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ABSTRACT

We descr i be her e t he cont i nuous obser vat i ons of t he pol ymer i zat i on of i ndi vi dual

mi cr ot ubul es i n vi t r o by dar kf i el d mi cr oscopy . I n homogeneous pr epar at i ons we

ver i f y t hat pol ymer i zat i on can occur ont o bot h ends of mi cr ot ubul es . The assembl y

of mi cr ot ubul es i s pol ar , wi t h one end gr owi ng at t hr ee t i mes t he r at e of t he ot her .

The di f f er ent i al r at e of el ongat i on can be used t o det er mi ne t he pol ar i t y of gr owt h

of f cel l ul ar nucl eat i ng cent er s . We show t hat t he mi cr ot ubul es gr ow of f t he

pr oxi mal end of ci l i ar y axonemes at a gr owt h r at e equal t o t hat of t he sl ow

gr owi ng end of f r ee mi cr ot ubul es, whi l e gr owt h of f t he di st al end pr oceeds at t he

same r at e as t he f ast gr owi ng end . Appl yi ng t hi s t echni que t o mi cr ot ubul e gr owt h

f r ommet aphase chr omosomes i sol at ed f r omHeLa and CHOcel l s, we demonst r at e

t hat chr omosomes i ni t i at e pol ymer i zat i on wi t h t he f ast gr owi ng end f aci ng away

f r om t he chr omosome nucl eat i on si t e . The opposi t e ends of f r ee mi cr ot ubul es

show di f f er ent sensi t i vi t i es t o mi cr ot ubul e depol ymer i zi ng agent s such as l ow

t emper at ur e, Ca" or col chi ci ne as measur ed di r ect l y by dar kf i el d mi cr oscopy .

The di f f er i ng r at es of assembl y and di sassembl y of each end of a mi cr ot ubul e

suggest t hat a di f f er ence i n pol ar i t y of gr owt h of f nucl eat i ng si t es coul d ser ve as

one basi s f or r egul at i ng t he pol ymer i zat i on of di f f er ent gr oups of mi cr ot ubul es i n

t he same cel l .
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mi cr ot ubul e pol ar i t y

Dur i ng t he cel l cycl e, mi cr ot ubul es ar e i nvol ved

i n many di f f er ent f unct i ons. Of t en, sever al gr oups

of mi cr ot ubul es wi l l be pr esent at one t i me, each
wi t h a uni que t i me of appear ance and di sappear -
ance i n t he cel l ( 50, 15) . I n addi t i on, mi cr ot ubul es

of di f f er ent st abi l i t y have been descr i bed i n sever al

st r uct ur es even wi t hi n t he same cel l ( 5, 36) . The

mechani sm by whi ch t he cel l cont r ol s spat i al l y
and t empor al l y t he appear ance, or i ent at i on, st a-
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bi l i t y, and di sappear ance of gr oups of mi cr ot u-
bul es r emai ns, f or t he most par t , unexpl ai ned .

One aspect of t hi s pr obl emhas been appr oached

by t he i dent i f i cat i on, i sol at i on, and char act er i za-

t i on of cel l or ganel l es whi ch ser ve as nucl eat i ng

cent er s f or mi cr ot ubul e gr owt h ( 32) . Mi cr ot ubul es
have been pol ymer i zed i n vi t r o f r omi sol at ed basal
bodi es, ki net ochor es i n mi t ot i c chr omosomes, and

per i cent r i ol ar mat er i al ( 43, 28, 44, 45, 18, 19, 21) .

However , i n al l cases t he nat ur e of t he pol ymer i -

zat i on i ni t i at i ng subst ance i s unknown. I n some

cases, an amor phous cl oud of mat er i al seems t o be



pr esent at t he nucl eat i ng si t es ( 18, 34, 35) .

Anot her means by whi ch t he cel l coul d di f f er -

ent i at e among cl asses of mi cr ot ubul es woul d be by

t he pr oduct i on of mor e t han one mol ecul ar f or m

of t ubul i n or t he use of di f f er ent accessor y pr o-

t ei ns, whi ch ar e i nvol ved i n t he pol ymer i zat i on of

t ubul i n . The quest i on of t ubul i n het er ogenei t y or

t he r ol e of mol ecul ar modi f i cat i ons of t ubul i n i s

ver y compl ex . Cycl i c- AMP- dependent phospho-

r yl at i on of t ubul i n and accessor y pr ot ei ns has been

demonst r at ed but t he ef f ect of phosphor yl at i on on

t he syst em r emai ns unknown ( 10, 17, 37, 40) .

Si mi l ar l y, enzymes capabl e of addi ng and r emov-

i ng a t yr osi ne r esi due speci f i cal l y on t he car boxyl

t er mi nal of t he « subuni t of t ubul i n ar e known but

no ef f ect of t hi s unusual modi f i cat i on on pol ym-

er i zat i on has been det ect ed ( 4, 33) . Evi dence t o

expl ai n how accessor y pr ot ei ns mi ght cont r ol mi -

cr ot ubul e pol ymer i zat i on i n vi vo i s al so gener al l y

l acki ng, t hough t her e has been a cor r el at i on made

bet ween t hei r pr esence i n t he br ai n t i ssue of de-

vel opi ng r at s and t he gener al pol ymer i zabi l i t y of

t he t ubul i n ext r act ed f r om t hi s t i ssue ( 39, 14) .

Anot her pot ent i al basi s f or spat i al and t empor al

di f f er ent i at i on among gr oups of mi cr ot ubul es

wi t hi n a cel l comes f r om t he pol ar nat ur e of

mi cr ot ubul es t hemsel ves . Mi cr ot ubul es ar e i nt r i n-

si cal l y pol ar as i ndi cat ed by t he subuni t l at t i ce

st r uct ur e seen by X- r ay di f f r act i on and el ect r on

mi cr oscopy ( 20, 3, 12, 9) . The i nt r i nsi c pol ar i t y i s

al so i ndi cat ed by t he f act t hat t ubul i n pol ymer i zes

t o a di f f er ent ext ent of f t he pr oxi mal and di st al

ends of f l agel l ar mi cr ot ubul es ( 2, 6, 31, 24, 25, 54) .

I f cel l s wer e abl e t o i ni t i at e mi cr ot ubul e pol ymer -

i zat i on f r om nucl eat i on cent er s wi t h a speci f i c

pol ar i t y and i f t hey al so possessed a mechani sm

f or di f f er ent i at i ng bet ween such pol ar mi cr ot u-

bul es, t hey woul d have an ef f ect i ve cont r ol syst em

f or di scr i mi nat i on bet ween t wo gr oups of mi cr o-

t ubul es .

To i nvest i gat e t he r ol e of pol ar i t y i n mi cr ot ubul e

pol ymer i zat i on and depol ymer i zat i on under a va-

r i et y of condi t i ons, we have obser ved t he gr owt h

of i ndi vi dual mi cr ot ubul es by dar kf t el d l i ght mi -

cr oscopy . Thi s t echni que has been used pr evi ousl y

t o st udy ATP- i nduced sl i di ng of doubl et mi cr o-

t ubul es of f l agel l ar axonemes ( 46) and t he move-

ment of bact er i al f l agel l a ( 26) . Obser vat i ons on

r econst i t ut ed neur al mi cr ot ubul es have al so been

r epor t ed ( 25, 54, 47) . By usi ng dar kf t el d l i ght

mi cr oscopy i t i s possi bl e, i n pr i nci pl e, t o make

cont i nuous obser vat i ons on i ndi vi dual mi cr ot u-

2W

	

THE JOURNAL OF CELL BI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 83, 1979

bul es whi l e at t he same t i me var yi ng t hei r envi -

r onment . I t i s t hen possi bl e t o obser ve changes

occur r i ng at ei t her end of si ngl e mi cr ot ubul es .

