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Abst r act . The est abl i shment of cel l pol ar i t y was ex-

ami ned i n t he buddi ng yeast , S. cer evi si ae. The di st r i -

but i on of a pol ar i zed pr ot ei n, t he SPA2 pr ot ei n, was

f ol l owed t hr oughout t he yeast cel l cycl e usi ng synchr o-

ni zed cel l s and cdc mut ant s . The SPA2 pr ot ei n l ocal i zes

t o a pat ch at t he pr esumpt i ve bud si t e of G1 cel l s .

Lat er i t concent r at es at t he bud t i p i n budded cel l s . At
cyt oki nesi s, t he SPA2 pr ot ei n i s at t he neck bet ween

t he mot her and daught er cel l s . Anal ysi s of unbudded

hapl oi d cel l s has suggest ed a ser i es of event s t hat oc-

cur s dur i ng GI . The SPA2 pat ch i s est abl i shed ver y

ear l y i n GI , whi l e t he spi ndl e pol e body r esi des on

t he di st al si de of t he nucl eus . Lat er , mi cr ot ubul es em-

anat i ng f r om t he spi ndl e pol e body i nt er sect t he SPA2

cr escent , and t he nucl eus pr obabl y r ot at es t owar ds t he

SPA2 pat ch . By mi ddl e G1, most cel l s cont ai n t he SPB

on t he si de of t he nucl eus pr oxi mal t o t he SPA2 pat ch,

and a l ong ext r anucl ear mi cr ot ubul e bundl e i nt er sect s

t hi s pat ch . We suggest t hat a mi cr ot ubul e capt ur e si t e

exi st s i n t he SPA2 st ai ni ng r egi on t hat st abi l i zes t he

l ong mi cr ot ubul e bundl e ; t hi s capt ur e si t e may be r e-

HE est abl i shment of cel l pol ar i t y i s a f undament al
pr ocess i n eukar yot es . Var i ous eukar yot i c cel l s ex-
hi bi t pol ar i zed cel l gr owt h and many cel l s exhi bi t po

l ar i zed di vi si ons, a separ at e but r el at ed pr ocess, i n whi ch

cel l s under go di vi si on i n a speci f i c pl ane.
Yeast exhi bi t s bot h pol ar i zed cel l gr owt h andpol ar i zed cel l

di vi si ons and ar e usef ul model or gani sms f or st udyi ng t hese
pr ocesses . Lat e i n Gl of each cel l cycl e, a new bud f or ms at
a speci f i c si t e on t he edge of t he cel l . The bud enl ar ges
t hr oughout t he r emai nder of t he cel l cycl e, and t he si ze of
t he bud r oughl y i ndi cat es t he posi t i on of t he cel l wi t hi n t he
cel l cycl e . Hapl oi d cel l s and most new a/ a di pl oi d mot her
cel l s pr ef er ent i al l y under go axi al buddi ng i n whi ch a new

bud f or ms near t he ol d bud si t e or bi r t h scar ( i . e . , next t o
t he pr evi ous si t e of cyt oki nesi s) ( Fr ei f el der , 1960 ; Snyder ,
1989) . Di pl oi d daught er cel l s exhi bi t di st al buddi ng i n whi ch
a bud f or ms on t he si de of t he cel l opposi t e t he bi r t h scar .
I n cel l s t hat under go axi al buddi ng a r eor i ent at i on event oc-
cur s dur i ng GI . I n t he begi nni ng of Gl , t he spi ndl e pol e body
( SPB) ' l i es di st al t o t he si t e of cyt oki nesi s . Somet i me dur -

1 . Abbr evi at i on used i n t hi s paper : $PB, spi ndl e pol e body.
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sponsi bl e f or r ot at i on of t he nucl eus. Cel l s cont ai ni ng

a pol ar i zed di st r i but i on of t he SPA2 pr ot ei n al so pos-

sess a pol ar i zed di st r i but i on of act i n spot s i n t he same

r egi on, al t hough t he act i n st ai ni ng i s much mor e di f -

f use . Mor eover , cdc4 mut ant s, whi ch f or m mul t i pl e

buds at t he r est r i ct i ve t emper at ur e, exhi bi t si mul t ane-
ous st ai ni ng of t he SPA2 pr ot ei n and act i n spot s i n a
subset of t he bud t i ps . spa2 mut ant s cont ai n a pol ar i zed

di st r i but i on of act i n spot s, and act l l and act l - 2 mu-
t ant s of t en cont ai n a pol ar i zed di st r i but i on of t he SPA2
pr ot ei n suggest i ng t hat t he SPA2 pr ot ei n i s not r equi r ed
f or l ocal i zat i on of t he act i n spot s and t he act i n spot s ar e
not r equi r ed f or l ocal i zat i on of t he SPA2 pr ot ei n . cdc24
mut ant s, whi ch f ai l t o f or mbuds at t he r est r i ct i ve t emper -

at ur e, f ai l t o exhi bi t pol ar i zed l ocal i zat i on of t he SPA2

pr ot ei n and act i n spot s, i ndi cat i ng t hat t he CDC24 pr o-

t ei n i s di r ect l y or i ndi r ect l y r esponsi bl e f or cont r ol l i ng

t he pol ar i t y of t hese pr ot ei ns . Based on t he cel l cycl e

di st r i but i on of t he SPA2 pr ot ei n, a " cyt oki nesi s t ag"

model i s pr oposed t o expl ai n t he mechani smof t he non-

r andomposi t i oni ng of bud si t es i n hapl oi d yeast cel l s .

i ng GI , i t ei t her moves t o t he opposi t e si de of t he nucl eus or
t he ent i r e nucl eus r ot at es so t hat by t he end of GI , t he SPB
i s di r ect l y f aci ng t he bud, and ext r anucl ear mi cr ot ubul es ex-
t end f r om t he SPB i nt o t he nascent bud ( Byer s, 1981) . I t i s
not known when dur i ng t he cel l cycl e t he yeast cel l commi t s
t o pol ar i zed gr owt h, how t he cel l posi t i ons t he i nci pi ent bud
si t e, or how t he SPB/ nucl ear r eor i ent at i on occur s .

Sever al di f f er ent component s have now been i dent i f i ed t hat
accumul at e at t he i nci pi ent bud si t e . Act i n spot s concent r at e
t owar ds one edge of t he unbudded cel l and wi t hi n t he bud
i n budded cel l s ( Adams and Pr i ngl e, 1984 ; Dr ubl i n, 1990 ;
Ki l mar t i n and Adams, 1984 ; Novi ck and Bot st ei n, 1985) .
The CDC3, CDCI 0, and CDC12 gene pr oduct s and chi t i n
al so accumul at e at t he pr esumpt i ve bud si t e ( Ki m et al . ,
1991 ; Hayashi be and Kat ohda, 1973) ; t hese component s r e-
mai n as a r i ng sur r oundi ng t he bud neck and appear t o be
i nvol ved i n cyt oki nesi s ( Haar er and Pr i ngl e, 1987) .

The l ocal i zat i on of component s t o t he i nci pi ent bud si t e of
yeast may be di r ect l y or i ndi r ect l y cont r ol l ed by sever al
genes t hat ar e i mpor t ant f or bud f or mat i on . Cel l s wi t h t em-
per at ur e- sensi t i ve mut at i ons i n any of t hr ee genes, CDC24,

515



Tabl e L St r ai n Li st

A364A st r ai ns ( der i ved f r om t hose of Dr . L . Har t wel l ) :

Y145

Y567

Y146/ Y147

Y150/ Y 151

Y561

Y562

Y563

Y564

Y565

Y566

Y585

Y588

Y533

Y590

CDC42, or CDC43, f ai l t o f or mbuds at t he r est r i ct i ve t em-

per at ur e but cont i nue t o under go nucl ear di vi si on ( Sl oat and

Pr i ngl e, 1978 ; Sl oat et al . , 1981 ; Adams et al . , 1990) . Each

of t hese mut ant s ar r est s as l ar ge r ound unbudded cel l s and

exhi bi t s a r andomdi st r i but i on of chi t i n and act i n . The CDC24

pr ot ei n i s al so i nvol ved i n bud si t e sel ect i on ; sever al t emper -

at ur e sensi t i ve cdc24 mut ant s exhi bi t r andombuddi ng pat -

t er ns at t he per mi ssi ve t emper at ur e ( Sl oat et al . , 1981) .

Thus, t he CDC24 pr ot ei n di r ect l y or i ndi r ect l y cont r ol s bud-

di ng i n t hr ee i nt er r el at ed ways : t he est abl i shment of t he i n-

ci pi ent bud si t e, t he l ocal i zat i on of di f f er ent component s t o

t hat si t e, and t he i ni t i at i on of bud f or mat i on .

The SPA2 pr ot ei n of yeast l ocal i zes at t he i nci pi ent bud si t e

and at si t es of cel l gr owt h, and i t pl ays a r ol e i n buddi ng

( Snyder , 1989 ; Gehr ung and Snyder , 1990) . I n unbudded

cel l s a shar p cr escent pat ch of t he SPA2 pr ot ei n f or ms at one

edge of t he cel l , and i n budded cel l s t he pr ot ei n l ocal i zes t o

t he bud t i p . I n addi t i on t o i t s pol ar i zed l ocal i zat i on i n veget a-

t i vel y gr owi ng cel l s, t he SPA2 pr ot ei n exhi bi t s a pol ar i zed

di st r i but i on i n yeast cel l s pr epar i ng t o mat e . When hapl oi d

yeast cel l s ar e t r eat ed wi t h mat i ng pher omone, t he cel l s ar -

r est i n l at e GI and a pr oj ect i on gr ows out f r omone edge of

t he cel l s ; t he SPA2 pr ot ei n l ocal i zes t o t he t i p of t he pr oj ec-

t i on . Di sr upt i on of t he SPA2 gene r esul t s i n vi abl e cel l s t hat

ar e sl i ght l y r ounder t han wi l d- t ype cel l s . spa2 mut ant s ex-
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MATa hi s 7 ur al

MATa hi s7 ur al

MATa ur a3- 52 ade2- 101 t r pl - 289 l eu2- 3, 112 can] sap3 hi s7

MATa cdc2- 2 hi s7 ur al

MATa cdc2- 2 hi s7 hom3 canl sap3

MATa cdc5- 1 hi s7 ur al

MATce cdc5- 1 hi s7 hom3 can] sap3

MATa cdc13- 1 hi s7 ur al

MATa cdc] 3- 1 hi s7 hom3 canl sap3

MATa cdc14- 1 hi s7 ur a]

MATce cdc14- 1 hi s 7 hom3 can I sap3

MATa cdc15- 2 hi s7 ur al

MATa cdc15- 2 hi s 7 hom3 cant sap3

MATa cdc16- 1 hi s7 ur al

MATce cdcl 6- 1 hi s 7 hom3 can I sap3

MATa cdc17- 1 hi s7 ur al

MATcr cdcl 7- 1 hi s 7 hom3 can I sap3

MATa cdc28- 1 hi s7 ur a]

MA Ta cdc28- 1 hi s 7 hom3 can I sap3

MATa cdc4- 1 hi s7 ur al

MA Ta cdc4- 1 hi s7 hom3 can I sap3

MATa cdc24- 2 ur al ade2 adel t yr l gal l l ys2 hi s7

MATa cdc24- 2 hi s7 hom3 can]

MATa cdc24- 3 ur al ade2 ade] t yr l gal l l ys2 hi s7

MATa cdc34- 1 ur al ade2 adel t yr l gal l l ys2 hi s7

MATa cdc34- 1 ur al l ys ade2 adel

hi bi t r educed f i del i t y of axi al buddi ng i n bot h hapl oi d cel l s

and di pl oi d cel l s . They al so exhi bi t def ect s i n pher omone-

i nduced mor phogenesi s and mat i ng . Thus, t he SPA2 pr ot ei n

i s i mpor t ant i n bot h pol ar i zed gr owt h and pol ar i zed cel l di -

vi si on .

