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ABSTRACT

	

The di st r i but i on of act i n i n wi l d- t ype cel l s and i n mor phogenet i c mut ant s of t he
buddi ng yeast Sacchar omyces cer evi si ae was expl or ed by st ai ni ng cel l s wi t h f l uor ochr ome-
l abel ed phal l ot oxi ns af t er f i xi ng and per meabi l i zi ng t he cel l s by sever al met hods . The act i n
appear ed t o be l ocal i zed i n a set of cor t i cal spot s or pat ches, as wel l as i n a net wor k of
cyt opl asmi c f i ber s . Bundl es of f i l ament s t hat may possi bl y cor r espond t o t he f i ber s vi sual i zed
by f l uor escence wer e obser ved wi t h t he el ect r on mi cr oscope .

The put at i ve act i n spot s wer e concent r at ed i n smal l and medi um- si zed buds and at what
wer e appar ent l y t he si t es of i nci pi ent bud f or mat i on on unbudded cel l s, wher eas t he put at i ve
act i n f i ber s wer e gener al l y or i ent ed al ong t he l ong axes of t he mot her - bud pai r s . I n sever al
mor phogenet i c mut ant s t hat f or m mul t i pl e, abnor mal l y el ongat ed buds, t he act i n pat ches
wer e conspi cuousl y cl ust er ed at t he t i ps of most buds, and act i n f i ber s wer e cl ear l y or i ent ed
al ong t he l ong axes of t he buds . Ther e was a st r ong cor r el at i on bet ween t he occur r ence of
act i ve gr owt h at par t i cul ar bud t i ps and cl ust er i ng of act i n spot s at t hose same t i ps . Near t he

end of t he cel l cycl e i n wi l d- t ype cel l s, act i n appear ed t o concent r at e ( as a cl ust er of spot s or

a band) i n t he neck r egi on connect i ng t he mot her cel l t o i t s bud .

Obser vat i ons made usi ng i ndi r ect i mmunof l uor escence wi t h a monocl onal ant i - yeast - t ubul i n

ant i body on t he mor phogenet i c mut ant cdc4 ( whi ch f or ms mul t i pl e, abnor mal l y el ongat ed

buds whi l e t he nucl ear cycl e i s ar r est ed) r eveal ed t he sur pr i si ng occur r ence of mul t i pl e

bundl es of cyt opl asmi c mi cr ot ubul es emanat i ng f r om t he one dupl i cat ed spi ndl e- pol e body

per cel l . I t seems t hat most or al l of t he buds cont ai n one or mor e of t hese bundl es of

mi cr ot ubul es, whi ch of t en can be seen t o ext end t o t he ver y t i ps of t he buds .

These obser vat i ons ar e consi st ent wi t h t he hypot heses t hat act i n, t ubul i n, or bot h may be

i nvol ved i n t he pol ar i zat i on of gr owt h and l ocal i zat i on of cel l - wal l deposi t i on t hat occur s

dur i ng t he yeast cel l cycl e .

The cel l - di vi si on cycl e of t he yeast Sacchar omyces cer evi si ae

i ncl udes t he f ol l owi ng sequent i al mor phogenet i c event s ( see
r ef er ences 16, 71, and r ef er ences ci t ed t her ei n) : ( a) sel ect i on

of a nonr andomsi t e at whi ch buddi ng wi l l occur ; ( b) f or ma-

t i on of a r i ng of chi t i n ( t he " bud scar " ) i n t he l ar gel y nonchi -

t i nous cel l wal l at t hat si t e ; ( c) l ocal i zat i on of new cel l - wal l

gr owt h t o t he r egi on bounded by t he chi t i n r i ng, r esul t i ng i n

t he appear ance and sel ect i ve gr owt h of a bud ; ( d) l ocal i zat i on
of new cel l - wal l gr owt h t o t he t i p of t he gr owi ng bud; ( e)
cyt oki nesi s and t he f or mat i on of sept al cel l wal l . I n addi t i on,

i t seems t hat per i ods of uni f or m gr owt h of t he bud cel l wal l

pr ecede and f ol l ow t he per i od of t i p gr owt h ; pr esumabl y, t he

r el at i ve amount s of t i p gr owt h and of uni f or m gr owt h ar e

adj ust ed t o yi el d t he nor mal el l i psoi dal shape of t he daught er

cel l ( 21) . I n addi t i on, when t he bud i s l ar gel y gr own, t he

nucl eus mi gr at es f r om a posi t i on wi t hi n t he mot her cel l i nt o

t he neck connect i ng mot her and bud, and t he spi ndl e becomes

or i ent ed i n such a way t hat t he ensui ng nucl ear di vi si on r esul t s

i n mot her and bud each r ecei vi ng one daught er nucl eus ( 11,
32) .

I t seems l i kel y t hat f or med cyt oskel et al el ement s pl ay i m-

por t ant r ol es i n such mor phogenet i c event s i n yeast , as t hey
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appear t o do i n ot her eucar yot es . However , onl y l i mi t ed

i nf or mat i on has been avai l abl e about t he di st r i but i on and

f unct i ons of cyt oskel et al el ement s i n yeast . The di st r i but i on

of mi cr ot ubul es has been ext ensi vel y st udi ed by el ect r on

mi cr oscopy ( 10- 13, 46, 51, 52, 60) . Mi cr ot ubul es ar e bot h

i nt r anucl ear ( f or mi ng t he spi ndl e ; not e t hat t he nucl ear en-

vel ope does not br eak down dur i ng mi t osi s) and cyt opl asmi c .

These t wo set s of mi cr ot ubul es emanat e f r om t he nucl eo-

pl asmi c and cyt opl asmi c f aces of t he spi ndl e- pol e body, a

st r uct ur e embedded i n t he nucl ear envel ope . The spi ndl e

mi cr ot ubul es ar e pr esumabl y i nvol ved i n chr omosome sepa-

r at i on and/ or i n t he nucl ear el ongat i on t hat pr ecedes di vi si on,

al t hough t he det ai l s of t hi s i nvol vement ar e by no means cl ear

( 11, 46) . On t he ot her hand, posi t i onal cor r el at i ons i n nor mal

and cent r i f ugal l y per t ur bed cel l s have suggest ed t hat t he cy-

t opl asmi c mi cr ot ubul es may be i nvol ved i n t he sel ect i on of

t he buddi ng si t e and/ or i n di r ect i ng secr et or y vesi cl es t o t hat

si t e and i nt o t he gr owi ng bud ( 10- 13) .

I n cont r ast , t her e has been essent i al l y no i nf or mat i on about

t he di st r i but i on and f unct i on of act i n- cont ai ni ng st r uct ur es i n

Sacchar omyces . Nonet hel ess, i t i s cl ear t hat t hi s yeast cont ai ns

a si ngl e, essent i al act i n gene ( 25, 54, 69) and subst ant i al

quant i t i es of act i n ( 28, 47, 79) . The possi bi l i t y has been

ent er t ai ned t hat t hi s act i n mi ght be a const i t uent of t he r i ng

of 10- nmdi amet er f i l ament s t hat l i es i mmedi at el y subj acent

t o t he pl asma membr ane i n t he r egi on of t he neck connect i ng

t he mot her cel l and bud; however , no evi dence t o suppor t

t hi s possi bi l i t y has been obt ai ned ( 14) . Al t hough t he r i ng of
10- nm f i l ament s di sappear s shor t l y bef or e cyt oki nesi s ( 11,
14) , t he l ocat i on of t hese f i l ament s and t he obser vat i on t hat

t hey ar e l acki ng i n mut ant s f r om f our di f f er ent compl emen-

t at i on gr oups t hat ar e def ect i ve i n cyt oki nesi s ( 15) have sug-

gest ed t hat t he 10- nm f i l ament s may pl ay a posi t i ve r ol e i n

t hi s pr ocess ( 11, 14, 15) .

I n t hi s st udy and i t s compani on ( see r ef er ence 44) , t he

di st r i but i on of act i n i n wi l d- t ype Sacchar omyces and i n mor -

phogenet i c mut ant s of t hi s yeast was exami ned usi ng f l uor es-

cent phal l ot oxi n pr obes, i mmunof l uor escence, and el ect r on

mi cr oscopy . I n addi t i on, i mmunof l uor escence has pr ovi ded

newevi dence about t he l ocal i zat i on of cyt opl asmi c mi cr ot u-

bul es i n r el at i on t o t he buddi ng cycl e. The r esul t s ar e sugges-

t i ve as t o possi bl e r ol es of t he mi cr ot ubul es and of t he act i n

net wor k i n t he mor phogenet i c event s descr i bed above. The

r esul t s al so demonst r at e an expanded capabi l i t y f or mor pho-

l ogi cal anal ysi s of yeast s t hat shoul d hel p t o make t hese

genet i cal l y t r act abl e or gani sms an even mor e at t r act i ve obj ect

f or st udi es of f undament al pr obl ems i n cel l bi ol ogy .

A pr el i mi nar y r epor t of some of t hi s wor k has been pr e-

sent ed ( 63) .

MATERI ALS AND METHODS

Mat er i al s : 7- ni t r obenz- 2- oxa- 1, 3- di azol e- phal l aci di n ( NBD- phal l aci -

di n) ' was obt ai ned f r om L. Bar ak ( 2) . Fl uor escei n- i sot hi ocyanat e- conj ugat ed

phal l oi di n ( FI TC- phal l oi di n) and t et r amet hyl r hodami nyl - phal l oi di n ( Rh- phal -

l oi di n) wer e gi f t s f r omDr . T. Wi el and ( 22, 87) . Unl abel ed phal l oi di n was a gi f t

f r om L. Bar ak ( vi a Conr ad Yocum) . Al l phal l ot oxi ns wer e st or ed at - 20° Ci n

met hanol . FI TC- conj ugat ed concanaval i n A( FI TC- ConA) was pur chasedf r om

EY Labor at or i es ( San Mat eo, CA) . Rat monocl onal ant i - yeast - t ubul i n ant i body

( YOLI / 34) was a gi f t f r om J. Ki l mar t i n ( 45) . FI TC- conj ugat ed r abbi t ant i - r at -

' Abbr evi at i ons used i n t hi s paper. BSA, bovi ne ser um al bumi n;

Con A, concanaval i n A; FI TC, f l uor escei n i sot hi ocyanat e; NBD, 7-

ni t r obenz- 2- oxa- 1, 3- di azol e; PBS, phosphat e- buf f er ed sal i ne; Rh,

t et r amet hyl r hodami nyl ; t s, t emper at ur e- sensi t i ve .