Exper i ment s can t her ef or e be per f or med wi t h ho-

mogeneous pr epar at i ons of mi cr ot ubul es, wher eas

i n el ect r on mi cr oscope exper i ment s t he nucl eat i ng

st r uct ur e must be physi cal l y di f f er ent f r om t he

pol ymer i zi ng mi cr ot ubul e so t hat t he poi nt of

nucl eat i on can be i dent i f i ed ( 2, 6, 31, 24, 25, 54) .

These exper i ment s al so avoi d t he pot ent i al l y dam-

agi ng pr ocedur es of f i xat i on, st ai ni ng, and dr yi ng

r equi r ed f or el ect r on mi cr oscopy . The abi l i t y t o

st udy t he dynami cs of t he assembl y of i ndi vi dual

mi cr ot ubul es has enabl ed us t o devel op met hods

f or assessi ng t hei r pol ar i t y . We have appl i ed t hese

met hods her e t o det er mi ne t he pol ar i t y of mi cr o-

t ubul e gr owt h of f cel l ul ar nucl eat i ng si t es . Pol ar -

i t y, i n t hese cases, can be det er mi ned i f i t i s

assumed t hat subuni t s can onl y add at t he f r ee

end . The r esul t s obt ai ned her e compl ement t hose

r ecent l y obt ai ned wher e pol ar i t y i s assessed by

l ooki ng at t he change i n bul k mi cr ot ubul e l engt h.

I n t he case of pol ar i t y of ki net ochor e gr owt h, our

exper i ment s suppor t t he r ecent anal ysi s by Bor i sy

( 7) usi ng ext ent of assembl y, as j udged by el ect r on

mi cr oscopy, t o anal yze t he r at e of mi cr ot ubul e

pol ymer i zat i on .

MATERI ALS AND METHODS

Mi cr ot ubul e pr ot ei n was pr epar ed f r om hog br ai n t i ssue

as descr i bed pr evi ousl y ( 5l ) . The pr ot ei n was st or ed at

- 20° Ci n 8 Mgl ycer ol . Bef or e each exper i ment , a sampl e

was di l ut ed i nt o an equal vol ume of pol ymer i zat i on

buf f er ( 0. 1 MMES ( 2- [ N- mor phol i no] et hane sul f oni c

aci d) , pH6. 4, 2 mMEGTA, l mMmer capt oet hanol , 0 . 5

mMMgC12, 0. 1 mMEDTA, 1 mMGTP) , pol ymer i zed

at 37° C, and t he mi cr ot ubul es wer e col l ect ed by cent r i -

f ugi ng at 75, 000 g f or 30 mi n. The pel l et of mi cr ot ubul es

was t hen r esuspended i n pol ymer i zat i on buf f er and put

on i ce. Af t er al l owi ng 20 mi n f or depol ymer i zat i on, t he

sampl e was cent r i f uged agai n at 75, 000 g f or 30 mi n t o

r emove i nsol ubl e aggr egat es.
Chr omosomes wer e i sol at ed f r om mi t ot i c CHOcel l s

by an adapt at i on of t he met hods of Goul d and Bor i sy
( 18) . CHOcel l s wer e gr own t o near conf l uence i n 100-
mm cul t ur e f l asks i n F- 10 medi um. Mi t ot i c cel l s wer e
shaken l oose f r om t hei r cul t ur e bot t l e and col l ect ed by
cent r i f ugi ng at 500 g f or 5 mi n . The pel l et of cel l s was

gent l y r i nsed wi t h di st i l l ed wat er and t hen suspended i n

0. 1 ml of di st i l l ed wat er . Af t er l mi n, 0 . 1 ml of 0. 1 M

Mes pH 6. 4, 0. 5 mM MgCl , , 0 . 5% Tr i t on X- 100 was

added and t he cel l s wer e l ysed by f or ci ng t he suspensi on

t hr ough a bl unt syr i nge needl e hel d agai nst t he bot t om
of t he t ube. I n most cases, 0. 4 ml of mi cr ot ubul e pr ot ei n



was added i mmedi at el y and t he sampl e was i ncubat ed

at 37° C f or 5 mi n . These chr omosome pr epar at i ons wer e

used i mmedi at el y f or exper i ment s si nce t he chr omosome

mor phol ogy t ended t o det er i or at e af t er a f ew hour s at

r oom t emper at ur e . I n a f ew exper i ment s, chr omosomes

wer e pr eser ved by addi ng 0 . 5 mM CaC1 2 and I M

hexyl ene gl ycol t o t he l ysi ng medi a . Such chr omosomes

wer e st abl e at 0° C f or sever al hour s . I n addi t i on, we

obt ai ned chr omosomes f r om col chi ci ne- ar r est ed HeLa

cel l s f r om U. K. Laemml i ( Pr i ncet on Uni ver si t y) ( 1) .

Axonemes wer e pr epar ed f r om ci l i a det ached f r om

Tet r ahymena by exposi ng a concent r at ed suspensi on of

t he cel l s t o I mM di bucai ne . The membr anes wer e

r emoved by suspendi ng t he ci l i a i n 0. 1%Tr i t on, 0 . 1 M

Mes, pH 6 . 4, 0 . 5 mM MgCl 2-

Obser vat i ons wer e made wi t h a Zei ss Axi omat l i ght

mi cr oscope ( Car l Zei ss, I nc . , N. Y. ) wi t h a 200- wat t

mer cur y ar c l i ght sour ce f i t t ed wi t h i nf r ar ed f i l t er s and

a dar kf i el d condenser . I n some cases, an i mage i nt ensi f i er

( obt ai ned f r om t he U. S. Ar my) was empl oyed bet ween

t he phot ogr aphi c scr een and t he 35- mm camer a . Phot o-

gr aphs wer e t aken on a Kodak Tr i - X f i l m at an ASA

set t i ng of 1600 on t he aut omat i c camer a of t he mi cr o-

scope . Thi s f i l m was devel oped i n Kodak HC- l 10 di l u-

t i on B f or 1 . 5 t i mes t he r ecommended t i me . Under t hese

condi t i ons, exposur e t i mes r anged ar ound I s . Some

pi ct ur es wer e t aken on Kodak SO- 410 f i l mdevel oped i n

HC- I 10 di l ut i on D f or t he r ecommended t i me . Wi t h t hi s

f i l m, exposur e t i mes wer e - 4 s .

Mi cr oscope sl i des wer e speci al l y pr epar ed t o al l ow

pr eci se cont r ol of f l ow i n t he r egi on of obser vat i on .

Gr ooves wer e cut on ei t her end of t he r egi on t o be

cover ed by t he cover gl ass . One gr oove was used as a wel l

t o hol d t he var i ous sol ut i ons. The ot her gr oove was

cover ed wi t h a sheet of f l at r ubber pi er ced obl i quel y by

a syr i nge needl e . The needl e was connect ed by t ubi ng t o

a Gi bson mi cr ol i t er pi pet t i ng devi ce . By usi ng si l i cone

gr ease t o f or m t he wal l s of a channel bet ween t he gr ooves

and t o seal t he syr i nge needl e i nt o pl ace, a cl osed syst em

was f or med . Mi cr oscope sl i des and cover sl i ps wer e scr u-

pul ousl y cl eaned f or each exper i ment .