Si nce t he SPA2 pr ot ei n i s a usef ul mar ker f or cel l pol ar i t y,

anal ysi s of i t s di st r i but i on t hr oughout t he cel l cycl e can pr o-

vi de cl ues as t o when pol ar i t y i s f i r st est abl i shed, and when

t hi s pol ar i t y i s est abl i shed r el at i ve t o ot her cel l ul ar event s .

We al so anal yzed yeast mut ant s wi t h l esi ons i n t he act i n

genes or genes i nvol ved i n buddi ng t o det er mi ne t he r ol e and

or der of speci f i c gene pr oduct s i n t he est abl i shment of cel l

pol ar i t y .

Mat er i al s and Met hods

Yeast St r ai ns and Medi a
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( cont i nued)

Yeast st r ai ns ar e l i st ed i n Tabl e 1 . The cdc st r ai ns ar e congeni c wi t h A364A,

t he act ] and t ub2 mut ant st r ai ns ar e congeni c wi t h S288C, and t he cdc24

st r ai n i s congeni c wi t h C276. Gr owt h medi a and st andar d genet i c mani pul a-

t i ons ar e as descr i bed ( Sher man et al . , 1986) .

Cel l Synchr oni zat i on

A var i et y of condi t i ons and st r ai ns wer e t est ed f or synchr oni zat i on of yeast



Tabl e 1. St r ai n Li st

C276 congeni c st r ai ns ( f r om Dr . J . Pr i ngl e) :

Y580

Y581

S288C st r ai ns ( f r om Dr . P. Novi ck, T . Huf f aker , t hi s l abor at or y) :

Y603

Y559

Y560

Y270

Y650

Y630 ( TH132)

Y631 ( TH133)

Y632 ( TH134)

Y633 ( TH135)

Y634 ( TH136)

Y635 ( TH137)

Y636 ( TH138)

cel l s usi ng a- f act or . Opt i mal condi t i ons wer e f ound usi ng hapl oi d st r ai n
Y145 ( A364A backgr ound) , and t he f ol l owi ng t r eat ment . 25 ni l of yeast
cel l s wer e gr own at 30° C i n YPD medi a t o OD ( 600) = 0. 3 . a- Fact or
( Si gma Chemi cal Co . , St . Loui s, MO) was added t o 3 Ag/ ml ( 75 pg t ot al ) ,
and af t er i ncubat i on f or 45 mi n at 30° C anot her 75 - t l g al i quot of a- f act or
was added . Af t er i ncubat i on f or an addi t i onal 45 mi n, t he cel l s wer e har -

vest ed by cent r i f ugat i on i n a JA20 r ot or ( Beckman I nst r ument s Co. , Ful l er -
t on, CA) at 7, 000 r pm ( 5, 900 g) f or 2 mi n at r oom t emper at ur e . The cel l s
wer e washed t hr ee t i mes i n 25 ml YPD medi a t hat was pr ewar med at 30° C,
r esuspended i n war m 25 ml YPD medi a, and i ncubat ed wi t h shaki ng at
30° C. 3- ml al i quot s wer e r emoved at t he f ol l owi ng t i mes : 0, 30, 45, 55, 65,
75, 85, 95, 105, 115, 125, 135, and 145 mi n. Cel l s wer e f i xed by t he addi t i on
of f or mal dehyde t o 3. 7% ( vol / vol ) f i nal concent r at i on and i ncubat ed wi t h
shaki ng f or 1 h and 10 mi n at r oomt emper at ur e . Af t er f i xat i on, cel l s wer e

washed and pr ocessed f or i ndi r ect i mmunof l uor escence as descr i bed pr evi -
ousl y ( Gehr ung and Snyder , 1990) . Si gni f i cant l y poor er cel l synchr ony was
obser ved i f cel l s wer e i ncubat ed wi t h a- f act or f or l onger per i ods of t i me.
The exper i ment wi t h t he best cel l synchr ony i s shown i n Fi gs . 2- 4 . Qual i t a-
t i vel y si mi l ar r esul t s wer e f ound f or t hr ee ot her exper i ment s .

Cel l Cycl e Ar r est

Yeast cel l s wer e gr own at t he per mi ssi ve t emper at ur e, 24° C f or t he cdc mu-
t ant s and 20- 22° C f or act ] mut ant s, unt i l OD ( 600) x+0. 3. A 5- ml cul t ur e
was shi f t ed t o t he r est r i ct i ve t emper at ur e at 37° C; cdc mut ant s wer e i n-
cubat ed f or 2- 2 . 5 h at t hi s t emper at ur e and act ] mut ant s wer e i ncubat ed

f or 1 h . Par al l el cul t ur es of each mut ant st r ai n wer e i ncubat ed at t he per mi s-
si ve t emper at ur e t o ser ve as a cont r ol . Congeni c wi l d- t ype st r ai ns wer e sub-

j ect ed t o t he t emper at ur e shi f t t o pr ovi de addi t i onal cont r ol s ( see st r ai n l i st ) .

At t he end of t he i ncubat i on per i od, cel l s wer e f i xed by addi ng f or mal dehyde

t o 3 . 7% ( vol / vol ) f i nal concent r at i on, and t he cul t ur e was i ncubat ed f or 1 h
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MATa

MATa

MATa cdc24- 4

MATa cdc24- 4

MATa ur a3- 52 l ys2- 801 ade2- 101 t r pl - 901 hi s3- 4200

MATct act l - 2 hi s4- 619

MATce act ] - 1 hi s4- 619

MAMur a3- 52 l ys2- 801 ade2- 101 t r pl - 901 hi s3- 4200

MATa ur a3- 52 l ys2- 801 ade2- 101 t r pl - 901 hi s3- , 1200

MATa ur a3- 52 l ys2- 801 ade2- 101 t r pl - 901 hi s3- , 1200 spat - A2 : : TRP1

MATa ur a3- 52 l ys2- 801 ade2- 101 t r pl - 901 hi s3- , 1200 spa2- , 13: : URA3

MAMur a3- 52 l ys2- 801 ade2- 101 hi s4- 539

MATa ur a3- 52 LYS2

	

ADE2

	

HI S4

MAMt ub2- 104 ur a3- 52 ade2- 101 hi s4- 539

MATa t ub2- 104 ur a3- 52ADE2

	

HI S4

MATa t ub2- 401 ur a3- 52 l ys2- 801 ade2- 101 hi s4- 539

MATce t ub2- 401 ur a3- 52 LYS2

	

ADE2

	

HI S4

MAD t ub2- 402 ur a3- 52 l ys2- 801 ade2- 101 hi s4- 539

MATct t ub2- 401 ur a3- 52LYS2

	

ADE2

	

HI S4

MATa t ub2- 403 ur a3- 52 l ys2- 801 ade2- 101 hi s4- 539

MATct t ub2- 403 ur a3- 52 LYS2

	

ADE2

	

HI S4

MATa t ub2- 404 ur a3- 52 l ys2- 801 ade2- 101 hi s4- 539

MATa t ub2- 404 ur a3- 52 LYS2

	

ADE2

	

HI S4

MATa t ub2- 405 ur a3- 52 l ys2- 801 ade2- 101 hi s4- 539

MATa t ub2- 404 ur a3- 52 LYS2

	

ADE2

	

HI S4

wi t h shaki ng at r oom t emper at ur e . The cel l s wer e t hen washed and pr o-

cessed f or i ndi r ect i mmunof l uor escence .

To pr epar e st at i onar y phase cel l s, an exponent i al l y gr owi ng cul t ur e of

yeast cel l s at OD ( 600) = 0. 2 was di vi ded i nt o t hr ee 5- t nl al i quot s and i n-

cubat ed at 30° C. One cul t ur e was har vest ed by cent r i f ugat i on af t er 24 h,

anot her af t er 48 h, and t he t hi r d af t er 72 h.

I mmunof l uor escence

I mmunof l uor escence was per f or med as descr i bed pr evi ousl y ( Gehr ung and

Snyder , 1990) usi ng ant i - SPA2 ant i bodi es and ant i - t ubul i n ant i bodi es . The

pr epar at i on of spher opl ast s i nvol ved i ncubat i on at 37° C f or 45 mi n t o 1 h

wi t h 5 l ag/ ml Zymol ase 0. 02% gl usul ase ( Dupont Co . , Wi l mi ngt on, DE)

as descr i bed . However , i n t he exper i ment usi ng st at i onar y phase cel l s t he

amount of zymol yase and gl usul ase was doubl ed f or cel l s pr epar ed f r omt he
24- h cul t ur e ( f i nal concent r at i ons : 10 Wg/ ml Zymol ase 0. 04% gl usul ase)

and i ncr eased 3 . 5- f ol d f or cel l s f r omt he 48- and 72- h cul t ur es ( f i nal concen-

t r at i ons : 17. 5 l t g/ ml Zymol ase 0. 07% gl usul ase) . For cdc and st at i onar y

phase cel l s, af f i ni t y- pur i f i ed r abbi t ant i - SPA2 ant i bodi es ( Snyder , 1989)
wer e det ect ed wi t h r hodami ne or Texas Red- conj ugat ed secondar y an-

t i bodi es ( Cappel Labor at or i es, Mal ver n, PA and Amer shamChemi cal Co . ,

Ar l i ngt on Hei ght s, I L, r espect i vel y) ; t ubul i n was i dent i f i ed wi t h a r at mAb

YOL1/ 34 ( Ki l mar t i n et al . , 1982) and f l uor escei n- conj ugat ed goat ant i - r at

ant i bodi es ( Cappel Labor at or i es) .

For t he synchr oni zed cel l exper i ment s, t wo t ypes of t ubul i n ant i bodi es
wer e used. YOLI / 34 was used t o st ai n one al i quot of f i xed cel l s . The SPA2

and t ubul i n st ai ni ng r egi ons wer e di st i ngui shed by a Texas Red- conj ugat ed
donkey ant i - r abbi t ant i body t o det ect t he SPA2 st ai ni ng r egi on and f l uor es-
cei n- conj ugat ed goat ant i - r at ant i bodi es t o det ect t he ant i - t ubul i n ant i bod-
i es . A separ at e al i quot of f i xed cel l s was st ai ned wi t h a r abbi t ant i - t ubul i n
ant i body ( Bond et al . , 1986) . Thi s ant i body i s ver y hi gh t i t er and al l ows
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easy vi sual i zat i on of mi cr ot ubul es i n yeast . Bot h SPA2 and t ubul i n wer e de-

t ect ed wi t h Texas Red- conj ugat ed donkey ant i - r abbi t ant i bodi es . The SPA2

and t ubul i n r egi ons ar e r eadi l y di st i ngui shed by t hei r di f f er ent l ocal i zat i on

pat t er s .

Doubl e- l abel i ng exper i ment s wi t h ant i - SPA2 ant i bodi es and r hodami ne-

conj ugat ed phal l oi di n, whi ch bi nds F- act i n wer e per f or med as descr i bed

pr evi ousl y ( Gehr ung and Snyder , 1990) . Det ect i on of t he bound ant i - SPA2

ant i bodi es was wi t h f l uor escei n- conj ugat ed goat ant i - r abbi t ant i bodi es . Op-

t i mal doubl e- l abel i ng exper i ment s wi t h bot h ant i - SPA2 ant i bodi es and

r hodami ne- conj ugat ed phal l oi di n was achi eved by r educi ng t he zymol yase/

gl usul ase- t r eat ment st ep t o 30 mi n i nst ead of 1 h. Thi s r esul t ed i n a r educed

SPA2 st ai ni ng si gnal , per haps due t o i mpai r ed per meabi l i t y t o t he ant i bod-

i es, but si gni f i cant l y i mpr oved t he phal l oi di n st ai ni ng.