I gG ant i ser um, p- phenyl enedi ami ne, Tr i t on X- 100, pol y- L- l ysi ne hydr obr o-

mi de ( mol ecul ar wei ght - 400, 000) , and bovi ne ser umal bumi n f r act i on V

( BSA) wer e pur chased f r om Si gma Chemi cal Co. ( St . Loui s, MO) . 8- wel l

mul t i t est sl i des ( U. K. cat . no . 60- 408- 05) wer e pur chased f r om Fl ow Labor a-

t or i es ( McLean, VA) , Gl usul ase f r om Endo Labor at or i es ( Wi l mi ngt on, DE) ,

and Zymol yase 5000 f r om Mi l es Labor at or i es ( El khar t , I N) . Gi emsa st ai n was

obt ai ned f r om Fi sher ( Det r oi t , MI ) , bi sbenzi mi de f r om Al dr i ch ( Mi l waukee,

WI ) , and CsCl ( t echni cal gr ade) f r omKawecki Ber yl co ( Readi ng, PA) . Osmi um

t et r oxi de, ur anyl acet at e, Spur r embeddi ng medi um, and l ead ci t r at e wer e

pur chased f r om Pol ysci ences I nc. ( War r i ngt on, PA) , and 50%gl ut ar al dehyde,

bi ol ogi cal gr ade, was pur chased f r om MCB ( Ci nci nnat i , OH) . 0. 5%For mvar

i n et hyl ene di chl or i de was pur chased f r om E. F. Ful l am ( Schenect ady, NY) ,

0. 4- x- 2- mmsl ot t ed copper gr i ds f r omT. Pel l a ( Tust i n, CA) , and Di af i ne f r om

Acuf i ne ( Chi cago, I L) . Ot her chemi cal s used wer e r eagent gr ade.

Genet i c Met hods, Yeast St r ai ns, and Cul t ur e Condi t i ons:
St andar d genet i c met hods ( 68) wer e used f or al l cr osses and compl ement at i on

anal yses i n t hi s st udy. The wi l d- t ype and mut ant st r ai ns used ar e l i st ed i n Tabl e

I .

Mut ant st r ai ns JPT194, JPT23, and JPTA1493 wer e i sol at ed f r om st r ai ns

C276- 4A, C276- 4A, and C276- 4B, r espect i vel y, af t er mut agenesi s wi t h et hyl -

met hane sul f onat e ( 24) t o - 2%sur vi val , usi ng a scr eeni ng pr ocedur e si mi l ar

t o t hat of Har t wel l et al . ( 35) . Backcr ossi ng t o C276- 4B and C276- 4A r eveal ed

2 : 2 segr egat i ons of t emper at ur e sensi t i vi t y i n essent i al l y al l t et r ads, i ndi cat i ng

t hat each of t he mut ant s car r i es a si ngl e, nucl ear , t emper at ur e- sensi t i ve ( t s)

mut at i on ( dat a not shown) . At 36° C, al l i s segr egant s f r omt hese cr osses f or med

t he mul t i budded cel l s t ypi cal of mut ant st r ai ns def ect i ve i n gene CDC3, CDC10,

CDC11, or CDC12 ( 31, 35, 61) . I ndeed, JPT194 showed no det ect abl e compl e-

ment at i on wi t h t est er st r ai ns car r yi ng t he cdcl l - 1 mut at i on, wher eas JPT23

and JPTA 1493 bot h f ai l ed t o compl ement t est er st r ai ns car r yi ng t he cdc12- 1

mut at i on. I n cont r ast , al l t hr ee mut ant s compl ement ed wel l wi t h t est er s car r yi ng

mut at i ons i n ot her CDCgenes. Cr osses of JPT194 t o a cdcl l - 1 st r ai n, of JPT23

t o a cdc12- 1 st r ai n, and of JPT23 t o JPTA1493 yi el ded no Ts* segr egant s i n

about 20 t et r ads anal yzed f or each cr oss. Thus, JPT194 har bor s a i s cdcl l

mut at i on, wher eas JPT23 and JPTA 1493 car r y i s cdc12 mut at i ons. As t hese

mut ant s wer e i sol at ed i ndependent l y of t he f i ve cdcl I mut ant s and f our cdc12

mut ant s r epor t ed pr evi ousl y ( 35) , t he mut ant al l el es ar e desi gnat ed cdcl l - 6,

cdc12- 5, and cdc12- 6, r espect i vel y ( Tabl e I ) .

Cul t ur es wer e gr own i n t he r i ch, gl ucose- cont ai ni ng medi um YM- P ( 49)

unl ess ot her wi se not ed . I n some exper i ment s, t he acet at e- cont ai ni ng gr owt h

medi umAC- 1 ( 49) was used wi t h no suppl ement al car bon sour ces . Al l cul t ur es

wer e i ncubat ed i n Er l enmeyer f l asks wi t h r ot ar y shaki ng ( - 170 r pm) , ei t her at

r oomt emper at ur e ( 24 ± 1° C) or i n a wat er bat h hel d at 36 ± 1° C.

St ai ni ng wi t h Fl uor ochr ome- l abel ed Phal l ot oxi ns : unl ess

ot her wi se not ed, t he f ol l owi ng pr ocedur e was used. Appr oxi mat el y l - 3 x 10,

exponent i al l y gr owi ng cel l s ( at about 10' cel l s/ ml ) or cdc mut ant cel l s bl ocked

i n t he cel l cycl e at 36° C ( but cont i nui ng t o gr ow at - - 5 x 106 cel l s/ ml ) wer e

har vest ed by cent r i f ugat i on, washed once i n di st i l l ed wat er , and f i xed i n 5 ml

of sol ut i on B ( 35 mM pot assi um phosphat e buf f er , pH 6. 8, t o whi ch MgC12

was added t o 0. 5 mM) pl us 0. 6 ml 37% f or mal dehyde f or 2 h at 24° C. The

cel l s wer e t hen washed t wi ce i n di st i l l ed wat er and r esuspended i n 2 ml of

phosphat e- buf f er ed sal i ne ( PBS) ( di l ut ed bef or e use f r om a 20- t i mes st ock

sol ut i on cont ai ni ng [ per l i t er ] 160 g NaCl , 4 g KCI , 22 . 8 g Na2HPOs, 4 g

KH2PO4 , and adj ust ed t o pH 7 . 3 wi t h 10 NNaOH) . 200 kl of cel l suspensi on

was t hen st ai ned wi t h 1 . 5 AMRh- phal l oi di n by addi ng I uI of a st ock sol ut i on

cont ai ni ng 0 . 4 mg/ ml Rh- phal l oi di n i n met hanol and i ncubat i ng f or 2- 3 h at

24° C. Thi s and al l ot her pr ocedur es usi ng f l uor ochr omes f or st ai ni ng wer e

car r i ed out i n t he dar k . The cel l s wer e t hen washed f i ve t i mes wi t h PBS by

cent r i f ugat i on, and t hecel l pel l et was f i nal l y r esuspended i n a dr op of mount i ng

medi um. Thi s medi um was pr epar ed by a modi f i cat i on of t he met hod of

Johnson and de C. Noguei r a Ar auj o ( 42) : 100 mg of p- phenyl enedi ami ne was

di ssol ved i n 10 ml PBS and t he sol ut i on was adj ust ed t o pH 9 wi t h 0. 1 N

NaOH; 90 ml of gl ycer ol was t hen mi xed i n. As not ed pr evi ousl y ( 42) , i t i s

essent i al t o st or e t he mount i ng medi um at - 20° Ci n t he dar k .

I n some exper i ment s, cel l s wer e per meabi l i zed wi t h det er gent al one. Cel l s

wer e har vest ed and washed as descr i bed above, t hen r esuspended i n I ml of

0. 2%Tr i t on X- 100 i n PBS pl us 5 ul of t he st ock sol ut i on of Rh- phaf l oi di n .

Af t er 20 mi n, t he cel l s wer e cent r i f uged and t hen washed t wi ce i n PBS t o

r emove det er gent . Fi nal l y, t he cel l s wer e r esuspended t o 200 ul i n PBS and

wer e f ur t her st ai ned wi t h 1 ul of t he st ock sol ut i on of Rh- phal l oi di n, washed,

and mount ed as descr i bed above .

I n ot her exper i ment s, cel l s wer e per meabi l i zed by f i xat i on, f ol l owed by
di gest i on of t he cel l wal l s, and f i nal l y t r eat ment wi t h det er gent . Cel l s wer e

har vest ed, washed, and t r eat ed wi t h f or mal dehyde as descr i bed above, but

f ol l owi ng f i xat i on, t he cel l s wer e cent r i f uged and t hen washed t hr ee t i mes i n

sol ut i on C ( sol ut i on B wi t h sor bi t ol added t o 1 . 2 M) . The cel l s wer e t hen

i ncubat ed i n 55 u1 Gl usul ase pl us 1 ml sol ut i on Cf or 2 h at 36° C. Next , t he

cel l s wer e washed t wi ce i n sol ut i on Cand t hen r esuspended i n 3 ml of 0. 2%
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TABLE I

Sacchar omyces cer evi si ae St r ai ns Used i n t hi s St udy

Tr i t on X- 100 i n PBS. Af t er 10 mi n, t he cel l s wer e cent r i f uged, washed t wi ce i n

PBS, and r esuspended i n 600 pl PBS. They wer e t hen st ai ned wi t h 3 pl of t he

st ock sol ut i on of Rh- phal l oi di n, washed, and mount ed as bef or e .

When NBD- phal l aci di n or FI TC- phal l oi di n was used t o st ai n cel l s, t he

pr ocedur es f or pr epar i ng t he cel l s wer e i dent i cal t o t hose j ust descr i bed, but t he

concent r at i ons of l abel ed phal l ot oxi ns wer e di f f er ent : NBD- phal l aci di n was

used at - 550 nM, wher eas an appr opr i at e concent r at i on of FI TC- phal l oi di n

was det er mi ned empi r i cal l y by t r i al di l ut i ons f r oma st ock of unknown concen-

t r at i on . I n addi t i on, p- phenyl enedi ami ne was not used wi t h NBD- phal l aci di n,

as i t di d not appr eci abl y r et ar d t he r api d phot obl eachi ng of t hi s subst ance .

Doubl e St ai ni ng wi t h FI TC- Con A and Rh- Phal l oi di n :

	

An

exponent i al l y gr owi ng popul at i on of st r ai n LH17012- HO1, JPT194- HO1, or

314- D5 was shi f t ed f r om 24° C t o 36° C at a cel l densi t y of - 4 x 106 cel l s/ ml .

Af t er 3- 4 h at 36° C, 1 ml of t he cul t ur e was cent r i f uged and washed once i n

sol ut i on D( 10 mMsodi umphosphat e buf f er , pH 7 . 2, t o whi ch NaCl was added

t o 150 mM) at 36° C. The cel l s wer e t hen i ncubat ed at 36° Ci n 1 . 5 ml of sol ut i on

Dt o whi ch 0 . 15 ml of t he I mg/ ml FI TC- Con A st ock had been added. Af t er

30 mi n, t he cel l suspensi on was di l ut ed i nt o 50 ml of f r esh gr owt h medi um

t hat had been pr ewar med t o 36° C. Hence, t he cel l s wer e al l owed t o r esume

gr owt h at 36° C i n t he pr esence of a much- r educed concent r at i on of unbound

FI TC- Con A. Af t er 30- 40 mi n of i ncubat i on under t hese condi t i ons, 6 ml of

37% f or mal dehyde was added t o t he cul t ur e . Af t er 30 mi n, t he cel l s wer e

col l ect ed by cent r i f ugat i on, washed t wi ce i n PBS, and r esuspended i n 400 JAI

PBS pl us 2 pl of t he st ock sol ut i on ( see above) of Rh- phal l oi di n . Af t er 30 mi n,

t he cel l s wer e cent r i f uged and washed t wi ce i n PBS, and t he pel l et was

r esuspended i n mount i ng medi umas descr i bed above.