Anal ysi s of l ar ge vol umes of dat a was f aci l i t at ed by

comput er pr ocessi ng . Spat i al coor di nat es of mi cr ot u-

bul es wer e t r ansf er r ed f r om f i l m i nt o an I BM 370 by

pr oj ect i ng each f r ame i nt o a Tekt r oni x di gi t i zer and

manual l y i dent i f yi ng t he ends of each mi cr ot ubul e wi t h

t he el ect r oni c mar ki ng pen . Subsequent cal cul at i ons

yi el ded gr aphs of i ncr ement al gr owt h of each end of

each mi cr ot ubul e . Gr owt h r at es wer e cal cul at ed f r om

t hese gr aphs by t he met hod of l east squar es .

Pr ot ei n concent r at i ons wer e cal cul at ed by t he met hod

of Lowr y et al . ( 27) .

RESULTS

Pol ymer i zat i on of Mi cr ot ubul e Pr ot ei n

The i ni t i al st eps of t he assembl y of mi cr ot ubul es

f r om monomer s and ol i gomer s of t ubul i n ar e di f -

f i cul t t o vi sual i ze by dar kf i el d mi cr oscopy . The

pol ymer i c component s i n t he i ni t i al st eps scat t er

l i ght l ess i nt ensel y t han do mi cr ot ubul es . Si nce

t hey al so move r api dl y ar ound by Br owni an mo-

t i on, i t has not been possi bl e t o phot ogr aph t he

nucl eat i on pr ocess i n r eal t i me . These component s

have been phot ogr aphed by dar kf i el d mi cr oscopy

and el ect r on mi cr oscopy af t er f i xat i on wi t h gl ut ar -

al dehyde ( 25, 47) and suggest t hat t he f l exi bl e

i nt er medi at es coul d r epr esent pr ot of i l ament

sheet s, whi ch have been r epor t ed t o be pr esent

dur i ng t he assembl y r eact i on bot h i n vi t r o and i n

vi vo ( 23, 11, 8, 41, 49) .

I t i s possi bl e, however , t o phot ogr aph cl ear l y

t he el ongat i on of mi cr ot ubul es, whi ch t akes pl ace

i n t he l at er phase of pol ymer i zat i on . Mi cr ot ubul es

usual l y adher e t o t he gl ass sl i de at some poi nt and

ar e t hus r est r i ct ed i n t hei r r andom mot i on . They

scat t er suf f i ci ent l i ght t o be det ect abl e wi t h a 1- s

exposur e or shor t er exposur e wi t h an i mage i nt en-

si f i er . I n a t ypi cal exper i ment , a sampl e of mi cr o-

t ubul e pr ot ei n i s pol ymer i zed at 37° C under st an-

dar d condi t i ons, di l ut ed wi t h pur i f i cat i on buf f er ,

and i nt r oduced i nt o t he sl i de chamber . Some mi -

cr ot ubul es set t l e ont o t he sur f ace of t he sl i de and

become at t ached . Depol ymer i zed mi cr ot ubul e

pr ot ei n i s t hen pl aced i n t he sampl e wel l of t he

sl i de wher e i t was pr ewar med t o r oom t emper at ur e

and t hen r api dl y f l owed i nt o t he ar ea of obser va-

t i on . The f l ow of pr ewar med unpol ymer i zed sub-

uni t s past mi cr ot ubul e f r agment s ser ves t wo pur -

poses . Fi r st , t he concent r at i on of pr ot ei n i s hel d

const ant and, t her ef or e, not di mi ni shed by pol ym-

er i zat i on . Second, and most i mpor t ant f or t he

dar kf i el d met hod, t he unpol ymer i zed sol ut i on ap-

pear s t r anspar ent due t o i t s l ow capaci t y t o scat t er

l i ght . Phot ogr aphs ar e t aken at i nt er val s of 10-

20 s . Fr om t he phot ogr aphs of a t ypi cal exper -

i ment , t he el ongat i on of - 20 of t he most cl ear l y

di st i ngui shabl e mi cr ot ubul es can be f ol l owed f or

5- 15 f r ames . I n al l , exper i ment s on t he gr owt h of

i sol at ed mi cr ot ubul es i nvol ved t he anal ysi s of

- 400 mi cr ot ubul es i n over 600 f r ames .

Fi g . 1 shows por t i ons of t wo sequences each

cont ai ni ng about f i ve gr owi ng mi cr ot ubul es . The

posi t i on of t he mi cr ot ubul e ends can be measur ed

r el at i ve t o br i ght l y scat t er i ng dust spot s on t he

gl ass sur f ace . I t i s cl ear f r om t he sequences t hat

each mi cr ot ubul e gr ows f r om bot h ends but t hat

gr owt h occur s f ast er of f one of t he ends. For t he

anal ysi s, t he posi t i on of each end of each mi cr o-
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t ubul e i s det er mi ned r el at i ve t o a coor di nat e sys-

t emdef i ned by t he i nvar i ant posi t i on of dust spot s .

Gr owt h r at e can t hen be cal cul at ed ( wi t h t he hel p

of a comput er ) by compar i ng f r ames . Fi g. 2 i s an

exampl e of a gr aph of t he gr owt h of each end of

a si ngl e mi cr ot ubul e . The st ar t i ng poi nt s of t hese

exper i ment s wer e mi cr ot ubul e segment s 3- 7 pi n i n

l engt h . The aver age scat t er i n t he dat a f or each

poi nt i s - 0 . 5, um, whi ch r epr esent s er r or s pr i mar i l y

i n super posi t i on of f r ames and i n accur at el y det er -

mi ni ng t he posi t i on of t he end of a mi cr ot ubul e.

The r at e of gr owt h cal cul at ed f r om Fi g . 2 i s 1 . 1

pi n/ mi n f or t he f ast gr owi ng end and 0. 28 p. m/

mi n f or t he sl ow gr owi ng end . Under t he condi t i on

209

FI GURE l

	

El ongat i on of i ndi vi dual mi cr ot ubul es by dar kf i el d mi cr oscopy . Two sequences ( A- E and F-

J) r epr esent i ng por t i ons of a f i el d ar e shown t o demonst r at e mi cr ot ubul e el ongat i on . Anumber of gr owi ng

mi cr ot ubul es ar e vi si bl e ( one of whi ch i s denot ed by ar r ows) . The br i ght spot s ar e dust par t i cl es wi t h

whi ch one can al i gn t he phot ogr aphs . The concent r at i on of mi cr ot ubul e pr ot ei n was 1 . 3 mg/ ml and

t emper at ur e was 24° C. x 1, 390 .
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of t hi s exper i ment , t her ef or e, t he f ast and sl ow

gr owi ng ends di f f er about t hr eef ol d i n t hei r r at es

of gr owt h.

Dat a f r om gr aphs gener at ed by t he comput er

wer e aver aged f or al l mi cr ot ubul es wi t hi n an ex-

per i ment , excl udi ng t hose cases wher e gr owt h was

not obser ved on bot h ends of t he mi cr ot ubul e .

Thi s occur r ed i n about one- t hi r d of al l mi cr ot u-

bul es measur ed . Absence of gr owt h was not ed

equal l y as of t en on t he f ast as on t he sl ow gr owi ng

end . The ot her end cont i nued t o gr ow at ei t her t he

t ypi cal sl ow or f ast r at e . I t was assumed t hat l ack

of gr owh on one end was due t o t he mi cr ot ubul e' s

bei ng at t ached t o t he mi cr oscope sl i de i n such a
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FI GURE 2

	

Gr owt h of each end of a si ngl e mi cr ot ubul e .