Quant i t at i on of Synchr oni zed Cel l s

Cel l s f r om var i ous t i mepoi nt s af t er synchr oni zat i on wi t h a f act or wer e

scor ed as descr i bed i n t he t ext and Fi gs . 3 and 4 wi t h t he f ol l owi ng com-

ment s : ( a) For det er mi ni ng t he f r equency of budded cel l s and spi ndl es, be-

t ween 100- 302 cel l s wer e count ed f or each t i mepoi nt ( mean 197) . For de-

t er mi ni ng t he di f f er ent t ypes of unbudded cel l s, addi t i onal unbudded cel l s

wer e scor ed f or most of t he t i mepoi nt s . 95- 164 unbudded cel l s wer e scor ed

f or each t i mepoi nt ( mean 147) . ( b) Because t he same secondar y ant i body

was used f or t he quant i t at i on i n Fi g. 3, i t i s possi bl e t hat many of t he unbud-

ded cel l s had a smal l SPA2 pat ch, but wer e or i ent ed i n such a way t hat t he

SPA2 pat ch over l aps wi t h an i nt ense mi cr ot ubul e st ai ni ng, f or exampl e t he

SPB r egi on . These cel l s woul d be scor ed as l acki ng a SPA2 pat ch . Thi s si t u-

at i on ei t her does not occur or i s ver y r ar e because we al so quant i t at ed t he

f r equency of cel l s i n t he di f f er ent cat egor i es shown i n Fi g . 4 usi ng cel l s t hat

wer e st ai ned wi t h SPA2 ant i bodi es and YOU/ 34 and t wo di f f er ent second-

ar y ant i bodi es . The r esul t s wer e i n cl ose agr eement wi t h t hose shown i n Fi g .
3 C. Much gr eat er pr ef er ence was gi ven t o t he r esul t s obt ai ned wi t h t he r ab-

bi t t ubul i n ant i body, because i t s hi gh t i t er al l owed easy det ect i on of mi cr ot u-

bul e bundl es and t her ef or e r el i abl e det er mi nat i on as t o whet her t he bundl es

i nt er sect ed t he SPA2 st ai ni ng r egi on . We al so not e t hat si nce we do not

know t he l i mi t of det ect i on of t he ant i bodi es used, i t i s possi bl e t hat si ngl e

or l ow number s of mi cr ot ubul es wi l l not be det ect ed i n t hese exper i ment s .

( c) The SPBwas scor ed as r esi di ng ei t her on t he si de of t he nucl eus pr ox-

i mal t o t he SPA2 pat ch or on t he di st al si de . I n <15 %of t he cel l s, t he SPB

l ay appr oxi mat el y i n t he cent er : 50%of t hese cel l s wer e count ed as pr ox-

i mal and 50% wer e scor ed as di st al .

( d) As descr i bed i n t he t ext , a maj or concer n was t he separ at i on of buds

f r omt he mot her cel l s whi ch woul d r esul t i n scor i ng mot her cel l s as unbud-

ded cel l s l acki ng a SPA2 st ai ni ng r egi on. Ther ef or e, cel l s wer e mani pul at ed

as car ef ul l y as possi bl e t o avoi d t he separ at i on. Bud heads ar e gener al l y easy

t o r ecogni ze because of t he br oad SPA2 st ai ni ng at t he t i p, and ar e t her ef or e

easy t o quant i t at e wi t hi n t he sampl e . Based on t he f r equency of det ached

buds t hat wer e obser ved, mot her cel l s t hat had l ost buds wer e est i mat ed t o

compr i se 32, 16, and 33% of t he cel l s whi ch di d not st ai n wi t h SPA2 at

t he 65- , 75- , and 125- mi n t i mepoi nt s ( wher e t he number of unbudded cel l s

i s ver y l ow) ; t hi s val ue i s est i mat ed t o be <0. 8 %of t he t ot al unbudded cel l s

at t he ot her t i mepoi nt s . These val ues wer e subt r act ed f r om t he unbudded

cel l s wi t hout a SPA2 st ai n ( Fi g . 3 C) . These cor r ect i ons do not al t er t he

over al l t r ends not ed i n t he f i gur e. ( Not e : a smal l f r act i on of l ar ge- budded
cel l s l ack SPA2 st ai ni ng at t he t i p ; t he det ached buds of t hese cel l s woul d

be di f f i cul t t o scor e i n our anal ysi s . However , si nce cel l s l acki ng SPA2 st ai n-
i ng at t he bud t i p compr i se a smal l f r act i on of t he t ot al popul at i on [ <5%]

at any gi ven t i me poi nt we est i mat e t hei r cont r i but i on t o be ver y mi nor .

Mor eover , l ar ge budded cel l s l acki ng SPA2 st ai ni ng at t he bud t i p ar e usu-

al l y at cyt oki nesi s and cont ai n st ai ni ng at t he neck . Such cel l s woul d usual l y

be scor ed as SPB di st al , MT - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" SPA2 i n Fi g. 3 C. )

( e) Cel l s wi t h ver y shor t spi ndl es ( see l egend t o Fi g. 3) may be sl i ght l y
under r epr esent ed because an unf avor abl e or i ent at i on of t he cel l s may not
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r eveal cl osel y spaced SPBs . Never t hel ess, scor i ng t hese cel l s st i l l ai ds i n
t he assessment and anal ysi s of t he cel l synchr ony . ( f ) One met hod t o

cr udel y est i mat e t he l engt h of t i me i t t akes f or cel l s t o f or ma SPA2 pat ch
i s t o f i r st det er mi ne t he mean t i me f or cel l s t o r each cyt oki nesi s as j udged
by st ai ni ng at t he neck wi t h ant i - SPA2 ant i bodi es . Thi s val ue ( 84 . 0 mi n) i s
t hen compar ed t o t hat of t he mean t i me of t he accumul at i on of cel l s t hat
l ack a SPA2 pat ch ( 86. 5 mi n) , ( These val ues wer e det er mi ned usi ng dat a
f r om t he 55- 115- mi n t i mepoi nt s) . The 2 . 5- mi n di f f er ence appr oxi mat es
about one hal f t he aver age l engt h of t i me a cel l uses t o f or ma pat ch af t er
cyt oki nesi s . We not e t hat t hi s f i gur e appl i es t o cel l s t hat i ni t i al l y do not
have a SPA2 pat ch and t hen f or m one ; a di f f er ent val ue may exi st f or cel l s
t hat do not l ose t hei r pat ch bef or e f or mi ng a second one . We have al so quan-
t i t at ed t he r at e wi t h whi ch unbudded cel l s cont ai ni ng a SPA2 pat ch appear ed
i n t he popul at i on r el at i ve t o t he t ot al number of unbudded cel l s . Thi s val ue
al so suggest s t hat a new pat ch f or ms wi t hi n 5 mi n af t er cyt oki nesi s .

I mmunobl ot Anal ysi s

Pr ot ei n ext r act s wer e pr epar ed i n an i dent i cal f ashi on t o t hat descr i bed pr e-
vi ousl y ( Snyder , 1989) . Br i ef l y, 5- ml cul t ur es of cel l s wer e har vest ed,
washed, and r esuspended i n 125 u1 of l ysi s buf f er cont ai ni ng SDS and pr o-
t ease i nhi bi t or s . An equal vol ume of gl ass beads was added, and cel l s wer e
vor t exed vi gor ousl y f or 3 mi n, The sampl es wer e heat ed t o 70° C f or 2 mi n
and N5 l ug of pr ot ei n was l oaded ont o a 7. 0% acr yl ami de gel cont ai ni ng
SDS ( Laemml i , 1970) . Equal amount s of pr ot ei n wer e l oaded as j udged by
anal ysi s of a Coomassi e bl ue st ai ned gel . ( Not e t hat al t hough t he cdc mu-
t ant s ar r est at di f f er ent posi t i ons i n t he cel l cycl e, most of t he pr ot ei n bands
appear ver y si mi l ar al l owi ng an easy compar i son of t he di f f er ent gel sam-
pl es . ) Af t er el ect r ophor esi s, pr ot ei ns wer e bl ot t ed ont o ni t r ocel l ul ose f i l -
t er s ( Bur net t e, 1981) , and gel bl ot s wer e pr obed wi t h af f i ni t y- pur i f i ed ant i -
SPA2 ant i bodi es ( Snyder , 1989) . Bound ant i bodi es wer e det ect ed wi t h
125 1- l abel ed pr ot ei n A ( >30 mCi / mg; Amer sham Chemi cal Co. ) .

Resul t s

Di st r i but i on of t he SPA2 Pr ot ei n i n an Asynchr onousl y
Gr owi ng Abpul at i on of Yeast Cel l s

The i ni t i al goal of t hese st udi es was t o det er mi ne t he cel l cy-
cl e di st r i but i on of t he SPA2 pr ot ei n usi ng synchr oni zed cel l s

and cdc mut ant s . To car r y out t hese exper i ment s, we used

a di f f er ent yeast st r ai n, A364A, t han t he S288C st r ai ns of
pr evi ous st udi es, pr i mar i l y f or t wo r easons ; si gni f i cant l y

gr eat er cel l synchr oni zat i on was achi eved usi ng t he A364A
backgr ound and many of t he cdc mut ant s ar e i n t hi s st r ai n

backgr ound ( Har t wel l , 1974) .
When an asynchr onous popul at i on of ei t her hapl oi d or

di pl oi d A364A yeast cel l s i s st ai ned wi t h af f i ni t y- pur i f i ed

ant i - SPA2 ant i bodi es, r esul t s si mi l ar , but not i dent i cal , t o

t hose pr evi ousl y descr i bed ar e obser ved . I n 95- 97 %of un-

budded cel l s t he SPA2 pr ot ei n l ocal i zes t o a shar p cr escent -

shaped pat ch on t he edge of t he cel l . I n budded cel l s, t he

SPA2 pr ot ei n i s at t he t i p of t he bud ; some cel l s wi t h a ver y

l ar ge bud exhi bi t mor e di f f use st ai ni ng t hr oughout t he ent i r e

bud ( t hese r epr esent <1%of t ot al budded cel l s) . Many l ar ge

budded cel l s t hat cont ai n compl et el y separ at ed nucl ei and

ar e pr esumabl y at cyt oki nesi s, st ai n at t he neck bet ween t he

Fi gur e 1 . St ai ni ng of wi l d- t ype A364A cel l s wi t h ant i - SPA2 ant i bodi es . A cul t ur e of asynchr onous di pl oi d Y567 cel l s wer e har vest ed and

st ai ned wi t h af f i ni t y- pur i f i ed ant i - SPA2 ant i bodi es and det ect ed wi t h f l uor escei n- conj ugat ed secondar y ant i bodi es . ( a) Ant i - SPA2 ant i body

st ai n ( Fl uor escei n) ; ( b) Hoechst 33258 DNA st ai n of t he same cel l s . The ar r owhead i ndi cat es a cel l at cyt oki nesi s ; not e t he nucl ei have

compl et el y separ at ed t o opposi t e ends of t he cel l . I n t ot al >200 cel l s wi t h t hi s mor phol ogy and st ai ni ng pat t er n have been obser ved . The

smal l ar r ow i ndi cat es an unbudded cel l l acki ng SPA2 st ai ni ng. ( c) Cel l s cont ai ni ng doubl e SPA2 pat ches . The l ef t most t hr ee panel s ar e

di pl oi d Y567 cel l s . The smal l ar r ow i ndi cat es a cel l wi t h si de- by- si de pat ches . The r i ght most panel cont ai ns hapl oi d cel l s ( Y145) ; t he t op

cel l cont ai ns a doubl e pat ch . These hapl oi d cel l s wer e f r omt he 75- mi n t i mepoi nt ( see next f i gur e) and wer e st ai ned wi t h Texas Red- con-

j ugat ed secondar y ant i bodi es . ( Not e i n t he t op cel l s a mi cr ot ubul e bundl e i nt er sect s t he br i ght est of t he t wo pat ches : dat a not shown) .