St ai ni ng wi t h Ant i - Yeast - Tubul i n Ant i body :

	

Thr ee pr ocedur es

wer e empl oyed . I n t he f i r st , cel l s wer e per meabi l i zed wi t h f or mal dehyde,

Gl usul ase, and Tr i t on X- 100 as descr i bed above i n r ef er ence t o st ai ni ng wi t h

phal l ot oxi ns. They wer e t hen i ncubat ed f or 1 . 5 h at 24° C i n a r at monocl onal

ant i - yeast - t ubul i n ant i body pr epar at i on di l ut ed as descr i bed i n r ef er ence 44 .

Af t er washi ng, t he cel l s wer e i ncubat ed f or 1 . 5 h at 24° C i n appr opr i at el y

* Al l st r ai ns wer e mai nt ai ned as deep- f r ozen st ocks as descr i bed pr evi ousl y ( 62) .

' Most of t hese st r ai ns al so car r y nut r i t i onal mar ker s t hat ar e not l i st ed her e .

To const r uct t he homozygous mut ant di pl oi ds LH17012- HO1, JPT194- HO1, JPTA1493- HO1, and JPT163- HO1, each of t he mut ant st r ai ns 17012, JPT194,

JPTA1493, and JPT163 was cr ossed wi t h C276- 4A or C276- 4B, and appr opr i at e i s segr egant s wer e t hen cr ossed agai n t o C276- 4A or C276- 4B. ( Because of
t he pr esumed i sogeni ci t y of C276- 4A and C276- 4B [ 84] , t hese cr osses can be r egar ded as backcr osses . ) Homozygous di pl oi ds wer e t hen i sol at ed af t er
mat i ng appr opr i at e segr egant s f r om t he second backcr osses . St r ai ns 5011- HO1, JPT19- HO5, and LH104- HOl wer e const r uct ed si mi l ar l y f r om mut ant s 5011-

D6- J2D, JPT19, and 104, except t hat f i ve, f i ve, and f our successi ve backcr osses, r espect i vel y, wer e car r i ed out bef or e mat i ng appr opr i at e segr egant s and
i sol at i ng di pl oi d cl ones . Fr omt he f i r st backcr oss of 104, an excess of i s segr egant s, onl y some of whi ch gave r i se t o mul t i budded cel l s at 36° C, r ef l ect ed t he
segr egat i on of t he cdc3 and cdc43 i s mut at i ons pr esent i n 104 ( 35, 61 ; A. Adams, B. Sl oat , and J . Pr i ngl e, manuscr i pt i n pr epar at i on) . Fur t her backcr ossi ng of
an appr opr i at e segr egant f r om t hi s f i r st backcr oss yi el ded t et r ads showi ng 2 : 2 segr egat i ons f or t emper at ur e- sensi t i vi t y, and al l i s segr egant s pr oduced
mul t i budded cel l s at 36° C. Thus, each of t hese segr egant s car r i es a si ngl e, nucl ear , i s mut at i on i n gene CDC3 .

LH471 BD1- 1A i s an a i s segr egant obt ai ned f r om a cr oss of 471 wi t h C276- 4B.

' See r ef er ence 61 ; al so A. Adams, B. Sl oat and J . Pr i ngl e, manuscr i pt i n pr epar at i on .

* * To ver i f y t hat t hese put at i ve p° st r ai ns r eal l y l ack mi t ochondr i al DNA ( mt DNA) , we det er mi ned t hat t hey wer e unabl e t o gr ow i n AC- 1 medi um ( wher e
acet at e i s t he pr i nci pal car bon sour ce) , wher eas t he cor r espondi ng p+ par ent st r ai ns gr ew wel l i n t hi s medi um. Al so, we asked whet her mt DNA coul d be
i sol at ed f r om t hese st r ai ns, usi ng t he pr ocedur e of Hudspet h et al . ( 40) . As expect ed, t he t hr ee p+ st r ai ns al l gave r i se t o t wo cl ear bands on bi sbenzi mi de-
CsCl gr adi ent s ( one band cor r espondi ng t o mt DNA and t he ot her t o cont ami nat i ng nucl ear DNA) , wher eas t he t hr ee p° st r ai ns each yi el ded j ust a si ngl e
band ( i n a posi t i on cor r espondi ng t o t hat f or nucl ear DNA) .

=t Thi s st r ai n was obt ai ned by mat i ng CP1AB- 1AA wi t h CP1AB- 1BB and i sol at i ng a cl one t hat was abl e t o spor ul at e .

di l ut ed FI TC- conj ugat ed r abbi t ant i - r at - I gG ant i ser um. Af t er washi ng agai n,

t he cel l s wer e r esuspended i n a dr op of mount i ng medi umas descr i bed above.

The second pr ocedur e was si mi l ar t o t he f i r st except t hat t he det er gent t r eat ment

was omi t t ed and t he ant i body i ncubat i ons wer e car r i ed out on cel l s i mmobi l i zed

on pol yl ysi ne- coat ed sl i des ( 45) . The t hi r d pr ocedur e was appl i ed t o cdc mut ant

cel l s t hat wer e mor e r esi st ant t o per meabi l i zat i on t han wi l d- t ype cel l s . I t was

si mi l ar t o t he second pr ocedur e except t hat cel l s wer e f i xed i ni t i al l y di r ect l y i n

t he cul t ur e medi umand subsequent l y di gest ed wi t h a mi xt ur e of Gl usul ase and

Zymol yase ( cf. al so r ef er ence 44) . Ful l det ai l s of t hese pr ocedur es ar e avai l abl e

f r omt he aut hor s .

Fl uor escence Mi cr oscopy :

	

Cel l s wer e vi ewed and phot ogr aphed

usi ng a Lei t z Or t hopl an mi cr oscope equi pped f or r hodami ne and f l uor escei n

epi - i l l umi nat i on f l uor escence mi cr oscopy . NBD- phal l aci di n- st ai ned cel l s wer e

vi ewed wi t h t he same f i l t er as used f or f l uor escei n . Some cel l s wer e al so vi ewed

and phot ogr aphed i n br i ght f i el d, mer el y by swi t chi ng t he l i ght sour ce . Phot o-

gr aphs wer e made on Kodak Tr i - X pan f i l m, usi ng a 100x oi l - i mmer si on

obj ect i ve and a I OX phot o- eyepi ece . The exposur e t i mes f or cel l s st ai ned wi t h

Rh- phal l oi di n, FI TC- Con A, and FI TC- conj ugat ed ant i bodi es wer e 1 . 5 t o 2

mi n, 3 s, and 1 . 5 t o 2 mi n, r espect i vel y . Fi l mwas devel oped i n Di af i ne accor di ng

t o t he manuf act ur er ' s i nst r uct i ons.

El ect r on Mi cr oscopy :

	

Cel l s wer e pr epar ed f or el ect r on mi cr oscopy

f ol l owi ng t he pr ocedur es of Byer s and Goet sch ( 13 ; and per sonal communi ca-

t i on) . I n some sampl es, 35 pMphal l oi di n was i ncl uded i n t he gl ut ar al dehyde-

f i xat i on mi x . Ser i al sect i ons wer e vi ewed on a Phi l i ps EM 300 oper at ed at 60

kV.

Ot her Met hods :

	

Tot al cel l number s wer e est i mat ed f r omabsor bance

measur ement s at 660 nmas descr i bed by Pr i ngl e and Mor ( 62) . For nucl ear

st ai ni ng, cel l s wer e t r eat ed wi t h modi f i ed Hel l y' s f i xat i ve ( 65) , i mmobi l i zed on

pol yl ysi ne- coat ed mul t i wel l sl i des ( as descr i bed above) , st ai ned wi t h Gi emsa

( 65) , and phot ogr aphed i n br i ght f i el d usi ng a 100x obj ect i ve on a Zei ss

phot omi cr oscope. Adhesi on of cel l s t o sl i des wi t h pol yl ysi ne r at her t han egg

whi t e r educed bot h cl umpi ng of cel l s and backgr ound st ai ni ng, and t hus

St r ai n* Rel evant genot ype*

Sour ce

( r ef er ence) St r ai n* Rel evant genot ype

Sour ce

( r ef er ence)

C276 a/ a ( Ts* , pr ot ot r ophi c) J . Pr i ngl e ( 84) JPTA1493- HOI a/ a cdc12- 6/ cdc12- 6 '

C276- 4A a ( Ts* , pr ot ot r ophi c) J . Pr i ngl e ( 84) JPT19 a cdc24- 4 J . Pr i ngl e ( 71)

C276- 4B a ( Ts* , pr ot ot r ophi c) J . Pr i ngl e ( 84) JPT19- HO5 a/ a cdc24- 4/ cdc24- 4
s

314- D5 a/ a cdc4- 1/ cdc4- 1 L . Har t wel l ( 30, 35) 5011- D6- J2D a cdc24- 1 J . Pr i ngl e ( 71)

104 a cdc3- 1 cdc43- 1 L . Har t wel l ( 31, 35) 1 5011- HOI a/ a cdc24- 1/ cdc24- 1
s

LH104- HOl a/ a cdc3- 1/ cdc3- 1
s

JPT163 a cdc42- 1 J . Pr i ngl e'

17012 a cdc10- 1 L . Har t wel l ( 31, 35) JTP163- HOl a/ a cdc42- 1/ cdc42- 1
n, s

17012- 138 a/ a cdc10- 1/ cdc10- 1 L . Har t wel l ( 31) D6 a
p+

P. Per l man ( 73)

LHl 7012- HOl a/ a cdc10- 1/ cdc10- 1 D6p° a p° P. Per l man* *

332 a cdcl 1- 1 L. Har t wel l ( 31, 35) 5- 4/ 4 a
p+

P. Per l man ( 73)

332- D2 a/ a cdcl 1- 1/ cdcl 1- 1 L. Har t wel l ( 31) 5- 4/ 4po a P
o

P. Per l man* *

JPT194 a cdc 11- 6 see t ext N123 a
p+

P. Per l man ( 73)

JPT194- HOl a/ a cdc11- 6/ cdc11- 6
s

N123p* a p° P. Per l man* "

471 a cdc12- 1 L . Har t wel l ( 31, 35) CPI AB- 1AA a/ a ( Di pl oi d) C. Paqui n ( 58)

LH471 BD1- 1A a cdc12- 1 1 CPl AB- 113B al a ( Di pl oi d) C. Paqui n ( 58)

JPT23 a cdc12- 5 see t ext JPQP1 a/ a/ a/ a ( Tet r apl oi d)
t t

JPTA1493 a cdc12- 6 see t ext



f aci l i t at ed exami nat i on of i ndi vi dual st ai ned cel l s. Ti me- l apse phot omi cr oscopy

was car r i ed out as descr i bed by Har t wel l et al . ( 34) . Spher opl ast s wer e pr epar ed

by di gest i on of cel l wal l s f or 2 h at 36°Cwi t h gl usul ase di l ut ed 33 t i mes wi t h l

Msor bi t ol i n wat er .