The i ncr ease i n l engt h Af i n mi cr ons i s pl ot t ed ver sus

t i me i n mi nut es . The i ncr ement al di st ances of t he f ast

gr owi ng ends ar e denot ed by 0 and t he sl ow gr owi ng end

by A. Thi s pl ot i s t aken di r ect l y f r om t he comput er

anal yzed dat a and t he st r ai ght l i ne i s a l east squar es f i t .

The r at e of gr owt h of t he f ast end i s 1 . 1 Am/ mi n, t he

sl ow end 0 . 28 Am/ mi n . Mi cr ot ubul e pr ot ei n concent r a-

t i on was 1 . 4 mg/ ml and t he t emper at ur e 24° C.

manner as t o bl ock t hat end f or assembl y .

The gr owt h r at es f or t he f ast and ' sl ow gr owi ng

ends i n a si ngl e sequence f el l i nt o t wo cl asses as

shown i n Fi g . 3 . Ther e was some var i at i on i n t he

r at es of gr owt h, par t of whi ch may be due t o er r or s

i n measur ement , par t of whi ch may be due t o

di f f er ences i n t he pr ot ei n f r om one exper i ment t o

anot her , and par t of whi ch may be due t o i nher ent

f l uct uat i ons i n gr owt h r at es of i ndi vi dual mi cr o-

t ubul es wi t hi n a gi ven exper i ment . The r at e of

gr owt h of t he f ast end aver aged over al l exper i -

ment s i n Fi g . 3 was 1 . 0 Am/ mi n and of t he sl ow

end was 0. 40 Am/ mi n . These, of cour se, r ef er t o

t he exact buf f er condi t i ons at 24° C.

The f ast and sl ow ends di f f er ed al so i n t he

concent r at i on dependence of t hei r r at es of gr owt h,

as shown i n Fi g. 4. Al t hough at concent r at i ons

above 0. 5 mg/ ml t he r at e of gr owt h of ei t her end

i s pr opor t i onal t o concent r at i on suggest i ng a f i r st -

or der pr ocess, t hese r at es do not ext r apol at e t o

zer o at zer o pr ot ei n concent r at i on. Thi s may sug-

gest a l i mi t at i on of t hi s met hod t o gi ve absol ut e

r at e dat a . Lowconcent r at i ons coul d not be easi l y

st udi ed exper i ment al l y due t o t he sl ow r at e of

gr owt h at 25° C. I t i s al so possi bl e t hat t he concen-

t r at i on dependence coul d be di f f er ent t han t he

f i r st or der bel ow 0. 5 mg/ ml at 25° C or t hat we

may be obser vi ng some ef f ect of t r eadmi l l i ng ob-

ser ved by Mar gol i s and Wi l son ( 29) . The appar ent

f i r st - or der pol ymer i zat i on r at es f or t he f ast and

sl ow gr owi ng ends ar e 0. 31 and 0. 10 Am/ mi n 1/ g,

r espect i vel y . Assumi ng t hat t he t ubul i n mol ecul e

has a mol ecul ar wei ght of 105 ( 53) , we can cal cul at e

t he r at e of addi t i on of a mol e of subuni t s per mol e

of mi cr ot ubul e ends . Thi s i s a second- or der r at e

FI GURE 3

	

Di st r i but i on of r at es of gr owt h of t he f ast

and sl ow gr owi ng ends i n a si ngl e sequence . The exper -

i ment al condi t i ons wer e t he same as i n Fi g . 2 .
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FI GURE 4

	

Ef f ect of pr ot ei n concent r at i on on t he r at e
of el ongat i on of t he f ast and sl ow gr owi ng ends . Each
poi nt r epr esent s a separ at e exper i ment consi st i ng of mea-
sur ement s of - - 20 mi cr ot ubul es . The upper l i ne ( 0) r ep-
r esent s t he f ast gr owi ng end, t he l ower ( A) t he sl ow
gr owi ng end.

const ant and i t s val ue i s 9 . 3 x 105 s - 1 M- ' f or t he

f ast and 3 . 0 x 105 s - ' M- ' f or t he sl ow gr owi ng

ends . Accur at e ki net i c dat a f or mi cr ot ubul e assem-

bl y usi ng t ur bi di t y as an assay wer e obt ai ned by

Johnson and Bor i sy ( 22) who cal cul at ed an over al l

r at e const ant of 1 . 9 x 106 S- 1
M- ' under si mi l ar

buf f er condi t i ons, except t hat t hei r dat a wer e ob-

t ai ned at 30° C wher eas our s wer e measur ed at
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25° C. To compar e t hese t wo measur ement s, we

not e t hat t he r at e of assembl y appr oxi mat el y dou-

bl es bet ween 25 at 30° C ( 16) and t hat t he over al l

r at e of el ongat i on i s si mpl y t he sum of t he r at es

of f each end. Cor r ect i ng f or t he t emper at ur e and

summi ng t he t wo r at es, we cal cul at e a val ue f or

t he over al l r at e of el ongat i on of 2 . 5 x 106 M- ' s- '

at 30° C as compar ed t o t he val ue of Johnson and

Bor i sy of 1 . 9 x 10 6 M- ' s- ' . Ther e i s t her ef or e ver y

cl ose agr eement bet ween t hese di f f er ent met hods

of measur ement .

One casual obser vat i on made i n t he cour se of

t hese exper i ment s i s t hat i f dupl i cat e sampl es ar e

pol ymer i zed, one by r api dl y war mi ng t o 37° C and

t he ot her by sl owl y war mi ng t o 37 ° C, t he l at t er

sampl e wi l l have mi cr ot ubul es whi ch ar e much

l onger t han t hose i n t he f or mer . Hyst er esi s and

over shoot i n assembl y of t obacco mosai c vi r us

assembl y i nt o r ods has been not ed by Scheel e et

al . ( 38) . I n t hat case, r api d war mi ng pr oduced l ong

r ods whi l e i n t hi s case r api d war mi ng pr oduces

shor t er mi cr ot ubul es . I n t he case of mi cr ot ubul e

assembl y, i t woul d seem t hat t he nucl eat i on r at e

i ncr eases f ast er wi t h t emper at ur e t han t he el on-

gat i on r at e .

Gr owt h of f Ci l i ar y Axonemes

The ext ent of assembl y of br ai n mi cr ot ubul es

of f f l agel l ar or ci l i ar y axenomes has been demon-

st r at ed ext ensi vel y by el ect r on mi cr oscopy ( 2, 6,

25, 54) . The ext ent of mi cr ot ubul e gr owt h by

sampl i ng a popul at i on, at one or a f ewt i me poi nt s,

however , may not be an accur at e measur e of t he

r at e of gr owt h, par t i cul ar l y i f t he ends di f f er i n

t hei r r at es of i ni t i at i on . We, t her ef or e, at t empt ed

t o measur e di r ect l y t he gr owt h of i ndi vi dual mi -

cr ot ubul es f r om t he ends of axonemes . We coul d

t hen compar e t hei r gr owt h t o t hat of i ndi vi dual

f r ee mi cr ot ubul es i n t he same f i el d and use t hi s

i nf or mat i on t o det er mi ne t he r el at i ve pol ar i t y of

f r ee mi cr ot ubul es and axonemal mi cr ot ubul es .