Bar , t i 3 P. m except r i ght most panel of C, N2 um.





mot her and daught er cel l s ; t hi s st ai ni ng i s usual l y weaker
t han t he SPA2 pat ch i n cel l s at ot her st ages of t he cel l cycl e .
Asmal l f r act i on of t he unbudded cel l s cont ai n mor e t han one
SPA2 cr escent ( t hi s val ue i s <2 %of unbudded hapl oi d cel l s
and 5- 10% f or unbudded di pl oi ds) . I n hapl oi d cel l s and

some di pl oi d cel l s t he t wo cr escent s l i e adj acent t o one an-

ot her ; t he maj or i t y ( t i 70%) of di pl oi d cel l s wi t h t wo SPA2

cr escent s cont ai n t hese cr escent s at opposi t e ends of t he oval
( Fi g . 1 C) . No st ai ni ng i s obser ved at any of t he di f f er ent cel -
l ul ar l ocat i ons i n spa2- 2 and spat - 3 cel l s ( dat a not shown) .
The spa2- 2 and spa2- 3 mut ant cel l s each cont ai n a l ar ge sub-

st i t ut i on of t he SPA2 gene wi t h a sel ect abl e mar ker , l eavi ng

onl y 39 codons of SPA2 codi ng sequence upst r eam of t he

subst i t ut ed gene ( Gehr ung and Snyder , 1990) .

The si mpl est expl anat i on f or t hese r esul t s i s t hat t he SPA2
pat ch l ocal i zes t o t he i nci pi ent bud si t e i n unbudded cel l s and
t o t he bud t i p i n budded cel l s ( Snyder , 1989) . I n addi t i on,

t he SPA2 pr ot ei n l ocal i zes t o t he si t e of cyt oki nesi s . I n GI
t he cyt oki nesi s si t e pr obabl y does not al ways compl et el y di s-
appear bef or e t he devel opment of a new pat ch, r esul t i ng i n

unbudded cel l s wi t h doubl e pat ches . Thi s hypot hesi s i s con-

si st ent wi t h t he cel l cycl e st udi es descr i bed bel ow.

Di st r i but i on of t he SPA2 Pr ot ei n i n Synchr oni zed Cel l s

To l ear n mor e about when pol ar i t y of t he SPA2 pr ot ei n i s es-
t abl i shed i n t he cel l cycl e, synchr oni zed yeast cel l s wer e pr e-
par ed and anal yzed . MATa cel l s wer e ar r est ed i n Gl wi t h
a- f act or , washed t o r emove t he pher omone, and t hen r esus-
pended i n f r esh medi a . Al i quot s of synchr oni zed cel l s wer e
har vest ed at var i ous t i me i nt er val s and pr epar ed f or i ndi r ect
i mmunof l uor escence . The di st r i but i on of t he SPA2 pr ot ei n
was exami ned f r omcel l s gr own over a per i od of one and one-
hal f cel l di vi si ons ( 145 mi n) i ncl udi ng one ent i r e Gl per i od .
Cel l s wer e si mul t aneousl y st ai ned wi t h ant i - t ubul i n ant i bod-
i es, whi ch al l owed f ur t her assessment of t he cel l synchr oni -
zat i on and whi ch al so ser ved as a posi t i ve cont r ol f or t he an-
t i body st ai ni ng ( see Mat er i al s and Met hods and l egends t o
Fi gs . 2 and 3) . Exampl es of synchr oni zed cel l s f r omsever al
of t he t i mepoi nt s ar e shown i n Fi g . 2 .

For each t i mepoi nt , t he per cent age of unbudded, smal l
budded and l ar ge budded cel l s was det er mi ned ( Fi g . 3 A) .
Smal l budded cel l s ar e scor ed as t hose cel l s i n whi ch t he bud
i s l ess t han one- hal f t he si ze of t he mot her cel l ; l ar ge budded
cel l s ar e t hose cel l s i n whi ch t he bud i s mor e t han or equal
t o one- hal f t he si ze of t he mot her cel l . We al so quant i t at ed
t he number of cel l s t hat cont ai ned shor t spi ndl es and l ong
spi ndl es ( Fi g . 3 B; see l egend) . The maxi mum number of
budded cel l s was f ound at 65 mi n, t he number of unbudded
cel l s cont i nued t o r i se unt i l a maxi mumat 105 mi n and de-
cr eased t o a mi ni mum at 135 mi n . Thus, t he 65- 135- mi n
i nt er val encompasses an ent i r e GI per i od f or most of t he
popul at i on .

As shown i n Fi gs. 2 and 3, cel l s t r eat ed wi t h a- f act or ar r est
as unbudded cel l s wi t h a pr oj ect i on . The SPA2 pr ot ei n l ocal -
i zes t o t he t i p of t he pr oj ect i on i n >95%of t he cel l s as de-
scr i bed pr evi ousl y ( Snyder , 1989 ; Gehr ung and Snyder ,
1990) . However , onl y i n - 40%of t he cel l s i s t he SPA2 pr o-
t ei n shar pl y l ocal i zed t o t he t i p ; i n t he r emai nder of t he cel l s
t he SPA2 st ai ni ng i s mor e di f f use i n t he t i p r egi on . Thi s
di f f use st ai ni ng i s qui t e r epr oduci bl e and i s r ar el y obser ved
i n t he S288C st r ai ns ; i t i s r emi ni scent of t he FUSl : : / O-
gal act osi dase st ai ni ng pat t er n ( Tr uehear t et al . , 1987) . Af t er
cel l s ar e r el eased f r omt he a- f act or bl ock t he SPA2 pr ot ei n
shar pl y l ocal i zes t o t he t i p i n a pat t er n si mi l ar t o t hat seen
i n Fi g . 2 C ( 30 and 45 mi n, not shown) . I nt ense st ai ni ng i s
obser ved at t he bud t i p of t he smal l budded cel l s ( 45 and 55
mi n i n cel l cycl e 1 ; and 135 mi n i n cel l cycl e 2 ; shown f or
t he 135- mi n t i me poi nt ) . I n t he l ar ge budded cel l s st ai ni ng
al so appear s at t he t i p ( 65, 75 and 145 mi n ; shown f or 65
mi n) and i n many cel l s under goi ng cyt oki nesi s st ai ni ng i s ob-
ser ved at t he neck ( 75 and 85 mi n ; not shown) . These r esul t s
ar e consi st ent wi t h obser vat i ons of asynchr onous cul t ur es .

Most unbudded cel l s cont ai n a SPA2 pat ch . However , dur -
i ng a shor t i nt er val at t he begi nni ng of Gl a si gni f i cant f r ac-
t i on of unbudded cel l s do not st ai n wi t h ant i - SPA2 ant i bod-
i es . Thi s occur s when t he f i r st unbudded cel l s ar e begi nni ng
t o f or m af t er cyt oki nesi s ( Fi g . 3 C) , and cor r esponds t o
<3 . 5 %of t he t ot al cel l s i n t he popul at i on ( see Di scussi on) .
As new unbudded cel l s begi n t o f or m( 65 mi n, and par t i cu-
l ar l y 75 and 85 mi n) a smal l number of cel l s wi t h t wo SPA2
cr escent s ar e obser ved ( Fi g . 1 C) . Thi s f r act i on, whi ch con-
st i t ut es <5%of t he unbudded cel l s at t hese t i mes, i s di f f i cul t
t o quant i t at e pr eci sel y because of ambi gui t i es i n di st i ngui sh-
i ng si ngl e and doubl e pat ches i n many cases . These r esul t s
i ndi cat e t hat a new SPA2 pat ch f or ms ver y ear l y i n t he cel l
cycl e, pr obabl y wi t hi n 5 mi nut es af t er cyt oki nesi s ( see Mat e-
r i al s and Met hods) , and i n many cases f or ms bef or e di sap-
pear ance of t he ol d pat ch .

For mat i on of t he SPA2 Pat ch Rel at i ve t o Spi ndl e
Pol e Body/ Nucl ear Reor i ent at i on and Ext r anucl ear
Mi cr ot ubul e Bundl es

Af t er cyt oki nesi s i n hapl oi d cel l s, t he spi ndl e pol e body i s
on t he si de of t he nucl eus di st al t o t he si t e wher e t he next
bud wi l l f or m ( see Byer s, 1981 ; Fr ei f el der , 1960) . At t he
Gl / S boundar y, i t i s or i ent ed t owar ds t he nascent bud and ex-
t r anucl ear mi cr ot ubul es emanat i ng f r omt he SPB wi l l ext end
t owar ds t he bud t i p ( Byer s, 1981) . To det er mi ne t he t empor al
or der of event s : ( a) SPB/ nucl ear r eor i ent at i on, ( b) mi cr ot u-
bul e ext ensi on t owar d t he nascent ( or i nci pi ent ) bud si t e, and
( c) appear ance of t he SPA2 pat ch ( as a mar ker f or t he i n-
ci pi ent bud si t e) , we car ef ul l y anal yzed t he unbudded cel l s
i n t he synchr oni zed popul at i on . Par t i cul ar at t ent i on was pai d

Fi gur e 2. Exampl es of synchr oni zed cel l s at t he var i ous t i mepoi nt s . MATa yeast cel l s ( Y145) wer e synchr oni zed wi t h a- f act or . Exampl es
of cel l s at f our di f f er ent t i me poi nt s ar e shown . ( Lef t ) . Ant i - SPA2 st ai n ( det ect ed wi t h Texas Red) . ( Mi ddl e) ' I hbul i n st ai n ( det ect ed wi t h
f l uor escei n) . ( Ri ght ) DNA st ai n ( Hoechst 33258) . The SPA2 st ai ni ng i s ver y i nt ense as compar ed wi t h t he t ubul i n st ai ni ng ; some cr ossover
of SPA2 si gnal ( whi ch i s st i l l r ed) i s consequent l y obser ved usi ng t he f l uor escei n f i l t er s . ( a) 0 mi n af t er r el ease f r om a- f act or ( cel l s wi t h
pr oj ect i ons) . Cel l s wi t h ar r ows have shar p st ai ni ng at t he pr oj ect i on t i p ; most of t he ot her cel l s exhi bi t mor e di f f use st ai ni ng i n t hi s r egi on .
( b) 75 mi n . ( c) 105 mi n . Lar ge ar r ow: a cel l wi t h no mi cr ot ubul e bundl e i nt er sect i ng t he SPA2 st ai ni ng r egi on . The ot her cel l s al l cont ai n
i nt er sect i ng mi cr ot ubul es and have t hei r spi ndl e pol es pr oxi mal t o t he SPA2 st ai ni ng r egi on ( mi cr ot ubul es i n t he r i ght most cel l ar e sl i ght l y
out of t he pl ane of f ocus) . The smal l ar r ow i ndi cat es a cel l wi t h t wo mi cr ot ubul e bundl es i nt er sect i ng t he SPA2 st ai ni ng r egi on) . ( d) 115
mi n . Ar r ows i ndi cat e cel l s wi t h smal l buds . Al l cont ai n mi cr ot ubul es i nt er sect i ng t he SPA2 st ai ni ng r egi on al t hough t he pl ane of f ocus
i s not f avor abl e f or t he l ef t most cel l . Bar , - 3 . 8 um.
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A) Budded and Unbudded Cel l s

50 t i me 100

50

B) Spi ndl es

50 t i me 100

C) Cat egor i es of Unbudded Cel l s
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100

t o t he 65- 135- mi n i nt er val whi ch encompasses t he ent i r e GI

per i od of most of t he popul at i on . Exampl es of t he var i ous

t ypes of unbudded cel l s ar e shown i n Fi g . 4, and t he f r e-

quency wi t h whi ch t hey occur i n t he unbudded popul at i on

i s quant i t at ed i n Fi g . 3 C.
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- - - a- unbudded
smal l bud

. . . . . . ~ . . . .