RESULTS

St ai ni ng of Wi l d- t ype Cel l s wi t h Fl uor ochr ome-

l abel ed Phal l ot oxi ns

Most obser vat i ons of wi l d- t ype and mut ant cel l s wer e made

usi ng Rh- phal l oi di n and mount i ng t he cel l s i n a medi um

cont ai ni ng p- phenyl enedi ami ne as descr i bed i n Mat er i al s and

Met hods . Omi ssi on of t he p- phenyl enedi ami ne di d not

change t he pat t er ns of st ai ni ng obser ved, but t he mor e r api d

phot obl eachi ng made obser vat i on and ( especi al l y) phot o-

gr aphi c document at i on di f f i cul t .

When wi l d- t ype cel l s wer e st ai ned af t er f i xat i on wi t h f or m-

al dehyde onl y, or af t er f i xat i on wi t h f or mal dehyde f ol l owed

by t r eat ment wi t h Gl usul ase and Tr i t on X- 100 ( see Mat er i al s

and Met hods) , si mi l ar pat t er ns of f l uor escence wer e obser ved

( Fi g. 1, A and B) . Numer ous smal l pat ches or spot s wer e seen

di st r i but ed over t he cel l sur f ace ; t he cor t i cal l ocat i on of t hese

spot s was cl ear when t he mi cr oscope was f ocused up and

down . I n addi t i on, f i ber s wer e seen cour si ng t hr ough t he cel l s,

gener al l y i n a di r ect i on r oughl y par al l el t o t he l ong axes of

t he cel l s . I n unbudded cel l s, t her e was of t en a concent r at i on

of f l uor escence near one pol e ( Fi g. 1 A, cel l g) , and i n cel l s

wi t h ver y smal l buds t her e was gener al l y a pr onounced con-

cent r at i on of f l uor escence i n t he bud ( Fi g . 1 A, cel l s e and f ,

Fi g. 1 B, cel l a) . I n bot h cases, t he concent r at i on of f l uor es-

cence was usual l y r esol vabl e as a cl ust er of i ndi vi dual spot s .

I n cel l s wi t h medi um- si zed buds, t her e was t ypi cal l y a hi gher

concent r at i on of f l uor escent spot s i n t he bud t han i n t he

mot her cel l ( Fi g . 1 A, cel l s a- c ; Fi g . 1 B, cel l d) . Cel l s wi t h ver y

l ar ge buds of t en showed a concent r at i on of f l uor escence i n

t he neck r egi on, somet i mes appar ent l y as cl ust er s of spot s

( Fi g. 1 B, cel l s b and c) and somet i mes appar ent l y as a band

( Fi g. 1 A, cel l h) .

We bel i eve t hat at l east t he cel l s t r eat ed wi t h f or mal dehyde,

Gl usul ase, and Tr i t on X- 100 wer e compl et el y per meabl e t o

t he l abel ed phal l oi di n ( a smal l pept i de of mol ecul ar wei ght

1, 350) , and t hus t hat phal l oi di n- bi ndi ng st r uct ur es wer e bei ng

vi sual i zed r egar dl ess of t hei r l ocat i ons i n t he cel l s, because t he

same t r eat ment al l owed ant i bodi es t o penet r at e t o t he i nt er i or

of t he cel l s. I n par t i cul ar , i ndi r ect i mmunof l uor escence usi ng

ant i t ubul i n ant i body i n mi cr of uge t ubes ( Mat er i al s and Met h-

ods, f i r st ant i body pr ocedur e) r eveal ed mi cr ot ubul e st r uct ur es

si mi l ar t o t hose seen usi ng t he mul t i wel l - sl i de pr ocedur es

( Mat er i al s and Met hods, second and t hi r d ant i body pr oce-
dur es ; cf. Fi g. 3 Cher e and Fi gs . 3, 6, 7, and 8 of r ef er ence

44) . ( I t shoul d be not ed t hat t he mul t i wel l - sl i de pr ocedur es

ar e pr ef er abl e f or i mmunof l uor escence as t hey r equi r e l ess
ant i body and t he cel l s show l ess nonspeci f i c st ai ni ng. )

We i nvest i gat ed t he mi ni mumt r eat ment necessar y t o al l ow

l abel ed phal l ot oxi ns t o penet r at e i nt o t he cel l s . Li ve cel l s ar e
appar ent l y not per meabl e t o t he l abel ed phal l ot oxi ns : st ai ni ng

of cel l s t hat had si mpl y been r emoved f r om t he cul t ur e and

washed wi t h wat er r eveal ed f l uor escence i n onl y t wo of 1, 104

cel l s obser ved i n br i ght f i el d ( Fi g. 1, D and E) . We pr esume

t hat t hese except i onal cel l s had di ed and become per meabl e

bef or e st ai ni ng. I n cont r ast , ei t her f or mal dehyde f i xat i on
al one or det er gent t r eat ment al one al l owed st ai ni ng. A 2- h
f i xat i on wi t h f or mal dehyde was used r out i nel y ( Fi g . 1 A) , but

even a 5- mi n f i xat i on yi el ded si mi l ar st ai ni ng pat t er ns ( not

shown) , al t hough not al l cel l s wer e st ai ned i n t he l at t er case.

The ver y si mi l ar ( al bei t usual l y mor e pat chy) st ai ni ng pat t er ns

obser ved af t er det er gent t r eat ment onl y ( Fi g. 1 C) wer e di s-

pl ayed by onl y - 15%of t he cel l s, t he r est r emai ni ng unst ai ned

or ver y l i ght l y st ai ned . Al t hough we do not know t he r eason

f or t hi s het er ogenei t y, t hese r esul t s conf i r m t hat r emoval of

t he cel l wal l i s not essent i al f or st ai ni ng i f t he membr ane i s

per meabi l i zed ( wi t h ei t her f or mal dehyde of Tr i t on X- 100)

and i ndi cat e t hat t he st ai ni ng pat t er n obser ved i s not si mpl y

an ar t i f act of f or mal dehyde f i xat i on .

Addi t i onal cont r ol s i ndi cat ed t hat nei t her aut of l uor escence

nor nonspeci f i c bi ndi ng of f l uor ochr omes cont r i but ed si gni f i -

cant l y t o t he st ai ni ng pat t er ns obser ved . Cel l s t hat wer e t r eat ed

as t hose shown i n Fi g. 1 A, except wi t h t he omi ssi on of Rh-

phal l oi di n f r om t he st ai ni ng mi xt ur e, showed no aut of l uor es-
cence ( Fi g . 1, F and G) . To demonst r at e t he speci f i ci t y of t he

st ai ni ng r eact i on, f i xed cel l s wer e pr ei ncubat ed wi t h an excess
of unl abel ed phal l oi di n bef or e t he addi t i on of Rh- phal l oi di n.

As shown i n Fi g. 1, H and I , st ai ni ng was dr amat i cal l y
r educed. Mor eover , t he obser vat i on t hat st ai ni ng of cel l s
pr epar ed i n var i ous ways wi t h FI TC- phal l oi di n or NBD-
phal l aci di n yi el ded t he same pat t er ns of f l uor escence as ob-
ser ved wi t h Rh- phal l oi di n ( Fi g . 1 ; FI TC- phal l oi di n and NBD-
phal l aci di n dat a not shown) al so ar gues agai nst t he possi bi l i t y
t hat st ai ni ng i s due t o nonspeci f i c i nt er act i ons bet ween f l uo-
r ochr omes and some cel l ul ar component ( s) . Fi nal l y, t he ob-

ser vat i on t hat cel l s conver t ed t o spher opl ast s ( see Mat er i al s

and Met hods) bef or e f i xat i on wi t h f or mal dehyde and st ai ni ng
wi t h Rh- phal l oi di n showed pat t er ns of f l uor escence si mi l ar t o
t hose al r eady descr i bed i s f ur t her evi dence t hat t he cor t i cal
spot s ar e not due t o i nt er act i ons of t he phal l ot oxi ns or f l uo-

r ochr omes wi t h t he cel l wal l .

The di st r i but i on of f i l ament s and cor t i cal spot s was shown
t o be i ndi st i ngui shabl e i n st r ai ns of di f f er ent pl oi dy ( hapl oi d,
di pl oi d, and t et r apl oi d) and i n st r ai ns car r yi ng di f f er ent al l el es
at MAT, t he mat i ng t ype l ocus. Thus, st r ai ns C276- 4A, C276-
4B, CPI AB- I AA, CPI AB- 1BB, C276, and JPQP1 ( Tabl e I )
al l yi el ded i dent i cal pat t er ns of st ai ni ng . However , t he pat t er ns
of st ai ni ng wer e easi er t o r esol ve i n st r ai ns of hi gher pl oi dy
( hence l ar ger cel l si ze) .

The pat t er n of cor t i cal spot s seen i n wi l d- t ype cel l s i s
r emi ni scent of t hat seen when cel l s cont ai ni ng mi t ochondr i a
ar e st ai ned wi t h t he f l uor escent dye DAPI ( 4' , 6- di ami di no- 2-
phenyl i ndol e) , whi ch bi nds t o mt DNA ( 85) . However , t hr ee
1, p- st r ai ns l acki ng mt DNA yi el ded pat t er ns of spot s and
f i l ament s i dent i cal t o t hose of t hei r wi l d- t ype " p" ' par ent
st r ai ns af t er st ai ni ng wi t h NBD- phal l aci di n ( dat a not shown) ,
maki ng i t hi ghl y unl i kel y t hat t hese pat t er ns ar e i n any way
r el at ed t o t he pr esence of mi t ochondr i a or of mt DNA.

St ai ni ng wi t h Rh- phal l oi di n of

Mor phogenet i c Mut ant s

Yeast mut ant s def ect i ve i n t he mor phogenet i c event s of t he

cel l cycl e ( see our i nt r oduct i on) have been i sol at ed by

Har t wel l , Pr i ngl e, and t hei r col l abor at or s ( 30- 32, 34, 35, 61,
71) . Thr ee cl asses of t hese mut ant s wer e exami ned i n t hi s

st udy . i s mut ant s def ect i ve i n gene CDC24 or CDC42 ar e

unabl e t o bud at r est r i ct i ve t emper at ur e, but cont i nue gr owt h
and ( t o a var i abl e ext ent ) t he nucl ear cycl e of DNA synt hesi s
and nucl ear di vi si on ( 32, 35, 61) . Thus, t hese mut ant s ar r est
devel opment as l ar ge, unbudded cel l s t hat of t en cont ai n t wo

ADAMS AND PRI NGLE
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FI GURE 1

	

Fl uor escence and br i ght - f i el d mi cr ogr aphs of wi l d- t ype cel l s ( st r ai n C276) , i l l ust r at i ng t he pat t er ns ( A- E) and speci f i ci t y

( F- 1) of st ai ni ng wi t h Rh- phal l oi di n . Sampl es wer e pr epar ed and phot ogr aphed as descr i bed i n Mat er i al s and Met hods . A- D, F,

and H wer e phot ogr aphed wi t h t he same l enses and exposur e t i mes and wer e pr i nt ed at si mi l ar enl ar ger and exposur e set t i ngs .