Fi g . 5 shows t wo exampl es of pol ymer i zat i on

nucl eat ed by axonemes i sol at ed f r om Tet r ahymena

ci l i a . I t i s agai n cl ear t hat gr owt h occur s f r ombot h

ends of t he axoneme and t hat one end gr ows f ast er

t han t he ot her . Tabl e I compar es t he i ncr ement al

gr owt h of f r ee mi cr ot ubul es and t hose nucl eat ed

by axonemes i n t he same f i el d f or t wo separ at e

exper i ment s . Each r epr esent s t he anal ysi s of over

50 axonemes and f r ee mi cr ot ubul es . The r at e of

gr owt h of t he sl ow end of f axonemes i s wi t hi n

exper i ment al er r or equal t o t he r at e of gr owt h of f
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t he sl ow end of t he f r ee mi cr ot ubul es, whi l e t he

f ast ends ar e al so compar abl e i n r at e . I t i s mor e

di f f i cul t t o di st i ngui sh t he pr oxi mal and di st al

ends of t he axoneme by dar kf i el d mi cr oscopy t han

by el ect r on mi cr oscopy . However , t hese r esul t s

coupl ed wi t h t hose f r omel ect r on mi cr oscope st ud-

i es i ndi cat e t hat t he end wi t h t he gr eat est ext ent of

assembl y i s al so t he end wi t h t he f ast est mi cr ot u-

bul e gr owt h and cor r esponds t o t he di st al end of

t he axoneme . Fr om t hese exper i ment s we may

concl ude t hat t he r at e of el ongat i on i s a usef ul

i ndi cat i on of t he pol ar i t y of t he mi cr ot ubul es .

Fr om pr evi ous st udi es ( 2, 6, 31, 24, 25, 54, 7) we

may assume t hat t he pr oxi mal end of t he axoneme

cor r esponds t o t he sl owend and t he di st al end, t he

f ast end .

Pol ar i t y of Mi cr ot ubul e Gr owt h of f

Ki net ochor es of Met aphase Chr omosomes

Under t he assumpt i on t hat mi cr ot ubul es can

onl y el ongat e f r om t hei r f r ee end, we woul d pos-

t ul at e t hat or ganel l es whi ch nucl eat e mi cr ot ubul e

assembl y wi t h a speci f i c pol ar i t y woul d be ex-

pect ed t o have mi cr ot ubul es whose f r ee ends gr ow

ei t her sl owl y or f ast . Those wi t h f r ee f ast gr owi ng

ends can be t er med as havi ng pl us pol ar i t y and

t hose wi t h f r ee sl ow gr owi ng ends can be t er med

as havi ng mi nus pol ar i t y, i n agr eement wi t h t he

t er mi nol ogy of Bor i sy ( 7) .

Usi ng t he met hods descr i bed above, we i nves-

t i gat ed t he pol ar i t y of mi cr ot ubul e gr owt h of f t he

ki net ochor es of met aphase chr omosomes . These

exper i ment s wer e based on ear l i er wor k whi ch

showed t hat i t was possi bl e t o pol ymer i ze mi cr o-

t ubul es of f met aphase chr omosomes i n vi t r o ( 28,

44, 48) . An ext r act of mi t ot i c CHOcel l s was made

by a modi f i cat i on of t he met hods of Goul d and

Bor i sy ( r ef er ence 18, see Mat er i al s and Met hods) .

Al t er nat i vel y, met aphase chr omosomes wer e ob-

t ai ned f r om t he HeLa cel l s by t he met hod of

Adol ph, Cheng, and Laemml i ( 1) . Bot h sour ces of

chr omosomes behaved i dent i cal l y . I n some exper -

i ment s, chr omosomes wer e al l owed f i r st t o become

at t ached t o t he mi cr oscope sl i de and t hen wer e

r i nsed wi t h pur i f i cat i on buf f er . Depol ymer i zed

mi cr ot ubul e pr ot ei n was t hen f l owed i n and t he

mi cr ot ubul es wer e al l owed t o pol ymer i ze . I n ot her

exper i ment s, however , t he mi cr ot ubul e pr ot ei n

was added t o t he chr omosomes ( i mmedi at el y af t er

cel l l ysi s) and i ncubat ed at 37° C f or 5 mi n . The

advant age of t he l at t er t echni que was t hat a hi gher

f r act i on of t he chr omosomes had mi cr ot ubul es



FI GURE 5

	

Pol ymer i zat i on of mi cr ot ubul es f r om ci l i ar y axonemes . A and B, and Cand D ar e t wo pai r s

of phot ogr aphs showi ng gr owt h of mi cr ot ubul es of f ci l i ar y axonemes . The t i me i nt er val i n bot h cases was

- - 4 mi n, and t he pr ot ei n concent r at i on waszyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" 1 mg/ ml . The f ast gr owi ng end i s denot ed by f and t he sl ow

by s . x 2, 380 .

i nser t i ng i nt o t hem. The l at t er met hod al so ser ved

t o ver i f y t hat t he mi cr ot ubul es wer e act ual l y at -

t ached t o a speci f i c poi nt i n t he chr omosome si nce

t he mi cr ot ubul es r emai ned i n pl ace t hr oughout

t he pr ocess of di l ut i on, set t l i ng, and r i nsi ng of t he

chr omosomes . I n al l cases, t hey seemed t o r adi at e

f r om a smal l r egi on of t he chr omosome . Thi s coul d

be most easi l y obser ved when t he chr omosome

moved or when i t was di st ur bed by convect i on i n

t he sol ut i on . Ki net ochor e mi cr ot ubul es wer e char -

act er i st i cal l y f ew i n number ( 32, 28, 44, 19, 34, 35)

poi nt ed i nwar d t owar d a si ngl e poi nt i n t he body

of t he chr omosomes ( see Fi g. 6) . They of t en i n-

ser t ed i nt o t he chr omosome above t he pl ane of t he

gl ass sl i de . I dent i f i cat i on of such mi cr ot ubul es was

easi er t han mi ght be i mpl i ed f r omt he phot ogr aphs

si nce, unl i ke t he mi cr ot ubul es on a gl ass sur f ace,

t he mi cr ot ubul es i nser t i ng i nt o t he ki net ochor e

wer e not al l i n t he same pl ane and coul d onl y be

pr oper l y vi sual i zed by var yi ng t he f ocus of t he

mi cr oscope . I n addi t i on, si nce t hey wer e anchor ed

onl y at one end t hey showed mor e movement due
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TABLE I

Compar i son of Axonome Nucl eat ed and Fr ee

Mi cr ot ubul e Gr owt h

Fr ee mi cr ot ubul es

	

Axoneme nucl eat ed

Fast end

	

Sl ow end

	

Fast end

	

Sl ow end

Exp. 1

	

4. 2 ± 2. 1

	

1 . 3 ± 0. 3

	

5. 1 ± 2. 3

	

1 . 4 ± 0. 4

Exp. 2

	

2. 3 ± 1 . 1

	

0. 8 ± 0. 4

	

2. 3 ± 0. 9

	

0. 8± 0. 4

Mi cr ot ubul e gr owt h was measur ed by compar i ng t he

l engt hs of i ndi vi dual mi cr ot ubul es at an i nt er val of - 5

mi n at 25° C. The l ef t hand col umn shows t he aver age

i ncr ement al change i n t he l engt h of bot h ends of i ndi vi d-

ual f r ee mi cr ot ubul es, and t he r i ght hand col umn shows

t he aver age i ncr ement al change i n t he l engt h of bot h

ends of i ndi vi dual axoneme nucl eat ed mi cr ot ubul es .