	

l ar ge bud

150

150

150

Fi gur e 3. Quant i t at i on of t he cel l

synchr oni zat i on exper i ment . ( a)

Per cent unbudded, smal l budded,
l ar ge budded, and t ot al budded
wer e det er mi ned as a f unct i on of
t i me af t er r el ease f r om a- f act or
ar r est as descr i bed i n t he t ext and
Mat er i al s and Met hods. ( b) Per -

cent of shor t and l ong spi ndl es .

( Shor t spi ndl es) Conf i gur at i ons

such as si de- by- si de spi ndl e pol es

up t o t hose wher e t he spi ndl e
spans t he ent i r e nucl eus, but t he

nucl eus has not begun el ongat i on .

( Long spi ndl es) Conf i gur at i ons

i n whi ch t he nucl eus has begun

el ongat i on up unt i l cyt oki nesi s

when t he spi ndl e begi ns di ssol v-
i ng . ( c) Per cent age of unbudded

cel l s cont ai ni ng var i ous conf i gur a-

t i ons of SPA2 st ai ni ng, SPBor i en-

t at i on, and mi cr ot ubul es i nt er -

sect i ng t he SPA2 st ai ni ng r egi on .

SPB pr ox, MT- - > SPA2

	

See Fi g . 4 f or exampl es of t he di f -
SPB di s, MT- - > SPA2

	

f er ent cl asses . m, no SPA2 st ai n,
SPB pr ox, MT s SPA2

	

0, SPB di st al t o SPA2 ; mi cr o-

t ubul es do not i nt er sect SPA2

st ai ni ng r egi on ( MT ~- SPA2) , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ,

SPBdi st al t o SPA2, mi cr ot ubul es

i nt er sect SPA2 st ai ni ng r egi on

( MT-- SPA2) ; x, SPB pr oxi mal

t o SPA2, mi cr ot ubul es do not i n-

t er sect SPA2 st ai ni ng r egi on ; o,

SPB pr oxi mal t o SPA2, mi cr o-

t ubul es i nt er sect SPA2 st ai ni ng

r egi on .

- M

	

shor t spi ndl e
t

	

l ong spi ndl e

SPB di s, MTi SPA2

No SPA2

As st at ed above, cel l s t hat do not st ai n wi t h ant i - SPA2 ant i -

bodi es ( Fi g. 4 A) ar e pr eval ent i n t he unbudded popul at i on

onl y ver y ear l y i n GI ( 65 and 75 mi n) . Cel l s t hat st ai n wi t h

SPA2 ( Fi g . 4, B- J) ar e abundant t hr oughout most of G1( par -

t i cul ar l y 85 t hr ough 125 mi n) . Of t he SPA2 st ai ni ng cel l s,



Fi gur e 4. Exampl es of t he di f f er ent cl asses of unbudded cel l s . ( a) No SPA2 st ai n, ( b and c) SPB di st al t o SPA2, mi cr ot ubul es do not i nt er sect
SPA2 st ai ni ng r egi on ( not e cel l s l i ke t hose shown i n c ar e ver y r ar e ; mi cr ot ubul es t hi s l ong usual l y i nt er sect t he SPA2 st ai ni ng r egi on) .
( d and e) SPB di st al t o SPA2, mi cr ot ubul es i nt er sect SPA2 st ai ni ng r egi on . ( f and g) SPB pr oxi mal t o SPA2, mi cr ot ubul es i nt er sect SPA2
st ai ni ng r egi on . ( h) SPB pr oxi mal t o SPA2, mi cr ot ubul es do not i nt er sect SPA2 st ai ni ng r egi on . ( i and j ) Cel l s wi t h doubl e SPA2 pat ches,
t he mi cr ot ubul e bundl es i nt er sect t he SPA2 st ai ni ng r egi on . These cel l s ar e t r eat ed wi t h ant i - SPA2 ant i bodi es and hi gh t i t er ant i - t ubul i n
ant i bodi es ; bot h ant i bodi es ar e det ect ed wi t h Texas r ed- conj ugat ed secondar y ant i bodi es . I n gener al , cel l s wi t h l ong ext r anucl ear bundl es
t hat do not i nt er sect t he SPA2 st ai ni ng r egi on ( c and h) ar e ver y r ar e . The Hoechst 33258 st ai n of t he same cel l i s shown beneat h each
t op panel . Bar , - 1 . 7 / Lm.

t hose t hat cont ai n t he spi ndl e pol e on t he si de of t he nucl eus

di st al t o t he SPA2 pat ch ( Fi gs . 4, B- E) ar e most pr eval ent

i n popul at i ons wi t h cel l s i n t he ear l i er por t i ons of Gl ( 75, 85,

and 95 mi n) and ar e r ar e by l at e GI ( 105, 115, and 125 mi n) .

These cel l s usual l y have a weak Hoechst st ai ni ng r egi on of

t he nucl eus, pr esumabl y t he nucl eol us, di st al t o t he SPB

( di f f i cul t t o see i n t he f i gur e) . Many of t hese cel l s do not con-

t ai n a l ong ext r anucl ear mi cr ot ubul e bundl e t hat i nt er sect s

t he SPA2 st ai ni ng r egi on ( Fi gs . 4, Band C) , wher eas ot her s

do have a SPA2- i nt er sect i ng bundl e ( Fi g . 4, Dand E) . Cel l s
t hat cont ai n t he spi ndl e pol e on t he SPA2- pr oxi mal si de of

t he nucl eus and have an ext r anucl ear mi cr ot ubul e bundl e i n-

t er sect i ng t he SPA2 pat ch begi n accumul at i ng ver y ear l y i n

GI and compr i se >60%of t he unbudded popul at i on by t he

85- mi n t i mepoi nt . By l at e Gl t hey compr i se 90% of t hi s

popul at i on . Occasi onal l y, cel l s wi t h t wo mi cr ot ubul e bun-

dl es t hat i nt er sect t he SPA2 st ai ni ng r egi on ar e obser ved
( Fi g. 2 C) . Cel l s t hat cont ai n t he spi ndl e pol e body on t he
si de of t he nucl eus pr oxi mal t o t he SPA2 pat ch, but do not

Snyder et al . Cel l Pol ar i t y f or Sacchar omyces cer evi si ae

cont ai n an ext r anucl ear bundl e t hat i nt er sect s t he pat ch ar e
ext r emel y r ar e ; i n f act , t hey ar e onl y pr eval ent i n cel l s ar -

r est ed wi t h a- f act or and, t o some ext ent , i n cel l s at t he 65-

mi n t i mepoi nt .

One si mpl e model t hat i ncor por at es many of t hese r esul t s
i s t hat ( a) t he SPA2 pat ch f or ms ver y ear l y i n GI whi l e t he
SPB i s st i l l on t he si de of t he nucl eus di st al t o t he SPA2
pat ch . ( b) A l ong ext r anucl ear mi cr ot ubul e bundl e emanat es
f r omt he SPB and i nt er sect s t he SPA2 st ai ni ng r egi on . ( c)
The nucl eus r ot at es such t hat t he SPB i s or i ent ed t owar ds t he
SPA2 st ai ni ng r egi on . Al t er nat i ve pat hways pr obabl y al so
exi st and ar e descr i bed i n det ai l i n t he di scussi on .

Rel at i ve Local i zat i on of t he SPA2 Pr ot ei n and Act i n
t hr oughout t he Yeast Cel l Cycl e

Bot h act i n spot s and t he SPA2 pr ot ei n concent r at e i n t he r e-
gi on of t he i nci pi ent bud si t e ( Dr ubi n, 1990 ; Gehr ung and

Snyder , 1990 ; Novi ck and Bot st ei n, 1985) ( see bel ow) . To
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Fi gur e 5. cdc- ar r est ed cel l s and st at i onar y phase cel l s st ai ned wi t h ant i - SPA2 ant i bodi es . Cel l s wer e ar r est ed as descr i bed i n Mat er i al s

and Met hods and st ai ned by i ndi r ect i mmunof l uor escence wi t h ant i - 5PA2 ` ant i bodi es ( l ef t , a, c, and e) , ant i - t ubul i n ant i bodi es ( b) and

Hoechst ( d andf ) . Top : ( a and b) cdc28 ar r est ed cel l s ( 1566) . ( Mi ddl e) ( c and d~ cdcl 4- ar r est ed cel l s ( 1562) . ( Bonom) ( e and f ) st at i onar y

phase cel l s ( 1567) i ncubat ed f or 48 h. One cel l i n t he f i el d cont ai ns a f ai nt SPA2 pat ch ( ar r ow) . Al l cel l s st ai n wi t h ant i - t ubul i n ant i bodi es

( not shown f or cdd4- ar r est ed or st at i onar y phase cel l s) and wi t h Hoechst 33258 ( not shown f or cdc28- ar r est ed cel l s whi ch cont ai n a si ngl e

nucl eus) . Appr oxi mat el y 95%of t he cdd4- ar r est ed cel l s cont ai n nucl ei compl et el y ext ended bet ween mot her and daught er cel l s al t hough

i n t he bot t om cel l of t he panel t he nucl eus has not compl et el y ext ended . Bar s, ( a and b) - 4 Am; ( cf ) - 3. 5 km.



det er mi ne t he t empor al or der i n whi ch t hese pr ot ei ns ac-

cumul at e at t hi s si t e, yeast cel l s wer e synchr oni zed wi t h

ci - f act or as above and st ai ned wi t h bot h ant i - SPA2 ant i bodi es

and r hodami ne- conj ugat ed phal l oi di n, whi ch bi nds F- act i n.

Budded cel l s accumul at e act i n spot s i n t he bud . Al l unbud-

ded cel l s t hat cont ai n a SPA2 pat ch al so cont ai n a pol ar i zed

di st r i but i on of act i n spot s at t he same end of t he cel l , and

cel l s wi t h a pol ar i zed di st r i but i on of act i n spot s cont ai n a

SPA2 pat ch . ( Mor e t han 100 unbudded cel l s wer e exami ned

at each Gl t i me poi nt ; dat a not shown ; see bel ow f or act i n

st ai ni ng pat t er ns. ) Thus, at t hi s t empor al r esol ut i on we can-

not di st i ngui sh a popul at i on of cel l s t hat cont ai ns a pol ar i zed

l ocal i zat i on of onl y one pr ot ei n and not t he ot her , suggest i ng

a si mul t aneous or near si mul t aneous ar r i val of bot h act i n and

t he SPA2 pr ot ei n at t he i nci pi ent bud si t e .