( A- C) Composi t e f l uor escence mi cr ogr aphs of cel l s per meabi l i zed f or st ai ni ng by ( A) f i xi ng wi t h f or mal dehyde f or 2 h ; ( B) f i xi ng

wi t h f or mal dehyde f ol l owed by t r eat ment wi t h Gl usul ase and Tr i t on X- 100; ( C) t r eat i ng wi t h Tr i t on X- 100 al one . Lower - case

l et t er s i dent i f y cel l s r ef er r ed t o i n t he t ext . ( D and E) Fl uor escence ( D) and br i ght - f i el d ( E) mi cr ogr aphs of t wo cel l s st ai ned wi t hout

pr i or per meabi l i zat i on . ( F and G) Fl uor escence ( F) and br i ght - f i el d ( G) mi cr ogr aphs of cel l s t r eat ed as t hose shown i n A, except

t hat Rh- phal l oi di n was omi t t ed f r om t he st ai ni ng mi xt ur e . ( H and 1) Fl uor escence ( H) and br i ght - f i el d ( I ) mi cr ogr aphs of

f or mal dehyde- f i xed cel l s i n whi ch st ai ni ng by Rh- phal l oi di n was bl ocked by an excess of unl abel ed phal l oi di n . Cel l s wer e t r eat ed

as t hose shown i n A, except t hat af t er f i xat i on and washi ng, t hey wer e pr ei ncubat ed f or 20 mi n at r oom t emper at ur e wi t h 35 t M

phal l oi di n bef or e addi ng 1 . 5 uMRh- phal l oi di n . The cel l s wer e t hen i ncubat ed an addi t i onal 2 . 5 h i n t hi s mi xt ur e of l abel ed and

unl abel ed phal l oi di n bef or e washi ng and mount i ng by t he usual pr ocedur es. Bar s, 5 gm. ( A- 1) Appr oxi mat el y x 1, 400 .
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FI GURE 2

	

Fl uor escence and br i ght - f i el d mi cr ogr aphs of i s mor pho-

genet i c mut ant s af t er gr owt h at r est r i ct i ve t emper at ur e . The sampl es

wer e pr epar ed and phot ogr aphed as descr i bed i n Mat er i al s and

Met hods . ( A and B) Fl uor escence mi cr ogr aphs of st r ai ns ( A) JPT19-

H05 ( cdc24- 4/ cdc24- 4) and ( B) 5011- H01 ( cdc24- 1/ cdc24- 1) af t er

st ai ni ng wi t h Rh- phal l oi di n . An exponent i al l y gr owi ng popul at i on

of each st r ai n was shi f t ed f r om 24° C t o 36° C at a cel l densi t y of

- 3 x 106 cel l s/ ml . Af t er 2 h, a40- ml sampl e of each st r ai n was f i xed

and st ai ned as descr i bed f or t he cel l s i n Fi g. 1 A. Si mi l ar obser vat i ons

( not shown) wer e made wi t h st r ai n JPT163- H01 ( cdc42- 1/ cdc42- 1) .

( C and D) Br i ght - f i el d mi cr ogr aphs i l l ust r at i ng t he abnor mal mor -

phol ogi es of cel l s def ect i ve i n gene CDC3, CDC10, CDC11, or

CDC12. ( C) St r ai n 17012- D8 ( cdcl 0- 1l cdc10- 1) af t er sever al hour s

gr owt h on an agar sur f ace at 36° C ( par t of a t i me- l apse ser i es) ; t he

i nset i s a phase- cont r ast mi cr ogr aph of wi l d- t ype cel l s ( st r ai n C276)

t o i l l ust r at e nor mal bud mor phol ogy . ( D) St r ai n 332- D2 ( cdcl l - 1/

cdcl 1- 1) st ai ned wi t h Gi emsa af t er - 9 h at 36° C. ( E and F) Fl uor es-

cence mi cr ogr aphs of st r ai ns ( E) JPT194- H01 ( cdcl 1- 6/ cdcl 1- 6) and

( F) JPTA1493- H01 ( cdc12- 6l cdc12- 6) st ai ned wi t h Rh- phal l oi di n

af t er gr owt h at 36° C f or 4 and 2 h, r espect i vel y . Sampl es wer e

or mor e nucl ei . The cdc24 mut ant s ar e cl ear l y def ect i ve i n

mul t i pl e mor phogenet i c event s ( 71) , and t he cdc42 mut ant s,
al t hough l ess ext ensi vel y st udi ed, appear si mi l ar ( 61 ; A.
Adams, B. Sl oat , and J . Pr i ngl e, manuscr i pt i n pr epar at i on) .

i s mut ant s def ect i ve i n gene CDC3, CDC10, CDCI 1, or

CDC12 ar e unabl e t o compl et e cyt oki nesi s at r est r i ct i ve t em-

per at ur e, but under go mul t i pl e cycl es of buddi ng, DNA syn-

t hesi s, and nucl ear di vi si on ( 31, 35, 61) . The buds f or med ar e

abnor mal l y el ongat ed ( Fi g . 2Q, and t he cel l s devel op i nt o

mul t i nucl eat e, quasi - mycel i al f or ms ( Fi g . 2 D) . These mut ant s

have been shown t o be def ect i ve at r est r i ct i ve t emper at ur e

bot h i n f or mat i on of t he r i ng of 10- nm di amet er f i l ament s

t hat nor mal l y l i es adj acent t o t he cel l membr ane i n t he r egi on

of t he mot her - bud neck ( 15) and i n f or mat i on of t he r i ng of

chi t i n t hat nor mal l y f or ms i n t he cel l wal l i n t hi s r egi on ( A.
Adams and J. Pr i ngl e, manuscr i pt i n pr epar at i on) . Thus, t hese
mut ant s al so ar e def ect i ve i n sever al mor phogenet i c event s .
Fi nal l y, i s mut ant s def ect i ve i n gene CDC4 pr oduce mul t i pl e,
abnor mal l y shaped buds i n t he absence of a cont i nui ng nu-

cl ear cycl e, and t hus ar r est devel opment as mul t i budded,

uni nucl eat e cel l s ( 30, 35, 61) . I n addi t i on, t he t wo spi ndl e-
pol e bodi es t hat nor mal l y move apar t t o f or mt he pol es of t he
mi t ot i c spi ndl e r emai n unsepar at ed i n t he ar r est ed mut ant
cel l s ( 12) .

Exponent i al l y gr owi ng popul at i ons of di pl oi d st r ai ns def ec-
t i ve i n t hese genes wer e shi f t ed f r om per mi ssi ve ( 24° C) t o
r est r i ct i ve ( 36° C) t emper at ur e, and sampl es wer e st ai ned wi t h
Rh- phal l oi di n af t er 0, 2, and 4 h at r est r i ct i ve t emper at ur e .

The 0 h sampl es of t he sever al st r ai ns wer e i ndi st i ngui shabl e

f r omwi l d- t ype cel l s gr own at 24° C, except f or occasi onal cel l s

t hat had t he mut ant cel l ul ar mor phol ogi es . Af t er 2 h at 36° C,

t he l ar ge, unbudded cel l s of t he t hr ee CDC24 or CDC42

st r ai ns exami ned showed a r at her uni f or m di st r i but i on of

st ai ned spot s over t he ent i r e cel l sur f ace and f i ber s t hat had

no appar ent or i ent at i on ( Fi g. 2, A and B) . Af t er 4 h at 36 °C,

t he t hr ee st r ai ns st i l l appear ed si mi l ar t o each ot her . Many

cel l s wi t hi n each popul at i on had a r at her uni f or mdi st r i but i on

of cor t i cal spot s as bef or e, ot her s showed mor e pat chy ar r ays

of spot s, and st i l l ot her s ( pr obabl y dead, based on t hei r

cr i nkl ed appear ance under br i ght f i el d) yi el ded a dul l back-

gr ound of f l uor escence and f ew spot s . Af t er 2 or 4 h at 36° C,

most cel l s of t he cdc3, cdc10, cdcl l , cdc12, and cdc4 st r ai ns

exami ned had one or mor e el ongat ed buds . Bot h t he mot her s

and buds showed a r at her uni f or m di st r i but i on of st ai ned

spot s and f i ber s, except t hat at t he t i ps of t he maj or i t y of buds

i n each popul at i on wer e concent r at i ons of f l uor escence ( Fi g.

2E) , of t en r esol vabl e as cl ust er s of spot s by f ocusi ng up and

down . I n addi t i on, l ong f i ber s of t en seemed t o ext end f r om

t he mot her cel l s t o t he t i ps of t he buds ( Fi g . 2F) .

Doubl e St ai ni ng of Mut ant Cel l s wi t h FI TC- Con A

and Rh- phal l oi di n

On t he assumpt i on t hat st ai ni ng of yeast wi t h f l uor o-

chr ome- l abel ed phal l ot oxi ns i ndeed r eveal s t he i nt r acel l ul ar

di st r i but i on of act i n ( see Di scussi on) , t hen t he pat t er ns of

st ai ni ng i n wi l d- t ype ( Fi g . 1, A and B; see al so r ef er ence 44)

and mut ant cel l s ( Fi g . 2, E and F) suggest t hat t he act i n

pr epar ed as descr i bed above f or t he cdc24 st r ai ns ( A and B) . Si mi l ar

obser vat i ons ( not shown) wer e made wi t h st r ai ns LH104- H01 ( cdc3-

1/ cdc3- 1) and LH17012- H01 ( cdc10- 1/ cdcl 0- 1) , as wel l as wi t h

st r ai n 314- D5 ( cdc4- 1/ cdc4- 1 ; see Fi g . 3B) . Bar s, 7 pm. ( A, B, E, and