Bot h t he l engt hs and st andar d devi at i ons ar e gi ven i n

mi cr ons . 50- 100 mi cr ot ubul es wer e anal yzed i n each

exper i ment .

t o convect i ve di st ur bances and Br owni an mot i on

so t hat some al ways appear ed bl ur r ed due t o t he

r el at i vel y sl ow phot ogr aphi c exposur e .

I t i s i mpossi bl e t o t el l by dar kf i el d mi cr oscopy

whet her al l t he mi cr ot ubul es ar i se f r om t he ki net -

ochor e . As t he chr omosomes wer e washed, agi t a-

t ed, and set t l ed, t he mi cr ot ubul es gave t he appear -

ance of gr owi ng f r omone r egi on . Si mi l ar r egr owt h

exper i ment s anal yzed by el ect r on mi cr oscope ( 28,

44, 48) , and par t i cul ar l y exper i ment s by Goul d

and Bor i sy ( 19) , showed t hat mi cr ot ubul es appear

t o r egr ow f r om t he ki net ochor e . We cannot r ul e

out some advent i t i ous gr owt h, but i f t hat occur r ed

i t woul d be of t he uni f or m pol ar i t y ( see bel ow) .

I n dar kf i el d mi cr oscopy chr omosomes appear

as br i ght spot s of l i ght , di st i ngui shabl e f r om dust

spot s onl y by t he or gani zed mi cr ot ubul e gr owt h .

Chr omosomes swel l and l ose t hei r char act er i st i c

shape when pl aced i n medi a l acki ng cal ci um or

hexyl ene gl ycol , and we wer e concer ned t hat we

coul d not i dent i f y t hem def i ni t i vel y . Ther ef or e,

subsequent t o each pol ymer i zat i on exper i ment ,

et hi di um br omi de was f l ushed t hr ough t he f i el d

and t he pr epar at i on was exami ned by f l uor escence

i l l umi nat i on. Onl y chr omosomes f l uor escenced i n-

t ensel y wi t h et hi di um br omi de and t hi s met hod

concl usi vel y di st i ngui shed chr omosomes f r om de-

br i s whi ch scat t er ed compar abl e amount s of l i ght

( see Fi g. 6 d) .

As shown i n Fi g . 6 mi cr ot ubul e gr owt h f r om

chr omosomes can be easi l y obser ved . We exam-

i ned t he r at e of gr owt h of - 150 mi cr ot ubul es

gr owi ng f r om 30 chr omosomes i n t hr ee separ at e
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exper i ment s i nvol vi ng bot h HeLa and CHOcel l s .

The usual i nt er val of st udy was - 5 mi n. As shown

i n Tabl e I I t he f r ee mi cr ot ubul es showed a t hr ee-

f ol d di f f er ence i n r at es of el ongat i on, i n agr eement

wi t h t he dat a gi ven i n Fi gs . 1, 2, and 3 . A com-

par i son of t he i ncr ement al gr owt h of chr omosome-

nucl eat ed and f r ee mi cr ot ubul es i n Tabl e I I shows

cl ear l y t hat chr omosomal mi cr ot ubul es gr ow at a

r at e equal t o t hat of t he f ast gr owi ng ends of t he

f r ee mi cr ot ubul es . Among 150 chr omosomal mi -

cr ot ubul es, onl y si x appear ed t o gr ow at a r at e l ess

t han hal f t hat of t he f ast gr owi ng end. By t hi s

cr i t er i on, mi cr ot ubul es gr ow f r om ki net ochor es of

met aphase chr omosomes wi t h pl us pol ar i t y .

Pol ar i t y of Mi cr ot ubul e Di sassembl y

Var i ous depol ymer i zi ng agent s wer e st udi ed t o

see whet her t hey t oo had a pol ar ef f ect on mi cr o-

t ubul e assembl y . Lowt emper at ur e ( 4 ° C) and Ca"

( l mM) cause di sassembl y of mi cr ot ubul es wi t h a

t hr eef ol d bi as of one end over t he ot her . Fi g . 7

i l l ust r at es t hi s f or l ow- t emper at ur e- i nduced di sas-

sembl y . Mor e sel ect i ve t han ei t her of t hese agent s

i s col chi ci ne . Under i n vi t r o condi t i ons 25 ° C di s-

assembl y by 0. 25 mM col chi ci ne pr oceeds ver y

sl owl y, t aki ng - 1 h. However , di sassembl y pr o-

ceeds f r om onl y one end. Exper i ment s wi t h f l a-

gel l ar axonemes i ndi cat e t hat t he ef f ect i s on t he

di st al or f ast gr owi ng end. Thi s has been conf i r med

by el ect r on mi cr oscopy ( Wi t man, Wei ngar t en, and

Ki r schner , unpubl i shed r esul t s) .

DI SCUSSI ON

Despi t e t he f act t hat t hei r t hi ckness i s f ar bel ow

t he r esol ut i on of t he l i ght mi cr oscope, mi cr ot u-

bul es ar e r eadi l y obser vabl e by dar kf i el d l i ght

mi cr oscopy . The appar ent t hi ckness of t he mi cr o-

t ubul es i s - 0. 3 l t m i n most of our exposur es .

Bact er i al f l agel l a, whi l e t hey ar e even smal l er t han

mi cr ot ubul es, have been vi sual i zed pr evi ousl y by

dar kf i el d mi cr oscopy wher e t he l i mi t i ng f act or i s

onl y t he amount of l i ght t hey scat t er ( 26) . To

vi sual i ze t he gr owt h of mi cr ot ubul es, i t was nec-

essar y t o over come some t echni cal l i mi t at i ons i m-

posed by t he sensi t i vi t y of t he f i l m, Br owni an

mot i on, and backgr ound l i ght scat t er i ng at hi gh

pr ot ei n concent r at i ons . These l i mi t at i ons put cer -

t ai n const r ai nt s on t he exper i ment al desi gn . I n

i nt er pr et i ng t hese exper i ment s, i t has been as-

sumed t hat t he ef f ect s of t he gl ass sur f ace ar e

l i mi t ed t o t he occasi onal compl et e bl ockage of

pol ymer i zat i on on one end of a mi cr ot ubul e, as



FI GURE 6 Pol ymer i zat i on of mi cr ot ubul es of f met aphase CHO chr omosomes. ( A- C) Sequence of

mi cr ot ubul e gr owt h of f met aphase chr omosome. ( D) Et hi di um br omi de st ai ned, f l uor escence mi cr ogr aph

of same f i el d . x 1, 870 .

di scussed above . I n t he i ni t i al phases of an exper -

i ment , mi cr ot ubul es seem at t ached t o t he mi cr o-

scope sl i de at onl y one poi nt al ong t hei r l engt h

( usual l y near one end) . Some pi vot i ng ar ound t hi s

poi nt can occur dur i ng t he f l ow of t he sur r oundi ng

sol ut i on, and t he ef f ect of t hi s r ot at i on on l engt h

det er mi nat i on was account ed f or i n t he comput er

pr ogr am. Dur i ng t he cour se of an exper i ment ,

mi cr ot ubul es appar ent l y become at t ached at mor e

t han one poi nt and r ot at i on of t he mi cr ot ubul es i n

t he f l ow decr eases. Yet , no dr amat i c changes i n

t he char act er i st i cs of pol ymer i zat i on wer e not ed .