Di st r i but i on of t he SPA2 Pr ot ei n i n cdc Ar r est ed Cel l s

and St at i onar y- Phase Cel l s

To f ur t her anal yze t he di st r i but i on of t he SPA2 pr ot ei n

t hr oughout t he yeast cel l cycl e, we exami ned t he l ocal i zat i on

of t he SPA2 pr ot ei n i n var i ous cdc mut ant s t hat ar r est at

speci f i c poi nt s i n t he cel l cycl e ( Har t wel l , 1974 ; Pr i ngl e

and Har t wel l , 1981) . Di pl oi d cdc mut ant s t hat ar r est as un-

budded cel l s at l at e GI ( cdc281) , and t hose t hat ar r est as

l ar ge budded cel l s bl ocked at var i ous t i mes dur i ng nucl ear

di vi si on ( cdc24, cdc51, cdc13- 1, cdc14- 1, cdc15- 2, cdc16- 1,

cdc17- 1) wer e gr own at t he per mi ssi ve t emper at ur e, shi f t ed

t o t he r est r i ct i ve t emper at ur e ( 37° C) f or 2 . 5 h, f i xed, and

st ai ned wi t h ant i - SPA2 ant i bodi es and wi t h YOLI / 34, an

ant i - t ubul i n ant i body. I n one set of cont r ol exper i ment s,

wi l d- t ype di pl oi d cel l s wer e t r eat ed i n an i dent i cal f ashi on .

I n anot her set of cont r ol exper i ment s, cdc cel l s wer e i ncu-

bat ed at t he per mi ssi ve t emper at ur e .

The st ai ni ng pat t er n f or wi l d- t ype cel l s or f or cdc cel l s i n-

cubat ed at t he per mi ssi ve t emper at ur e i s si mi l ar t o t hat of
Fi g . 1, al t hough i n gener al t he si gnal i s sl i ght l y di mi ni shed

f or cel l s gr own at 37° C. ( The si gnal i s est i mat ed t o be t wo

t o t hr eef ol d l ess, based cr udel y on f i l mexposur e t i mes, and

may be ei t her t he r esul t of i ncr eased f i xat i on when cel l s ar e

i ni t i al l y at t he hi gher t emper at ur e or t hat t her e i s l ess SPA2

pr ot ei n i n cel l s gr own at 37° C. ) cdc28- 1 mut ant s, whi ch

bl ock i n l at e Gl , ar r est at t he r est r i ct i ve t emper at ur e wi t h one

end of t he cel l el ongat ed ; SPA2 st ai ni ng i s at t he el ongat ed

t i p i n ever y cel l ( Fi g . 5) ( >200 cel l s exami ned) . Each of t hese

cel l s have t he SPBon t he si de of t he nucl eus pr oxi mal t o t he

SPA2 pat ch and cont ai n one or mor e l ong ext r anucl ear

mi cr ot ubul e bundl es . At l east one of t hese bundl es i nt er sect s

t he SPA2 st ai ni ng r egi on i n ever y cel l , and somet i mes t wo

mi cr ot ubul e bundl es i nt er sect t hi s r egi on . cdc2, cdc5, cdc13,

cdc14, cdc15, cdc16, and cdc17 mut ant s whi ch ar e bl ocked at

var i ous poi nt s dur i ng nucl ear di vi si on, al l ar r est as l ar ge

budded cel l s ( cdc14 cel l s shown i n Fi g . 5) . No l ocal i zed

SPA2 st ai ni ng i s det ect ed i n any of t hese mut ant s, al t hough

a l ow l evel of enhanced st ai ni ng i s of t en obser ved t hr oughout

t he bud ( >150 cel l s obser ved f or each mut ant st r ai n) . Mi cr o-

t ubul es wer e r eadi l y det ect ed wi t h ant i - t ubul i n ant i bodi es,

i ndi cat i ng t hat ant i bodi es wer e st i l l abl e t o penet r at e t hese

cel l s .

To t est whet her cel l s i n Go cont ai n a SPA2 pat ch, st at i on-

ar y phase cel l s wer e anal yzed . I dent i cal yeast cul t ur es wer e

i ncubat ed f or 24, 48, or 72 h, f i xed, and st ai ned by i ndi r ect

i mmunof l uor escence wi t h ant i - SPA2 ant i bodi es. As shown

Snyder et al . Cel l Pol ar i t y f or Sacchar omyces cer evi si ae

Tabl e 11. Fr equency of St at i onar y phase Cel l s wi t h

SPA2 Pat ches

i n Fi g. 5 and Tabl e I I , t he pr opor t i on of unbudded cel l s
gr adual l y i ncr eases wi t h i ncubat i on t i me and t he cel l s ar r est
wi t h a het er ogeneous si ze and a l ar ge vacuol e ( vacuol e not
shown) . The pr opor t i on of cel l s t hat cont ai n a SPA2 pat ch

cont i nual l y decr eases wi t h i ncubat i on t i me and by 72 h t he

f r equency of cel l s wi t h a SPA2 pat ch was <0 . 3 %. As above,

al l of t hese cel l s st ai ned wi t h ant i - t ubul i n ant i bodi es i ndi cat -
i ng t hat t hey ar e per meabl e t o ant i bodi es .

To det er mi ne whet her cdc- ar r est ed and st at i onar y phase
cel l s t hat l acked a di st i nct i ve SPA2 st ai ni ng r egi on st i l l con-
t ai n t he SPA2 pr ot ei n, i mmunobl ot anal ysi s was car r i ed out

( Fi g . 6) . Pr ot ei n ext r act s f r omt he ar r est ed cel l s wer e sepa-

r at ed i n an SDS- cont ai ni ng gel . Gel bl ot s wer e pr epar ed and

Fi gur e 6. I mmunobl ot anal ysi s of cdc- ar r est ed and st at i onar y phase
cel l s . Pr ot ei n ext r act s f r om ar r est ed cel l s wer e pr epar ed, separ at ed
i n a pol yacr yl ami de gel cont ai ni ng SDS, bl ot t ed t o ni t r ocel l ul ose
and pr obed wi t h ant i - SPA2 ant i bodi es . The t op of t he gel cor r e-
sponds t o t he r i ght . WT A364A ( pr ot ei n sampl es at t he f ar ends)
i s t he par ent st r ai n backgr ound f or t he var i ous cdc mut ant s except
cdc24. WT C276 ( pr ot ei n sampl e next t o t he cdc24 sampl e) i s t he
wi l d- t ype par ent f or t hat st r ai n . The di f f er ent mut ant st r ai ns ar e de-
scr i bed i n t he l egends t o Fi gs . 5 and 7. The ar r ow i ndi cat es t he posi -
t i on of t he SPA2 pr ot ei n . The amount of pr ot ei n l oaded f r om t he
cdc14 sampl e i s l ess r el at i ve t o t he ot her sampl es and pr obabl y ac-
count s f or i t s r educed si gnal .
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Ti me of

cul t ur e i ncubat i on Budded

Unbudded cel l s

wi t h SPA2 pat ch n

h % %

0 ( l og phase) 69 97 364
24 28 24 163
48 6 4 197
72 1 . 2 0. 4 254



Fi gur e 7. cdc24- and cdc4- ar r est ed cel l s st ai ned wi t h ant i - SPA2 ant i bodi es . ( a and b) cdc24- 2- ar r est ed cel l s ( Y588) . ( Si mi l ar r esul t s wer e

obt ai ned wi t h cdc24- 4 and hapl oi d cdc24- 3 and st r ai ns) ( c f ) cdc4- ar r est ed cel l s ( Y585) . The cdc4 cel l s wer e si mul t aneousl y st ai ned wi t h

r hodami ne- conj ugat ed phal l oi di n whi ch bi nds F act i n ( d andf ) . Not e t he same r egi ons st ai n wi t h bot h phal l oi di n and ant i - SPA2 ant i bodi es .

Upon l i ght er exposur es t he dense act i n st ai ni ng r egi ons ar e compr i sed as spot s. ( a, c, and e) St ai n wi t h ant i - SPA2 ant i bodi es ( b) Hoechst

33258 st ai n of a. Bar s : ( a and b) , N4 um; ( cf ) 2 j m.
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Fi gur e 8. Summar y of SPA2 st ai ni ng i n cdc- ar r est ed and st at i onar y

phase cel l s .

pr obed wi t h ant i - SPA2 ant i bodi es . As shown f or wi l d- t ype

and cdc28- ar r est ed cel l s, t he SPA2 pr ot ei n mi gr at es as an

- 180- kD pol ypept i de, i n agr eement wi t h pr evi ous r esul t s

( Snyder , 1989) . Cel l s t hat ar r est as l ar ge budded cel l s, cdc13

and cdc14, st i l l cont ai n copi ous amount s of t he SPA2 pr ot ei n

i ndi cat i ng t hat t he pr ot ei n i s st i l l pr esent but not shar pl y

l ocal i zed i n t hese cel l s . St at i onar y- phase cel l s gr adual l y l ose

t he SPA2 pr ot ei n wi t h i ncr eased i ncubat i on t i me, i ndi cat i ng

t hat t he pr ot ei n i s l ost f r omyeast cel l s once t hey exi t t he cel l

cycl e.

Di st r i but i on of t he SPA2 Pr ot ei n i n Mor phogeni c

cdc Mut ant s

To at t empt t o det er mi ne what genes cont r ol t he di st r i but i on

of t he SPA2 pr ot ei n, we anal yzed cdc mut ant s t hat af f ect bud-

di ng i n yeast . cdc24 mut ant cel l s f ai l t o f or mbuds yet con-

t i nue t o under go nucl ear di vi si on f or mi ng l ar ge mul t i nucl e-

at e cel l s . cdc24- 2, cdc24- 3, and cdc24- 4 cel l s wer e shi f t ed

t o t he r est r i ct i ve t emper at ur e f or 2 h and st ai ned wi t h ant i -

SPA2 ant i bodi es . As shown i n Fi g . 7, no SPA2 pat ches ar e

obser ved i n any of t he cel l s ( 185 cel l s exami ned) , al t hough

a f ew ver y f ai nt r egi ons wer e obser ved near t he edges of t he

cel l sur f ace i n - 5%of t he cel l s . Hi gher t han backgr ound

st ai ni ng appear s t hr oughout t he cel l and of t en at t he cel l sur -

f ace. I mmunobl ot anal ysi s i ndi cat es t hat t he SPA2 pr ot ei n i s

st i l l pr esent i n t hese cel l s ( Fi g . 6) i ndi cat i ng t hat i t i s not

l ocal i zed pr oper l y . Hence, t he CDC24 gene pr oduct di r ect l y

or i ndi r ect l y cont r ol s t he l ocal i zat i on of t he SPA2 pr ot ei n .

We al so exami ned t he di st r i but i on of t he SPA2 pr ot ei n i n

cdc44 and cdc344 cel l s t hat f or mmul t i pl e el ongat ed buds
at t he r est r i ct i ve t emper at ur e . For bot h mut ant s, SPA2 ant i -

bodi es st ai n t he t i ps of a subset of buds, usual l y t he shor t er

ones whi ch we expect ar e i n t he pr ocess of gr owt h ( see Fi g .

7 f or cdc4 cel l s) . Occasi onal l y a pat ch on t he edge of t he cel l

near one of t he buds al so st ai ns ( Fi g . 7 e) . Thi s pat ch may

cor r espond t o t he r egi on wher e t he next bud wi l l f or m. The

Snyder et al . Cel l Pol ar i t y f or Sacchar omyces cer evi si ae

r egi ons st ai ned by SPA2 ar e al so st ai ned wi t h r hodami ne-

conj ugat ed phal l oi di n and i ndi cat e t hat act i n spot s ar e i n

t hese r egi ons . A summar y of t he SPA2 l ocal i zat i on pat t er n

i n each of t he cdc mut ant s i s shown i n Fi g . 8 .

