct ur es
and t hei r equal di st r i but i on t o daught er cel l s pr ovi des a l i neage
of pr ogr ammed or gani zi ng cent er s, t her eby assur i ng a cont i -
nui t y of endogenous mor phol ogi cal det er mi nant s t o cel l shape
and pr ocess f or mat i on, as descr i bed i n t he pr ecedi ng ar t i cl e by
Sol omon ( see al so r ef er ence 27 and 28) .

We ar e gr at ef ul f or hel pf ul di scussi ons wi t h Dr s . J . Br yan and A. R.
Means. We gr at ef ul l y acknowl edge t he t echni cal assi st ance of Donna
Tur ner , t he secr et ar i al assi st ance of Debbi e Connat ser , and t he edi t or i al
assi st ance of Shi r l ey Br i nkl ey . Thi s st udy was suppor t ed i n par t by
Publ i c Heal t h Ser vi ce gr ant s CA 22610 and CA 23022 awar ded by t he
Nat i onal Cancer I nst i t ut e, Depar t ment of Heal t h and Human Ser vi ces.

Recei vedf or publ i cat i on 17 Febr uar y 1981, and i n r evi sedf or m17 Mar ch

1981.
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