F) Appr oxi mat el y x 1, 200 . ( C and D) Appr oxi mat el y x 600 .
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net wor k may have a r ol e i n t he pol ar i zat i on of cel l - wal l gr owt h

i n buddi ng cel l s ( see Di scussi on) . To expl or e t hi s possi bi l i t y

f ur t her , we asked i f t her e wer e a cor r el at i on bet ween t he

pr esence of a hi gh concent r at i on of act i n at a par t i cul ar bud

t i p and t he occur r ence of act i ve gr owt h at t hat t i p. To di st i n-

gui sh bet ween gr owi ng and nongr owi ng t i ps, we empl oyed
st ai ni ng of cel l - wal l manman by FI TC- Con A, a pr ocedur e

devel oped by Tkacz and Lampen ( 77) t o demonst r at e t he

l ocal i zed deposi t i on of new mannan at t he t i ps of gr owi ng

nor mal buds . Thus, exponent i al l y gr owi ng popul at i ons of

st r ai ns LH17012- HOI , JPT194- HO1, and 314- D5 wer e shi f t ed

FI GURE 3 Fl uor escence mi cr ogr aphs of st r ai n 314- D5 ( cdc4- 1l

cdc4- 1) af t er gr owt h at r est r i ct i ve t emper at ur e, i l l ust r at i ng si t es of

cel l - wal l gr owt h and t he l ocal i zat i on of act i n and t ubul i n i n t he

mut ant cel l s . ( A and B) Fl uor escence mi cr ogr aphs of cel l s f i r st

st ai ned wi t h FI TC- Con A, t hen al l owed t o r esume gr owt h i n t he

pr esence of a much- r educed concent r at i on of unbound l ect i n, and

f i nal l y f i xed and st ai ned wi t h Rh- phal l oi di n ( see Mat er i al s and

Met hods) . ( A) FI TC- Con A st ai ni ng. Bot h act i vel y gr owi ng bud t i ps

( FI TC- Con A- dar k) and nongr owi ng bud t i ps ( FI TC- Con A- br i ght )

ar e seen . ( B) Rh- phal l oi di n st ai ni ng of t he cel l s shown i n A. Focusi ng

up and down r eveal ed some addi t i onal spot s and f i ber s, but no

maj or concent r at i ons of act i n ot her t han t hose vi si bl e i n t he mi cr o-

gr aph . Si mi l ar obser vat i ons wer e made ( Tabl e I I ) wi t h st r ai ns

LH17012- HOl ( cdc10- 1/ cdc10- 1) and JPT194- HOI ( cdcl l - 6/ cdcl l -

6) . ( C) Fl uor escence mi cr ogr aph of cel l s st ai ned i ndi r ect l y wi t h

monocl onal ant i - yeast - t ubul i n ant i body . A popul at i on gr owi ng ex-

ponent i al l y at - 3 x 10 6 cel l s/ ml was shi f t ed f r om 24° C t o 36° C.

Af t er 4 h, t he cel l s wer e pr epar ed f or st ai ni ng wi t h ant i bodi es, usi ng

ei t her t he second or t hi r d pr ocedur e descr i bed i n Mat er i al s and

Met hods . Bar s, 7 Am. ( A and B) Appr oxi mat el y x 1, 150 . ( C) , Ap-

pr oxi mat el y x 1, 600 .
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f r om24* Ct o 36° C, and af t er 3 t o 4 h at r est r i ct i ve t emper at ur e

wer e exposed t o FI TC- Con A ( see Mat er i al s and Met hods) .

The st ai ned cel l s wer e t hen al l owed t o r esume gr owt h at 36* C

f or 30- 40 mi n i n t he pr esence of a much r educed concent r a-
t i on of unbound l ect i n, and wer e t hen f i xed and st ai ned wi t h

Rh- phal l oi di n . As expect ed, some bud t i ps wer e FI TC- Con
A- dar k ( Fi g. 3A) , i ndi cat i ng t hat act i ve deposi t i on of new

( hence unst ai ned) cel l - wal l mat er i al had occur r ed at t hose t i ps

dur i ng t he 30- 40 mi n i ncubat i ons af t er r educi ng t he l ect i n

concent r at i on, whi l e ot her t i ps wer e FI TC- Con A- br i ght ( Fi g .
3A) , i ndi cat i ng t hat no expansi on of t hose t i ps had occur r ed

si nce t he st ai ni ng wi t h FI TC- Con A. Near l y al l t i ps t hat
showed evi dence of act i ve gr owt h al so di spl ayed hi gh concen-
t r at i ons of act i n, wher eas of t he t i ps t hat showed no evi dence
of act i ve gr owt h, onl y 24- 35% st ai ned i nt ensel y wi t h Rh-

phal l oi di n ( Fi gs . 3, A and B; Tabl e I I ) .

Local i zat i on of Tubul i n i n cdc4 Mut ant Cel l s

Fr equent l y, i ndi vi dual cel l s of al l t hr ee st r ai ns exami ned by

st ai ni ng wi t h FI TC- Con A showed evi dence of act i ve gr owt h

at t wo or mor e bud t i ps dur i ng t he 30- 40 mi n af t er di l ut i ng

t he l ect i n ( Fi g. 3A) . Gi ven t he evi dence t hat t he spi ndl e- pol e

body and ext r anucl ear mi cr ot ubul es ar e i nvol ved i n sel ect i ng

t he buddi ng si t e and i n al l owi ng t he subsequent sel ect i ve

gr owt h of t he bud ( 10- 13) , t hi s obser vat i on seemed unsur -

pr i si ng f or t he cdc10 and cdcl I st r ai ns, whi ch become mul t i -

nucl eat e, and hence possessed of mul t i pl e spi ndl e- pol e bodi es,

dur i ng i ncubat i on at 36* C ( Fi g. 2D) . However , i t seemed

sur pr i si ng t hat a cdc4 st r ai n coul d sust ai n gr owt h of t wo t i ps

si mul t aneousl y, as pr evi ous evi dence has i ndi cat ed t hat such

st r ai ns ar r est at 36* C wi t h one dupl i cat ed, but unsepar at ed,

spi ndl e- pol e body per cel l ( 12) . I t seemed possi bl e t hat t he

par t i cul ar subcl one of st r ai n 314- D5 used i n our exper i ment s

di d not behave as di d t he cdc4 st r ai ns st udi ed pr evi ousl y .

However , Gi emsa st ai ni ng on t hi s subcl one r eveal ed t hat at

l east 86% of t he cel l s wer e ar r est ed wi t h a si ngl e nucl eus,

whi l e ser i al - sect i on el ect r on mi cr oscopy on a di f f er ent sub-

cl one f r omt he same ( pr esumabl y homogeneous) f r ozen st ock

had r eveal ed t he expect ed ar r est at t he doubl e- spi ndl e- pol e-

body st age i n - 90% of t he cel l s exami ned. I t al so seemed

possi bl e t hat t he mul t i pl e FI TC- Con A- dar k t i ps obser ved on

314- D5 cel l s ( Fi g. 3A) mi ght have gr own successi vel y, r at her

t han si mul t aneousl y, dur i ng t he 30- 40 mi n al l owed f or

gr owt h subsequent t o st ai ni ng wi t h FI TC- Con A. However ,

TABLE I I

Doubl e- st ai ni ng of Cel l s wi t h FI TC- Con A and Rh- phal l oi di n*

St r ai n

314- D5 70 5 29 53

LH17012- HOI 65 5 16 52

JPT194- HOI 57 5 12 37

* The pr ocedur es ar e descr i bed i n Mat er i al s and Met hods . I n t hese exper i -
ment s, a var i abl e pr opor t i on of t he cel l s ( t ypi cal l y - 30%) appear ed t ot al l y

unst ai ned wi t h Rh- phal l oi di n, and wer e not i ncl uded i n t he count s .

As expl ai ned i n t he t ext and i l l ust r at ed i n Fi g . 3A, act i vel y gr owi ng t i ps
appear FI TC- Con A- dar k, whi l e nongr owi ng t i ps appear FI TC- Con A- br i ght .

Bud t i ps showi ng

act i ve gr owt h*

Bud t i ps not showi ng

act i ve gr owt h'

No . of t i ps No . of t i ps No . of t i ps No . of t i ps

st ai ned i n- not st ai ned st ai ned i n- not st ai ned

t ensel y i nt ensel y t ensel y i nt ensel y

wi t h Rh- wi t h Rh- wi t h Rh- wi t h Rh-

phal l oi di n phal l oi di n phal l oi di n phal l oi di n



t i me- l apse obser vat i ons ( pi ct ur es at 10- mi n i nt er val s) on 314-

D5 cel l s gr owi ng at r est r i ct i ve t emper at ur e appear ed t o con-

f i r m t hat i ndi vi dual cel l s coul d have t wo or mor e buds el on-

gat i ng si mul t aneousl y . I t t her ef or e seemed of consi der abl e

i nt er est t o exami ne t he di st r i but i on of ext r anucl ear mi cr ot u-

bul es i n mul t i budded 314- D5 cel l s by i ndi r ect i mmunof l uo-

r escence . The sur pr i si ng r esul t was t hat most such cel l s wer e

f ound t o cont ai n t wo or mor e set s of ext r anucl ear mi cr ot u-

bul es, appar ent l y emanat i ng f r oma si ngl e br i ght f ocus i n each

cel l ( pr esumabl y t he dupl i cat ed spi ndl e- pol e body; t he com-

mon or i gi n of t he set s of mi cr ot ubul es was especi al l y cl ear

when t he mi cr oscope was f ocused up and down) , and r unni ng

i nt o ( and of t en t o t he ver y t i ps of ) t he t wo or mor e buds

possessed by t he cel l s ( Fi g . 3C) . Unf or t unat el y, appar ent

het er ogenei t y i n t he ef f ect i veness of per meabi l i zat i on and

st ai ni ng of t hese mut ant cel l s made i t i mpossi bl e t o det er mi ne

whet her ever y bud ( and hence ever y gr owi ng bud) cont ai ned

a set of cyt opl asmi c mi cr ot ubul es, but our obser vat i ons appear

compat i bl e wi t h t hi s possi bi l i t y . I t was al so not possi bl e t o do

a doubl e- l abel exper i ment wi t h FI TC- Con A and ant i t ubul i n

ant i body, because of t he need t o r emove cel l wal l s i n or der t o

achi eve penet r at i on of t he cel l s by ant i bodi es .

El ect r on Mi cr oscopi c Vi sual i zat i on of Bundl es of

Fi l ament s That May Be Act i n

Al t hough pur i f i ed yeast act i n pol ymer i zes i n vi t r o i nt o

t ypi cal f i l ament s of - 7- nm di amet er ( 28, 44, 47) , no such

f i l ament s have been obser ved i n t he cel l s by el ect r on mi cr os-

copy . As t he cyt opl asmi c f i ber s vi sual i zed wi t h f l uor escent

phal l ot oxi ns ( Fi gs. 1- 3) and wi t h ant i act i n ant i bodi es ( 44)

pr esumabl y r epr esent bundl es of act i n f i l ament s r at her t han

si ngl e f i l ament s, i t seemed l i kel y t hat t he cor r espondi ng st r uc-

t ur es coul d be det ect ed el ect r on mi cr oscopi cal l y even agai nst

t he i mper f ect l y pr eser ved and r at her gr anul ar yeast cyt opl asm.