Rel at i onshi ps bet ween Tubul i n, t he SPA2 Pr ot ei n,

and Act i n i n t he Mai nt enance of Cel l Pbl ar i t y

Si nce t he SPA2 pr ot ei n, act i n spot s, and t he ends of mi cr ot u-

bul es ar e al l pr esent i n t he same r egi on of yeast cel l s, we used

appr opr i at e mut ant s t o det er mi ne t he r el at i onshi ps bet ween

t hese di f f er ent pr ot ei ns/ component s ( i . e . , whi ch pr ot ei ns con-

t r ol t he di st r i but i on of t he ot her pr ot ei ns/ component s) .

spa2- 2 and spa2- 3 mut ant cel l s cont ai n a l ar ge del et i on of

t he SPA2 gene . These cel l s gr ow at nor mal r at es dur i ng

veget at i ve gr owt h, but cont ai n sl i ght l y al t er ed buddi ng pat -

t er ns and ar e def ect i ve i n pr oj ect i on f or mat i on of yeast cel l s

pr epar i ng t o mat e. When veget at i vel y gr owi ng spa2- 2 and

spa2- 3 mut ant cel l s wer e st ai ned wi t h ant i - t ubul i n ant i bod-

i es and r hodami ne- conj ugat ed phal l oi di n, t he di st r i but i on of

mi cr ot ubul es and act i n appear ed si mi l ar t o wi l d t ype . The

pr esence of mi cr ot ubul e bundl es t hat i nt er sect t he i nci pi ent

bud si t e i n unbudded cel l s coul d not be scor ed, because of

t he absence of t he SPA2 st ai ni ng r egi on i n t hese cel l s . How-

ever , l ong mi cr ot ubul es usual l y ext ended i nt o smal l budded

cel l s . Act i n spot s al so accumul at ed near one end of t he cel l

i n t he unbudded cel l s ( see Fi g . 9 f or wi l d- t ype st ai ni ng pat -

t er n) . Hence, t he SPA2 pr ot ei n does not det er mi ne t he ext en-

si on of mi cr ot ubul e ends i nt o smal l buds, and i t does not con-

t r ol t he di st r i but i on of act i n .

Col d- sensi t i ve , B- t ubul i n mut ant s ( t ub2- 401, t ub2- 402,

t ub2- 403, t ub2- 404, t ub2- 405, and t ub2 404) wer e al so shi f t ed

t o t he r est r i ct i ve t emper at ur e ( 11° C) f or var i ous per i ods of

t i me ( Huf f aker et al . , 1988) . The pr esence and di st r i but i on

of t he SPA2 pr ot ei n was f ol l owed unt i l t he cel l cycl e bl ock

at mi t osi s . Mor e t han 50%of t he t ub2- 401 cel l s had no vi si -

bl e mi cr ot ubul es wi t hi n 8 h . Unbudded and budded cel l s t hat

had l ost t hei r mi cr ot ubul es had a SPA2 st ai ni ng pat t er n si mi -

l ar t o t hat of wi l d- t ype cel l s i ndi cat i ng t hat mi cr ot ubul es ar e

not i mpor t ant f or t he mai nt enance of SPA2 pol ar i t y ( dat a not

shown) .
The di st r i but i on of t he SPA2 pr ot ei n was exami ned i n t wo

act i n mut ant s, act 14 and act l - 2 ( Novi ck and Bot st ei n, 1985) .

At t he per mi ssi ve t emper at ur e of 20- 22 ° C many acd1 and

most act l - 2 cel l s no l onger cont ai n an asymmet r i c di st r i bu-

t i on of act i n spot s ; spot s ar e of t en f ound i n bot h t he mot her

and t he bud . The cel l s al so t end t o be ver y het er ogeneous

i n si ze wi t h many ver y l ar ge cel l s pr esent i n t he popul at i on .

I n gener al , however , t he l ocal i zat i on of t he SPA2 pr ot ei n

wi t h ant i - SPA2 ant i bodi es i s si mi l ar t o t hat of wi l d- t ype even
i n cel l s t hat no l onger cont ai n a pol ar i zed di st r i but i on of ac-
t i n ( Fi g . 9, Cand D) . Af t er 1 h at t he r est r i ct i ve t emper at ur e

of 37° C, t he act i n spot s no l onger appear pol ar i zed i n any

of t he act l mut ant cel l s ; bot h mot her and daught er cel l s con-
t ai n t he act i n spot s . Appr oxi mat el y 60- 80% of t he act l - 2

cel l s st ai ned nor mal l y wi t h ant i - SPA2 ant i bodi es ; budded

cel l s cont ai ned t he SPA2 pr ot ei n at t he t i p of t he bud, and
25- 50 %of unbudded cel l s cont ai n a SPA2 pat ch . For acd4
cel l s t he r esul t s wer e mor e var i abl e ; usual l y - 20% of t he
cel l s had a SPA2 st ai ni ng pat ch ei t her at t he t i p of t he bud
or on t he edge of t he cel l . However , t he f r act i on of SPA2

st ai ni ng cel l s var i ed f r om 4 t o - 40% dependi ng upon t he
exper i ment . We expect t hat some of t hi s var i abi l i t y was due
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Fi gur e 9 act l and wi l d- t ype cel l s st ai ned wi t h ant i - SPA2 ant i bodi es . ( a and b) Wi l d- t ype cel l s ( Y603) . ( c and d) act l - 2 cel l s gr own at

t he per mi ssi ve t emper at ur e ( c and d) or t hose shi f t ed t o t he r est r i ct i ve t emper at ur e f or 1 h ( e and f ) wer e si mul t aneousl y st ai ned wi t h

ant i - SPA2 ant i bodi es and r hodami ne- conj ugat ed phal l oi di n . ( Lef t ) ( a, c, and e) ant i - SPA2 ant i bodi es . ( Ri ght ) ( b, d, and f ) r hodami ne-

conj ugat ed phal l oi di n . Bar , - 2 . 5 um.
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t o t he l oss of cel l vi abi l i t y at t hese r est r i ct i ve t emper at ur es

( Novi ck and Bot st ei n, 1985) . I n summar y, we concl ude t hat

because t he SPA2 pr ot ei n can st i l l l ocal i ze t o i t s cor r ect l oca-

t i on i n many of t he act l mut ant cel l s, t hat act i n i s not essen-

t i al f or mai nt ai ni ng t he l ocal i zat i on of t he SPA2 pr ot ei n .

However , act i n may st i l l be i nvol ved i n est abl i shi ng t he

pol ar i t y of t he SPA2 pr ot ei n. I n summar y, nei t her act i n nor

t he SPA2 pr ot ei n i s essent i al f or mai nt ai ni ng of t he l ocal i za-

t i on of t he ot her pr ot ei n, al t hough ei t her pr ot ei n may st i l l

augment t he l ocal i zat i on of t he ot her .

Di scussi on

Local i zat i on of SPA2 t hr oughout t he Yeast Cel l Cycl e

The dat a pr esent ed above demonst r at e t hat t he SPA2 pr ot ei n

l ocal i zes t o si t es i nvol ved i n pol ar i zed gr owt h i n yeast : i n a

pat ch on t he end of unbudded cel l s, expect ed t o be t he i n-
ci pi ent bud si t e, and at t he bud t i p i n budded cel l s, wher e

cel l gr owt h occur s ( Adams and Pr i ngl e, 1984) . Some cel l s

wi t h a ver y l ar ge bud no l onger st ai n at t he bud t i p, but r at her

have di f f use st ai ni ng t hr oughout t he ent i r e bud; i ndeed cdc
mut ant s t hat ar r est at t he l ar ge budded st age ( cdc13 and

cdc14) have t hi s pat t er n and st i l l cont ai n t he SPA2 pr ot ei n .
Hence, i n many cases when t he bud r eaches maxi mal si ze

t he SPA2 pr ot ei n becomes del ocal i zed wi t hi n t he bud . For

many l ar ge budded cel l s at cyt oki nesi s, st ai ni ng i s st i l l ob-

ser ved at t he t i p of t he bud as wel l as t he bud neck ( not

shown) . Thus, ei t her t hese buds have not r eached maxi mal
si ze or t he SPA2 pr ot ei n does not al ways become del ocal i zed

f r om t he bud t i p bef or e cyt oki nesi s .

I n t he A364A st r ai n backgr ound used i n t hese st udi es,
st ai ni ng i s r eadi l y obser ved at t he bud neck at cyt oki nesi s .
Thi s was not obser ved i n our pr evi ous exper i ment s pr obabl y
f or a combi nat i on of t wo r easons . Fi r st , addi t i onal exper i -
ment s wi t h S288C st r ai ns r eveal s t hat t hey al so st ai n at t he
bud neck at cyt oki nesi s, al bei t at a much l ower f r equency

( <1% of l ar ge budded) , and wi t h a much r educed i nt ensi t y .

Second, i mmunof l uor escence condi t i ons have nowbeen op-
t i mi zed f or st ai ni ng yeast cel l s wi t h ant i - SPA2 ant i bodi es

t hat al l oweasy det ect i on of t he SPA2 pr ot ei n . St ai ni ng at t he
bud neck i s pr obabl y not due t o r eact i on of t he af f i ni t y- pu-

r i f i ed ant i bodi es wi t h r esi dual cel l wal l component s ( Haar er

and Pr i ngl e, 1987) f or f our r easons . Fi r st , t he st ai ni ng at t he
neck i s r el at i vel y uni f or m i n si ze f r omone st ai ni ng cel l t o

t he next and f r omone exper i ment t o t he next . Second, t he

st ai ni ng appear s t o l i e wi t hi n t he cel l as opposed t o out si de

t he cel l . Thi r d, onl y budded cel l s wi t h f ul l y separ at ed nucl ei

st ai n at t he neck; t hi s i s a smal l f r act i on of t he t ot al budded

cel l s ( - 2%) . Fi nal l y, no st ai ni ng i s obser ved i n t he spa2- 2
or spa2- 3 mut ant cel l s . Thus, t he st ai ni ng at t he si t e of cyt o-

ki nesi s i s due t o t he pr esence of t he SPA2 pr ot ei n .

Fur t her evi dence t hat t he SPA2 pr ot ei n pl ays a r ol e i n
cyt oki nesi s comes f r omanal ysi s of spa2 mut ant cel l s . Dur -

i ng mi cr odi ssect i on exper i ment s ( Snyder , 1989) , many spa2

cel l s wi t h newbuds have not compl et el y separ at ed f r omt hei r

pr evi ous daught er cel l s . Thi s def ect i s sl i ght and may pr i mar -
i l y af f ect t he cel l wal l , because mi cr oscopi c exami nat i on of

spa2 spher opl ast s does not r eveal an i ncr ease i n l ar ge budded

cel l s over wi l d t ype st r ai ns .

Bot h act i n and t he SPA2 pr ot ei n l ocal i ze t o t he si t e of

cyt oki nesi s and si t es of cel l gr owt h ( Adams and Pr i ngl e,

Snyder et al . Cel l Pol ar i t y f or Sacchar omyces cer evi si ae

1984 ; Dr ubi n, 1990 ; Ki l mar t i n and Adams, 1984 ; Novi ck
and Bot st ei n, 1985) . Pr esumabl y membr ane gr owt h and/ or
st r uct ur al changes occur at t he neck dur i ng cyt oki nesi s ;

t hese may have f eat ur es i n common wi t h t he mor phogeni c
event s t hat occur at si t es of cel l gr owt h .