Never t hel ess, we must consi der t he f act t hat some

of t he scat t er i n t he measur ed r at es of pol ymer i -

zat i on may have been due t o some ef f ect of t he

pr oxi mi t y of t he gl ass sur f ace t o t he ends of t he

mi cr ot ubul e .

To mi ni mi ze t he possi bi l i t y t hat t he i nt ense l i ght
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beam was af f ect i ng t he pol ymer i zat i on or depo-

l ymer i zat i on of mi cr ot ubul es, par al l el exper i ment s

wer e conduct ed wi t h ei t her a 410 bar r i er f i l t er ,

whi ch el i mi nat ed al l ul t r avi ol et r adi at i on, or a

bl uegl ass f i l t er i n pl ace . Per i odi c obser vat i ons wer e

al so made i n r egi ons out si de t he spot of i l l umi na-

t i on . I n onl y one case was an ef f ect of l i ght not ed

i n t he absence of t he f i l t er . When at t empt i ng t o

di sassembl e mi cr ot ubul es wi t h Ca, we not i ced

t hat mi cr ot ubul es wi t hi n t he beam became st abi -
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Compar i son of Chr omosome Nucl eat ed and Fr ee

Mi cr ot ubul e Gr owt h

Mi cr ot ubul e gr owt h was measur ed by compar i ng t he

l engt hs of i ndi vi dual mi cr ot ubul es at an i nt er val of - 5

mi n at 25° C. The l ef t hand col umn shows t he aver age

i ncr ement al change i n t he l engt h of bot h ends of i ndi vi d-

ual f r ee mi cr ot ubul es . The r i ght hand col umn shows t he

aver age i ncr ement ed change i n t he l engt h of i ndi vi dual

chr omosome nucl eat ed mi cr ot ubul es . Bot h l engt hs and

st andar d devi at i ons ar e gi ven i n mi cr ons. Exps . l and 2

r ef er t o CHOchr omosome. Exp . 3 r ef er s t o HeLa chr o-

mosome . - 150 chr omosome nucl eat ed and 300 f r ee mi -

cr ot ubul es wer e anal yzed .
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l i zed agai nst depol ymer i zat i on whi l e mi cr ot ubul es

out of t he beam di ssol ved . Ei t her f i l t er el i mi nat ed

t hi s ef f ect . The 410 bar r i er f i l t er was al so used

wi t h col chi ci ne exper i ment s, si nce col chi ci ne i s

phot osensi t i ve . I n al l exper i ment s, t he beam of

l i ght was di ver t ed away f r om t he speci men be-

t ween obser vat i ons .

Usi ng dar kf i el d l i ght mi cr oscopy we have ver i -

f i ed t hat pol ymer i zat i on can occur ont o bot h ends

of mi cr ot ubul es i n a homogeneous syst em. El ec-

t r on- mi cr oscope st udi es of mi cr ot ubul e pol ymer i -

zat i on cannot easi l y di st i ngui sh gr owt h on ei t her

end . They onl y qual i t at i vel y show t hat wi t h t i me

mi cr ot ubul es gr ow l onger . I n addi t i on, br eakage

of mi cr ot ubul es and sel ect i ve adhesi on dur i ng

sampl e pr epar at i on ar e ser i ous i mpedi ment s t o

any quant i t at i ve el ect r on mi cr oscope anal ysi s . To

di st i ngui sh gr owt h f r om each end of a mi cr ot ubul e

by el ect r on mi cr oscopy, t he mi cr ot ubul e must

somehow be mar ked . Ol mst ed et al . ( 31) at t empt ed

t o do t hi s by mar ki ng mi cr ot ubul e f r agment s by

di et hyl ami noet hyl ( DEAE) dext r an and al l owi ng

t hem t o el ongat e . However , Er i ckson and Vot er

( 13) have shown subsequent l y t hat DEAE dext r an

has a speci f i c ef f ect i n pr omot i ng t ubul i n assembl y .

Never t hel ess, t he exper i ment s of Ol mst ed et al .

i ndi cat ed t hat homogeneous mi cr ot ubul es gr ow i n

a bi ased pol ar manner , t hat i s, one end gr ows

f ast er t han t he ot her , a r esul t whi ch we have

conf i r med her e .

Cont i nuous obser vat i ons by dar kf i el d mi cr os-

FI GURE 7

	

Col d depol ymer i zat i on of f r ee mi cr ot ubul es . Mi cr ot ubul es wer e pol ymer i zed at 37° C, and

depol ymer i zed by washi ng i n pur i f i cat i on buf f er at 4° C. The i nt er val was - 10 s. x 1, 870 .

Fr ee mi cr ot ubul es
Chr omosome

Fast end Sl ow end
nucl eat ed

Exp . 1 6. 4 ± 2. 2 2 . 1 ± 1 . 2 6 . 5 ± 1 . 3

Exp . 2 5. 5±0 . 9 2. 1±0 . 9 5. 6±1 . 8

Exp . 3 5. 2±0 . 7 1 . 6±0 . 5 5 . 4± 1 . 4



copy al l ow accur at e measur ement s of t he r at e of

gr owt h of each end of i ndi vi dual mi cr ot ubul es

wi t hout t he i naccur aci es whi ch occur when popu-

l at i ons of mi cr ot ubul es ar e sampl ed . I n t he exper -

i ment s shown i n Fi gs . I and 2, i t i s cl ear t hat

mi cr ot ubul e pol ymer i zat i on i s pol ar i n nat ur e, pr o-

ceedi ng about t hr ee t i mes as f ast at one end as at

t he ot her . The r at e of el ongat i on of t he f ast gr ow-

i ng end or pl us end i ncr eases f ast er wi t h concen-

t r at i on t han t hat of t he sl ow or mi nus end ( Fi g . 4) .

The dat a i n Fi g . 4 can be pr esent ed i n t er ms of a

pseudo f i r st - or der r eact i on, despi t e t he f act t hat

t he r at es do not ext r apol at e t o zer o at zer o pr ot ei n

concent r at i on . However , t he sumof t he appar ent

second- or der r at e const ant s f or el ongat i on f r om

t he pl us and mi nus end agr ee wel l wi t h t he over al l

el ongat i on r at e const ant l y cal cul at ed f r om t he ki -

net i c anal ysi s of t hei r t ur bi di met r i c exper i ment s

by Johnson, Val l ee, and Bor i sy ( 22) when a cor -

r ect i on i s made f or t he di f f er ence i n t emper at ur e

bet ween t he t wo measur ement s .

I n st udi es r epor t ed her e, we have expl or ed onl y

a nar r ow set of exper i ment al condi t i ons. We have

used mi cr ot ubul e pr ot ei n, pr epar ed by cycl es of

pol ymer i zat i on, whi ch i s capabl e of sel f assembl y

under st andar d buf f er condi t i ons and cont ai ns

pr ot ei ns i n addi t i on t o t ubul i n ( 13, 52, 30, 42) .

Ot her i nvest i gat i ons have used pr epar at i ons de-

pl et ed i n r i ngs and associ at ed pr ot ei ns whi ch ar e
no l onger capabl e or def i ci ent i n sel f assembl y .