Accor di ngl y, we car r i ed out a sear ch f or t he expect ed f i l ament

bundl es af t er f i xi ng ei t her i n t he absence or t he pr esence of

phal l oi di n . ( Tr eat ment wi t h phal l oi di n has been r epor t ed t o

i mpr ove t he pr eser vat i on of act i n f i l ament s when f i xed i n

vi t r o and exposed t o osmi c aci d [ 27] . ) Bundl es of f i l ament s
( Fi g. 4) wer e i n f act f ound i n many cel l s i n t wo separ at e

exper i ment s . These bundl es wer e al ways f ound i n t he cyt o-

pl asm, but no consi st ent associ at i on bet ween t hem and t he

cel l membr ane or any i nt r acel l ul ar component was det ect ed.
The f i l ament s maki ng up t he bundl es appear ed t o be hel i cal

and <_ 10 nm i n di amet er . I n addi t i on, t hey seemed t o be i n

r egi st er , r eveal i ng a per i odi ci t y al ong t he l ong axi s of t he

bundl e t hat was cl ear i n sect i ons t hat had been cut par al l el t o

t he bundl es . The number of successi ve sect i ons i n whi ch a

par t i cul ar bundl e was vi si bl e var i ed f r om 2 t o about 15,
dependi ng l ar gel y on t he angl e at whi ch t he sect i ons had been
cut wi t h r espect t o t he di r ect i on i n whi ch t he f i l ament s wer e

or i ent ed . I n one exper i ment , bundl es of f i l ament s wer e f ound

i n 41 of 168 cel l s exami ned . As about 1/ 8 of t he vol ume of

each cel l was exami ned, on aver age, a t ypi cal cel l must cont ai n

at l east t wo of t hese f i l ament bundl es . Fi xat i on i n t he pr esence

or absence of phal l oi di n pr oduced no det ect abl e di f f er ences

i n t he appear ance or f r equency of t he f i l ament bundl es .

DI SCUSSI ON

Act i n Local i zat i on i n Wi l d- t ype Cel l s

The speci f i c bi ndi ng of phal l ot oxi ns t o F- act i n has been

wel l est abl i shed i n ot her syst ems ( 2, 3, 17, 20, 22, 55, 59, 81-

83, 87) , and i t has r ecent l y been shown t hat phal l oi di n can
i nt er act wi t h yeast act i n pol ymer i zed i n vi t r o ( 28) . The r esul t s
pr esent ed i n Fi g . 1 and t he associ at ed t ext i ndi cat e t hat t he

pat t er ns of f l uor escence obser ved i n yeast cel l s st ai ned wi t h

f l uor ochr ome- l abel ed phal l ot oxi ns ar e ( a) due t o st ai ni ng wi t h

t he l abel ed phal l ot oxi ns and not due t o aut of l uor escence; ( b)

obt ai ned onl y when t he cel l s ar e per meabi l i zed ; ( c) i ndi st i n-

gui shabl e ( except i n t he per cent ages of cel l s st ai ned) when

per meabi l i zat i on i s by any of sever al met hods, i ncl udi ng some

t hat omi t f or mal dehyde f i xat i on and some t hat ar e known t o

per meabi l i ze t he cel l s and nucl ei even t o mol ecul es as l ar ge

as ant i bodi es; ( d) due t o a speci f i c i nt er act i on bet ween t he

phal l ot oxi n moi et y and a cel l ul ar component ; ( e) appar ent l y

not dependent on t he pr esence of cel l wal l ; and ( f ) appar ent l y

not r el at ed t o t he di st r i but i on of mi t ochondr i a or t hei r ge-

nomes. Mor eover , si mi l ar st ai ni ng pat t er ns ar e obt ai ned usi ng

i ndi r ect i mmunof l uor escence wi t h an af f i ni t y- pur i f i ed ant i -

yeast - act i n ant i ser um ( 44) . Fi nal l y, t he f i ber s obser ved wi t h

Rh- phal l oi di n di sappear when a yeast mut ant car r yi ng a i s

mut at i on i n t he act i n gene i s i ncubat ed at r est r i ct i ve t emper -

at ur e ( P. Novi ck, D. Shor t i e, and D. Bot st ei n, per sonal com-

muni cat i on) . Thus, i t seems vi r t ual l y cer t ai n t hat bot h t he

phal l ot oxi n and ant i body pr obes ar e r el i abl y r eveal i ng t he

i nt r acel l ul ar di st r i but i on of act i n i n yeast .

The act i n f i ber s obser ved i n yeast appear si mi l ar t o t hose

seen i n many ot her cel l t ypes ( e . g . , 2, 3, 6, 9, 17, 55, 59, 70,

80, 81, 87) . The f i ber s ar e pr esumabl y bundl es of i ndi vi dual

act i n f i l ament s, and addi t i onal act i n f i l ament s may wel l be

pr esent ( si ngl y or i n smal l er bundl es) but not vi sual i zed by

t he pr ocedur es used her e ( cf . r ef er ence 36) . The cor t i cal spot s

obser ved i n yeast ar e a mor e unusual st ai ni ng pat t er n f or

act i n, al t hough not unpr ecedent ed ( see bel ow) . These spot s

do not di sappear when t he act i n mut ant i s i ncubat ed at

r est r i ct i ve t emper at ur e ( P. Novi ck, D. Shor t l e, and D. Bot -

st ei n, per sonal communi cat i on) , and t he possi bi l i t y r emai ns

open t hat t hey ar e an ar t i f act of some t ype . However , t he

behavi or of a si ngl e condi t i onal mut ant i s not st r ong evi dence
agai nst t he concl usi on t hat t he spot s cont ai n act i n, and we
f eel t hat t he wei ght of t he evi dence ( as summar i zed i n t he
pr ecedi ng par agr aph) st r ongl y suppor t s t he concl usi on t hat
t he spot s ar e a val i d f eat ur e of t he di st r i but i on of act i n i n
yeast . The possi bl e i dent i t y of t hese spot s wi t h t he act i n
par t i cl es pr oduced i n r esponse t o Cal + i n vi t r o ( 29) i s di scussed
i n r ef er ence 44 .

Al t hough har d evi dence i s l acki ng ( see t he di scussi on of

possi bl e f i ber - t o- spot connect i ons i n r ef er ence 44) , we specu-

l at e t hat t he put at i ve act i n spot s cor r espond t o si t es of an-

chor age of t he cyt opl asmi c net wor k of act i n f i l ament s t o t he

cel l membr ane . I t i s al so concei vabl e t hat at t achment s of t he

cel l membr ane t o t he cel l wal l occur at t hese si t es. Good

evi dence bot h f or such anchor age of t he act i n cyt oskel et on t o

t he pl asma membr ane and f or t r ansmembr ane at t achment s
l i nki ng t he cyt oskel et on t o basement membr anes or ot her
subst r at a has been obt ai ned i n many ot her syst ems, usi ng a

var i et y of t echni ques ( e. g . , 4, 5, 7- 9, 26, 50 ; 70, 74, 75, 80) .
The put at i ve at t achment si t es have not usual l y been seen as
spot s or pat ches usi ng f l uor escence mi cr oscopy wi t h act i n-
speci f i c pr obes . However , i n t r ansf or med cel l s i n whi ch t he
act i n st r ess f i ber s have di sappear ed or ar e l ess pr omi nent ,
act i n pat ches at t he si t es of cel l ul ar adhesi on pl aques have
been obser ved usi ng ant i act i n i mmunof l uor escence and f l uo-

r ochr ome- l abel ed phal l ot oxi ns ( 6, 17, 70) . Act i n- speci f i c f l uo-
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FI GURE 4

	

El ect r on mi cr ogr aphs of a wi l d- t ype cel l ( st r ai n C276) f i xed i n t he pr esence of phal l oi di n ( see Mat er i al s and Met hods) .

A bundl e of f i l ament s ( f ) , l ocat ed out si de t he nucl ear envel ope ( ne) , i s shown . The di amet er of t he f i l ament s i s cl ear l y l ess t han

t hat of t he mi cr ot ubul es ( mt ) of t he mi t ot i c spi ndl e . ( Al t hough t he spi ndl e- pol e body i s cl ear l y vi si bl e i n t hi s mi cr ogr aph,

cyt opl asmi c mi cr ot ubul es ar e not . ) ( I nset ) The same bundl e of f i l ament s at hi gher magni f i cat i on . Bar s, 200 nm. Appr oxi mat el y x

49, 000 . ( I nset ) Appr oxi mat el y x 70, 000.

r escent pr obes have al so r eveal ed cor t i cal pat ches, possi bl y

homol ogous t o t hose descr i bed her e, i n l i vi ng and f i xed mouse

macr ophages ( 1) , i n mouse embr yo cel l s ( 48) , and i n t he

hyphae of a f i l ament ous f ungus ( 37) .

The bundl es of f i l ament s obser ved el ect r on mi cr oscopi cal l y

( Fi g . 4) may cor r espond t o t he f i ber s seen by f l uor escence

mi cr oscopy . Al t hough we obser ved f i l ament bundl es at a

f r equency t hat woul d ext r apol at e t o onl y about t wo bundl es

per cel l ( see Resul t s) , i t i s l i kel y t hat we obser ved onl y a subset

of t he bundl es : bundl es t hat wer e or i ent ed t oo near l y per pen-

di cul ar l y t o t he pl ane of sect i oni ng, t hat cont ai ned smal l

number s of f i l ament s, or t hat wer e poor l y pr eser ved dur i ng

pr epar at i on f or el ect r on mi cr oscopy ( 27) woul d pr obabl y not

have been det ect ed . The mor phol ogy of t hese f i l ament bun-

dl es r esembl es somewhat t hat of act i n f i l ament s ar r anged i n

" par acr yst al l i ne ar r ays" ; such ar r ays have been f ound i n a
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var i et y of cel l t ypes ( 18, 19, 76) and ar e al so f or med i n vi t r o

when act i n i s pol ymer i zed i n t he pr esence of a hi gh concen-

t r at i on of M9CI Z ( 18, 72) . A pr obl em wi t h t hi s i nt er pr et at i on

i s t hat nei t her t he di amet er of t he yeast f i l ament s ( appar ent l y

cl oser t o 10 t han t o 7 nm) nor t he per i odi ci t y of t he st r i at i ons

i n t he yeast bundl es ( appar ent l y cl oser t o 120 t han t o 35 nm)

cor r esponds wel l t o what has been obser ved i n ot her syst ems .

However , i t seems possi bl e t hat di f f er ences i n t he act i ns

t hemsel ves or i n accessor y pr ot ei ns i nvol ved i n pol ymer i za-

t i on coul d account f or t hese di scr epanci es . Mor e def i ni t e

i dent i f i cat i on of t he f i l ament s obser ved el ect r on mi cr oscopi -

cal l y i n yeast as act i n must awai t t hei r successf ul decor at i on

wi t h myosi n subf r agment s or wi t h appr opr i at e ant i bodi es . We

obser ved not hi ng wi t h t he el ect r on mi cr oscope t hat appear s

t o cor r espond t o t he put at i ve act i n spot s obser ved by f l uor es-

cence.



No evi dence was obt ai ned f or an associ at i on of act i n wi t h

t he 10- nmf i l ament s of t he neck r egi on, as di scussed i n det ai l

i n r ef er ence 44 .

Possi bl e Rol e f or Act i n i n t he Local i zat i on of

Secr et i on i n Yeast

Dur i ng t he cel l cycl e of wi l d- t ype yeast cel l s, t he bud gr ows

whi l e t he mot her cel l does not ( 33, 43, 71) , and t he deposi t i on

of new cel l - wal l const i t ut ent s, as wel l as t he secr et i on of ot her

mat er i al s, i s l ocal i zed t o t he bud and ( f or much of t he per i od

of bud enl ar gement ) t o i t s t i p ( 21, 23, 41, 71, 77, 78) . These

phenomena appear homol ogous t o t he l ocal i zed gr owt h ob-

ser ved at hyphal t i ps i n mycel i al f ungi ( 21, 38, 39) . Thi s

pol ar i zat i on of gr owt h and l ocal i zat i on of secr et i on ar e be-

l i eved t o occur pr i mar i l y, i f not excl usi vel y, by means of a

di r ect ed movement of one or mor e cl asses of secr et or y vesi cl es

t o t he appr opr i at e si t es on t he cel l sur f ace ( 11- 13, 21, 39, 51,

56, 66, 67) . The pat t er ns of act i n l ocal i zat i on dur i ng t he cel l

cycl e of wi l d- t ype cel l s ( Fi g. 1 and r ef er ence 44) suggest t hat

act i n may pl ay a r ol e i n t hi s di r ect ed movement of secr et or y

vesi cl es ( see det ai l ed di scussi on i n r ef er ence 44) ; a si mi l ar

suggest i on has been made f or hyphal f ungi based on el ect r on

mi cr oscopi c obser vat i ons of mi cr of i l ament l ocal i zat i on ( 38) .

The r esul t s obt ai ned wi t h i s mor phogenet i c mut ant s ( Fi gs .

2 and 3) st r ongl y suppor t t hese suggest i ons. Two mut ant s t hat

ar e def ect i ve i n buddi ng and deposi t new cel l - wal l mat er i al s

i n a del ocal i zed f ashi on di spl ay nonpol ar i zed di st r i but i ons of

act i n spot s and f i ber s ( Fi g. 2, A and B) . I n cont r ast , sever al

mut ant s t hat pr oduce abnor mal l y el ongat ed buds ( Fi g . 2, C

and D) , pr esumabl y because of an exagger at ed pol ar i zat i on of

bud gr owt h ( 21) , al so showwhat appear s t o be an exagger at i on

of t he pol ar i zat i on of act i n l ocal i zat i on t hat i s obser ved i n

wi l d- t ype cel l s wi t h smal l and medi um- si zed buds ( Fi g. 1 ;

r ef er ence 44) . That i s, act i n f i ber s of t en conspi cuousl y r un

t he l engt hs of t he l ong buds ( Fi gs . 2 F and 3B) , whi l e t he

put at i ve act i n spot s ar e conspi cuousl y cl ust er ed at t he t i ps of

most buds. Par t i cul ar l y convi nci ng evi dence f or t he suggest ed

i nvol vement of act i n i n pr oduci ng pol ar i zed gr owt h and

secr et i on i n yeast i s t he st r ong cor r el at i on bet ween t he occur -

r ence of cl ust er s of act i n spot s at par t i cul ar bud t i ps and t he

occur r ence of act i ve gr owt h at t hose same t i ps ( Fi g . 3, A and

B; Tabl e I I ; and associ at ed t ext ) . The mi nor i t y of bud t i ps

t hat showed concent r at i ons of act i n but no cl ear evi dence of

act i ve gr owt h may wel l have been j ust begi nni ng t o gr ow

when t hey wer e f i xed ; t he t i p at t he upper l ef t of t he t op cel l

i n Fi g. 3, A and B, appear s t o be an exampl e, as ( at l east i n

t he or i gi nal phot ogr aph) i t shows unmi st akabl e, but ver y

modest , t r aces of FI TC- Con A- dar kness t o cor r espond t o i t s

cl ust er of act i n. Al t er nat i vel y, t i p gr owt h may wel l be depend-

ent on ot her f act or s i n addi t i on t o an appr opr i at e di st r i but i on

of act i n . The ver y f ew ( but pot ent i al l y mor e t r oubl esome) t i ps

t hat showed cl ear evi dence of act i ve gr owt h, but no demon-

st r abl e concent r at i ons of act i n, pr obabl y wer e i nadequat el y

st ai ned wi t h t he Rh- phal l oi di n. ( I n addi t i on t o t he cel l s t hat

appear ed t ot al l y unst ai ned wi t h Rh- phal l oi di n [ Tabl e I I I , a

f ew cel l s i n each of t hese exper i ment s had par t i cul ar buds t hat

appear ed poor l y st ai ned . ) I t i s al so possi bl e t hat t hese t i ps had

ceased t o gr ow, and t he act i n had become r edi st r i but ed, pr i or

t o f i xat i on ; r ecal l t hat 30- 40 mi n wer e al l owed f or gr owt h

af t er exposur e t o t he FI TC- Con A.

Possi bl e Rol es of t he Cyt opl asmi c Mi cr ot ubul es

Byer s and Goet sch have pr oposed ( 11- 13) t hat t he cyt o-

pl asmi c mi cr ot ubul es ar e i nvol ved i n t he di r ect ed movement

of secr et or y vesi cl es t o t he gr owi ng bud . Thi s pr oposal was

based on el ect r on mi cr oscopi c obser vat i ons of nor mal , mu-

t ant , and cent r i f ugal l y per t ur bed cel l s . I n par t i cul ar , bud

emer gence and t he ear l y st ages of bud gr owt h wer e f ound t o

occur i n cel l s wi t h dupl i cat ed, but unsepar at ed, spi ndl e- pol e

bodi es . I n such cel l s, t he doubl e spi ndl e- pol e body was al ways

f ound t o be or i ent ed t owar d t he bud si t e, and t he cyt opl asmi c

mi cr ot ubul es r an f r om t he spi ndl e- pol e body i nt o t he bud,

of t en seemi ng ( at l east super f i ci al l y) t o be associ at ed wi t h t he

secr et or y vesi cl es t hat wer e concent r at ed t her e. Si mi l ar l y, bot h

el ect r on mi cr oscopi c obser vat i ons and i nhi bi t or exper i ment s

have suggest ed a possi bl e r ol e f or mi cr ot ubul es i n t he t i p

gr owt h of hyphal f ungi ( 38, 39) .

The i mmunof l uor escence obser vat i ons on cyt opl asmi c- mi -

cr ot ubul e di st r i but i on i n wi l d- t ype and mut ant yeast cel l s

si gni f i cant l y ext end t he cor r el at i ons obser ved pr evi ousl y by

el ect r on mi cr oscopy, and t hus appear t o suppor t t he pr oposal

of Byer s and Goet sch ( 11- 13) . I n par t i cul ar , i t i s now cl ear

t hat t he or i ent at i on of cyt opl asmi c mi cr ot ubul es t owar d t he

bud si t e i n wi l d- t ype cel l s i s mai nt ai ned af t er spi ndl e- pol e

body separ at i on and spi ndl e f or mat i on, unt i l t he nucl eus i t sel f

mi gr at es i nt o t he bud ( Fi g . 3 of r ef er ence 44 and t he associ at ed

t ext ) . Mor eover , cdc4 mut ant cel l s, whi ch pr oduce mul t i pl e

buds whi l e ar r est ed wi t h a dupl i cat ed, but unsepar at ed, spi n-

dl e- pol e body, appear bot h t o be abl e t o sust ai n t he gr owt h of

sever al bud t i ps si mul t aneousl y ( Fi g. 3A and associ at ed t ext )

and t o possess a di scr et e bundl e of cyt opl asmi c mi cr ot ubul es

i n each gr owi ng bud ( Fi g. 3 C) , al t hough i t shoul d be not ed

t hat exper i ment al l i mi t at i ons ( see Resul t s) make t hese concl u-

si ons somewhat t ent at i ve.

Asl i ght pr obl emf or t he hypot hesi s of mi cr ot ubul e i nvol ve-

ment i n pol ar i zed gr owt h i n yeast i s t hat t he cyt opl asmi c

mi cr ot ubul es i n cel l s wi t h shor t i nt r a- mot her - cel l - spi ndl es

wer e onl y r ar el y obser ved t o ext end t o t he t i ps of t he buds

( 44) , al t hough i n such cel l s t i p gr owt h of t he buds shoul d be

occur r i ng ( 21, 41, 71, 77, 78) . However , t hi s coul d be a

vi sual i zat i on pr obl em, and i t i s st r i ki ng t hat i n cdc4 cel l s,

whi ch show an exagger at ed t i p gr owt h, t he cyt opl asmi c mi -

cr ot ubul es usual l y di d appear t o r un al l t he way t o t he t i ps of

t he buds ( Fi g. 3 C) .

A mor e ser i ous pr obl em f or t he hypot hesi s at i ssue i s posed

by exper i ment s i n whi ch mi cr ot ubul e i nhi bi t or s have appar -

ent l y ar r est ed cel l di vi si on t o pr oduce a homogeneous popu-

l at i on of l ar ge- budded cel l s ( 64, 86) , suggest i ng t hat t he emer -

gence and sel ect i ve gr owt h of t he bud ar e i ndependent of

mi cr ot ubul e f unct i on . However , t he evi dence t hat cyt opl as-

mi c mi cr ot ubul es wer e i ndeed abol i shed i n t hese st udi es ap-

pear s i nconcl usi ve . Nonet hel ess, i t shoul d be not ed t hat an

al t er nat i ve hypot hesi s as t o t he r ol e of t he cyt opl asmi c mi cr o-

t ubul es i s equal l y compat i bl e wi t h t he evi dence f r om posi -

t i onal cor r el at i ons ( except possi bl y t he obser vat i ons on cdc4)

and not i n appar ent conf l i ct wi t h t he i nhi bi t or st udi es j ust

ci t ed . That i s, t he cyt opl asmi c mi cr ot ubul es may be i nvol ved

i n t he nucl ear mi gr at i on ( i nt o t he mot her - bud neck) or spi ndl e

or i ent at i on, or bot h, t hat ar e necessar y t o ensur e t hat each

daught er cel l get F, a nucl eus dur i ng cel l di vi si on . I n t hi s r egar d,

i t shoul d be not ed t hat st r ong evi dence has been pr esent ed

f or t he i nvol vement of mi cr ot ubul es i n nucl ear mi gr at i on i n
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Asper gi l l us hyphae ( 57) . I mmunof l uor escence st ai ni ng of cy-

t opl asmi c mi cr ot ubul es may assi st ef f or t s t o def i ne mor e

pr eci sel y t he r ol es of t he cyt opl asmi c mi cr ot ubul es i n yeast

usi ng i nhi bi t or s and t ubul i n mut ant s ( 53) .
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