The cur r ent ki net i c exper i ment s, ext ended t o ot her

pr epar at i ons of t ubul i n and associ at ed pr ot ei ns,

coul d pr ovi de i nf or mat i on on t he mechani sm of

mi cr ot ubul e pol ymer i zat i on .
Recent l y, Mar gol i s and Wi l son ( 29) have r e-

por t ed exper i ment s suggest i ng t hat t her e i s an
assembl y si t e f or t ubul i n at one end of t he mi cr o-

t ubul e and a di sassembl y si t e f or t ubul i n l ocat ed

at t he ot her end . Thi s i s an ext r eme pol ar model .

We f i nd evi dence, however , f or assembl y and f or
di sassembl y at each end of i ndi vi dual mi cr ot u-
bul es . These exper i ment s, however , ar e not st r i ct l y

compar abl e t o one anot her si nce Mar gol i s and

Wi l son wor ked at pseudo- equi l i br i um condi t i ons,

i . e. , wher e t he amount of pol ymer i zat i on was a

const ant , whi l e our exper i ment s wer e done under

st eady- st at e condi t i ons wher e t he amount of pol -

ymer i ncr eased l i near l y wi t h t i me . However , bot h

t hei r exper i ment s and t hose r epor t ed her e st r ongl y

i mpl y t hat homogeneous mi cr ot ubul es have a po-

l ar i t y i n assembl y .

I n t he st udi es of nucl eat ed mi cr ot ubul e assem-

bl y, we have conf i r med t he pr evi ous obser vat i ons

by el ect r on mi cr oscopy ( 2, 6, 54) and by dar kf i el d

mi cr oscopy of mi cr ot ubul e popul at i ons ( 25) t hat

mi cr ot ubul es can gr ow of f of bot h ends of t l agel l ar

and ci l i ar y axonemes . The sl ower gr owi ng end of

t he axoneme has a r at e of gr owt h equal t o t he

gr owt h r at e of f t he sl ow end ( mi nus end) of ho-

mogeneous mi cr ot ubul es whi l e t he gr owt h r at e of f

t he opposi t e end equal s t he r at e of f t he f ast end

( pl us end) of f r ee mi cr ot ubul es . Thus, t he concl u-

si ons concer ni ng pol ar i t y based on measur ement s

of t he over al l ext ent of pol ymer i zat i on of a popu-

l at i on of mol ecul es by el ect r on mi cr oscopy ar e

conf i r med by cont i nuous obser vat i on of t he

gr owt h of i ndi vi dual mi cr ot ubul es by dar kf i el d

mi cr oscopy .

The above r esul t s have gi ven us conf i dence i n

ut i l i zi ng measur ement s of t he r at e of mi cr ot ubul e

gr owt h as a measur e of t he pol ar i t y of mi cr ot u-

bul es . As shown i n Fi g . 3, t her e i s ver y l i t t l e

over l ap i n t he di st r i but i on of t he r at es f or t he f ast

and sl ow ends of f r ee mi cr ot ubul es, and si mi l ar

r esul t s ar e obt ai ned wi t h nucl eat ed assembl y f r om

ci l i ar y axonemes . Mi cr ot ubul e gr owt h of f met a-

phase chr omosomes as measur ed by dar kf i el d mi -

cr oscopy ( Fi g . 6) pr oceeds at a r at e equal t o t hat

of t he f ast gr owi ng end ( Tabl e I I ) . Thi s suggest s

st r ongl y t hat subuni t s ar e addi ng t he ends of t he

mi cr ot ubul es wi t h pl us pol ar i t y . I n par t i cul ar , t he

r ecent exper i ment s of Bor i sy ( 7) and cowor ker s,

whi ch det er mi ned t he pol ar i t y of mi cr ot ubul es by

measur i ng t he aver age ext ent of gr owt h as a f unc-

t i on of t i me, ar e conf i r med by t he pr esent exper i -

ment s . I f t he gr owt h r at e of f cent r osomes i s al so

pl us, t hen i t appear s t hat mi cr ot ubul es i n t he

mi t ot i c spi ndl e ar e i n an ant i par al l el ar r ay ( 7) , as

act i n i n muscl e .

The depol ymer i zat i on exper i ment s wi t h Ca" ,

l ow t emper at ur e, and col chi ci ne showed t hat de-

pol ymer i zat i on agai n can occur of f bot h ends of

mi cr ot ubul es and t hat i t al so has a pol ar i t y, al -

t hough no ef f or t was made i n t hese exper i ment s

t o cor r el at e t he pol ar i t y of depol ymer i zat i on wi t h

t hat of pol ymer i zat i on . These exper i ment s can be

suscept i bl e t o ar t i f act . Ear l i er exper i ment s wi t h

KCl depol ymer i zat i on wer e qui t e mi sl eadi ng si nce

car ef ul anal ysi s l at er showed t hat KCl al so i n-

duced f r agment at i on of t he mi cr ot ubul e as wel l as

i nduci ng depol ymer i zat i on .
The di f f er ent i al sensi t i vi t y of mi cr ot ubul es t o

depol ymer i zat i on wi t h var i ous agent s and t hei r
di f f er ent i al r at e of el ongat i on suggest a mechani sm
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by whi ch a cel l coul d di st i ngui sh bot h spat i al l y

and t empor al l y bet ween t wo gr oups of mi cr ot u-

bul es sol el y on t he basi s of pol ar i t y . By var yi ng

t he concent r at i on of pol ymer i zabl e mi cr ot ubul e

pr ot ei n t hr ough synt hesi s or modi f i cat i on of t u-

bul i n or associ at ed pr ot ei ns, t he cel l coul d al l ow

assembl y t o occur onl y on si t es wi t h pl us pol ar i t y

among a set of avai l abl e nucl eat i ng si t es of bot h

pl us and mi nus pol ar i t y . Once i ni t i at ed, mi cr ot u-

bul es gr owi ng f r om pl us si t es wi l l el ongat e mor e

r api dl y t han t hose on mi nus si t es . Thus, pol ar i t y

can i nf l uence bot h t he appear ance and t he r at e of

pol ymer i zat i on of mi cr ot ubul es i n t he same envi -

r onment . By adj ust i ng depol ymer i zat i on condi -

t i ons t o sel ect i vel y at t ack ei t her t he pl us or mi nus

end, t he cel l coul d al so el i mi nat e or pr eser ve a

speci f i c set of mi cr ot ubul es . I t i s al so concei vabl e

t hat t he cel l coul d appl y a bl ock t o exi st i ng mi cr o-

t ubul es, agai n bei ng sel ect i ve, f or whi ch end i s

f r ee . Thus, mi cr ot ubul es of t wo di f f er ent st abi l i t i es

can be cr eat ed f r om t he same set of subuni t s based

ent i r el y on t he pol ar i t y of t he nucl eat i on cent er s .

We t hank t he Depar t ment of Bi ochemi cal Sci ences, Pr i n-

cet on Uni ver si t y, wher e most of t hi s wor k was per -

f or med, f or pr ovi di ng t he mi cr oscopy f aci l i t i es, U. K.

Laemml i , Pr i ncet on Uni ver si t y, f or t he gi f t of HeLa

met aphase chr omosomes, and Mar gar et Lopat a f or pr e-

par i ng Tet r ahymena axonemes and f or ai d i n t he phot og-
r aphy .

Thi s wor k was suppor t ed by Uni t ed St at es Publ i c

Heal t h Ser vi ce gr ant GM26875- 01, Amer i can Cancer

Soci et y gr ant VC213, and, t o M. W. Ki r schner , suppor t

f r om t he Dr eyf us Foundat i on and t he Publ i c Heal t h

Ser vi ce Resear ch Car eer Devel opment Awar d .
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