A smal l f r act i on of unbudded cel l s cont ai n t wo SPA2
pat ches . I n hapl oi d cel l s t hese pat ches r esi de adj acent t o
each ot her whi l e i n di pl oi d cel l s t hey usual l y l i e at opposi t e
si des of t he cel l , al t hough occasi onal l y t hey ar e adj acent t o
each ot her . Usual l y one pat ch i s br i ght er t han t he ot her and
mi cr ot ubul es i nt er sect t he br i ght er pat ch. A si mpl e expl ana-
t i on f or t he t wo pat ches i s t hat one r epr esent s t he SPA2 si t e

t hat r emai ns f r omcyt oki nesi s whi l e t he ot her r epr esent s t he
newbud si t e t hat i s about t o f or m. The weaker st ai ni ng pat ch
pr obabl y cor r esponds t o t he pat ch r emai ni ng f r omcyt oki ne-
si s because t hi s r egi on i s much weaker t han t he SPA2 st ai n-
i ng r egi on i n l at e GI cel l s or newl y budded cel l s . Di pl oi d
cel l s wi t h t wo pat ches compr i se N5- 10%of t he unbudded
cel l s i n t he A364Abackgr ound . I n S288C st r ai ns such cel l s
ar e di f f i cul t t o f i nd ( <l %of t he unbudded cel l s) , pr esumabl y
because t hese cel l s ei t her do not al ways st ai n dur i ng cyt oki -
nesi s or t hei r pr esence at cyt oki nesi s i s mor e t r ansi ent .

Est abl i shment of t he SPA2 Pbl ar i t y Pat ch
dur i ng GI and t he Tempor al Or der of Event s I nvol vi ng
SPB/ Nucl ear Or i ent at i on, and Mi cr ot ubul e
I nt er act i on wi t h t he I nci pi ent Bud Si t e

Dur i ng Gl i n hapl oi d cel l s sever al event s must occur : ( a) es-
t abl i shment of t he i nci pi ent bud si t e ; ( b) SPB mi gr at i on or
nucl ear r ot at i on so t hat t he SPB f aces t he i nci pi ent bud si t e ;
and ( c) i nt er act i on of t he mi cr ot ubul e bundl e wi t h t he newl y
f or med buds . Anal ysi s of synchr oni zed cel l s ( Fi gs. 2 and 3)
i ndi cat es t hat cel l s t hat do not st ai n wi t h SPA2 ant i bodi es ap-
pear at t he begi nni ng of Gl . These cel l s qui ckl y di sappear
f r om t he popul at i on suggest i ng t hat t he SPA2 pat ch f or ms
ear l y i n Gl . I ndeed, based on sever al cr i t er i a descr i bed i n
Mat er i al s and Met hods we can cr udel y est i mat e t hat t he
SPA2 pat ch i s est abl i shed wi t hi n 5 mi n af t er cyt oki nesi s .
Si nce t he Gl phase of t hese yeast st r ai ns i s 35- 40 mi n, t he
SPA2 pat ch i s pr esent t hr oughout most of Gl .

Si nce a number of cel l s i n ear l y Gl cont ai n t wo SPA2
pat ches i t appear s t hat not al l cel l s l ose t hei r cyt oki nesi s
pat ch bef or e f or mat i on of t he new one . Thus, t hese cel l s al -
ways cont ai n a SPA2 pat ch . I t i s al so pl ausi bl e t hat a si g-
ni f i cant f r act i on of t he popul at i on si mul t aneousl y l ose t he
cyt oki nesi s pat ch and f or mt he i nci pi ent bud pat ch . Because
of t he t r ansi ent nat ur e of t he cel l s t hat do not cont ai n a SPA2
pat ch, and t he di f f i cul t y i n scor i ng cel l s wi t h t wo pat ches, i t
i s di f f i cul t t o pr eci sel y quant i t at e t he f r act i on of cel l s t hat un-
der go each of t he di f f er ent possi bi l i t i es .

St ai ni ng of synchr oni zed cel l s wi t h r hodami ne- conj ugat ed

phal l oi di n i ndi cat es t hat act i n, l i ke SPA2, al so pol ar i zes t o t he
i nci pi ent bud si t e ver y ear l y i n t he cel l cycl e. Ki m et al .
( 1991) r ecent l y r epor t ed t hat anot her pr ot ei n, t he CDC3 pr o-
t ei n, whi ch i s i nvol ved i n f or mat i on of r i ngs at t he bud neck,
ar r i ves at t he pr esumpt i ve bud si t e wel l i n advance of bud f or -
mat i on . Thus, a number of di f f er ent pr ot ei ns t hat ar e i n-

vol ved i n var i ous aspect s of buddi ng begi n pr epar i ng f or bud
f or mat i on subst ant i al l y ahead of t he act ual buddi ng pr ocess .

Of par t i cul ar i nt er est i s wher e i n t he cel l cycl e t he SPA2
pat ch appear s r el at i ve t o t he SPB/ nucl ear r eor i ent at i on and
mi cr ot ubul e at t achment . Fr omt he dat a pr esent ed i n Fi gs . 3
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Fi gur e 10. Model f or t he or der of cel l cycl e event s t hat occur dur i ng

GI as descr i bed i n t he t ext .

Cand 4, t hese event s can be or gani zed i nt o a scheme shown

i n Fi g . 10. Fi r st , t he SPA2 pat ch i s est abl i shed of t en whi l e

t he SPB i s st i l l on t he di st al si de of t he nucl eus ( Fi g . 4, B

and C) ; t hese cel l s accumul at e ear l y i n Gl . Next , a l ong ex-

t r anucl ear mi cr ot ubul e bundl e i nt er sect s t he SPA2 st ai ni ng

r egi on ( Fi g . 4, Dand E) ; wi t h t he except i on descr i bed be-

l ow, t he accumul at i on of t hese cel l s r oughl y f ol l ows t hat of

t he unat t ached nucl ei . Fi nal l y, t he nucl eus r ot at es ( see be-

l ow) so t hat t he SPB f aces t he SPA2 st ai ni ng r egi on, per haps

t hr ough i t s mi cr ot ubul e anchor .

We pr ef er t he hypot hesi s t hat t he nucl eus r ot at es, as op-

posed t o t he SPB mi gr at i ng t hr ough t he nucl ear envel ope,

because i ni t i al l y i n many of t he cel l s t he nucl eol us i s oppo-

si t e t he SPB ( Fi g . 4, B and C) . Thi s nucl eol us/ SPB conf i gu-

r at i on, whi ch i s pr esent i n most unbudded cel l s ( Yang et al . ,

1989 ; Yang, C. H. , and M. Snyder , unpubl i shed) , woul d be

pr eser ved i f t he ent i r e nucl eus si mpl y r ot at ed . Al t er nat i vel y,

i f t he SPB mi gr at ed t hr ough t he nucl ear envel ope si mul t ane-

ous mi gr at i on of t he nucl eol us woul d have t o occur ; a pl ausi -

bl e, t hough pot ent i al l y mor e compl i cat ed, mechani sm.

An addi t i onal mechani smt hat may occur dur i ng GI i s t hat

t he nucl eus may or i ent t owar ds t he SPA2 st ai ni ng r egi on be-

f or e at t achment . Rapi d at t achment of a mi cr ot ubul e bundl e

t o t he st ai ni ng r egi on woul d t hen l ead t o at t ached nucl ei .
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Thi s at t achment must be r api d, because except f or t he ear l i -

est t i mepoi nt ( 65 mi n) ver y f ew cel l s ar e obser ved i n whi ch

t he SPB i s or i ent ed t owar ds t he SPA2 st ai ni ng r egi on, but do
not have a mi cr ot ubul e bundl e t hat i nt er sect s t he SPA2 st ai n-

i ng r egi on . I f mi cr ot ubul es ar e r api dl y gr owi ng and shr i nk-

i ng f r omt he SPB, t hen we mi ght expect t hat when t he SPB

i s or i ent ed t owar ds t he SPA2 st ai ni ng r egi on, at t achment

wi l l be r api d i f a mi cr ot ubul e capt ur e si t e exi st s near by ( see

bel ow) .

The gener al di st r i but i on of cel l s t hat have t he SPB on t he

SPA2- di st al si de of t he nucl eus and have a mi cr ot ubul e bun-

dl e t hat i nt er sect s t he SPA2 pat ch i s si mi l ar t o t he di st r i bu-

t i on of cel l s t hat do not have an i nt er sect i ng mi cr ot ubul e bun-
dl e . The br oad pr of i l e of t hese di st r i but i ons may be due t o

t he l onger hal f l i f e of t he cel l s wi t hout an i nt er sect i ng mi cr o-

t ubul e bundl e, r el at i ve t o t he ot her t ypes of unbudded cel l s

i n t he popul at i on ( f or exampl e, cel l s t hat do not st ai n wi t h

ant i - SPA2 ant i bodi es) . The number of cel l s t hat have an i n-

t er sect i ng mi cr ot ubul e bundl e at t he 65- and 75- mi n t i me-

poi nt s i s pr obabl y sl i ght l y l ar ger t han expect ed ; t hese hi gher

number s may be af f ect ed, i n par t , by cel l s t hat have j ust com-

pl et ed cyt oki nesi s and have not yet di ssol ved t hei r spi ndl e or

SPA2 pat ch . I ndeed, many cel l s i n t hese t wo popul at i ons ap-

pear t o have a ver y st r ai ght mi cr ot ubul e bundl e t hat appear s
t o pass t hr ough t he nucl eus, i nst ead of ar ound i t . Al t hough

such cel l s may sl i ght l y compl i cat e our anal ysi s of t hi s par t i c-

ul ar cl ass of unbudded cel l s, t he combi nat i on of t he mor pho-

l ogi cal and ki net i c dat a ar e cer t ai nl y consi st ent wi t h t he

mi cr ot ubul e at t achment pat hway pr esent ed i n Fi g . 10.

I n summar y, our dat a ar e consi st ent wi t h t he model t hat
t he SPA2 pat ch f or ms at t he cel l per i pher y ver y ear l y i n Gl .

Subsequent l y, mi cr ot ubul e i nt er sect i on and nucl ear r ot at i on

qui ckl y occur .

The Cyt oki nesi s Tag Model f or Sel ect i on
of Axi al Bud Si t es

A var i et y of pr ot ei ns have now been i dent i f i ed t hat l ocal i ze

bot h t o t he si t e of cyt oki nesi s and t o t he i nci pi ent bud si t e .

These i ncl ude t he CDC3, CDCI 0, and CDC12 gene pr oduct s
( Ki met al . , 1991) , act i n ( Adams and Pr i ngl e, 1984 ; Dr ubi n,

1990 ; Ki l mar t i n and Adams, 1984 ; Novi ck and Bot st ei n,

1985) , and t he SPA2 pr ot ei n . Based on t hese obser vat i ons

and t he obser vat i ons of cel l s wi t h doubl e pat ches, a model

can be pr oposed cal l ed her e t he " cyt oki nesi s t ag model " t o

account f or axi al buddi ng. I n t hi s model we pr opose t hat

component s of t he ol d si t e, i . e. , t he cyt oki nesi s si t e, ar e i n-

vol ved i n est abl i shi ng t he newbud si t e . Thi s can occur i n t wo

ways . Fi r st , t he ol d si t e coul d ser ve as a t empl at e or nucl ea-

t or t hat i ni t i at es f or mat i on of t he new si t e . Al t er nat i vel y,

component s at t he ol d si t e may si mpl y move over t o t he next

avai l abl e posi t i on on t he cel l sur f ace and i ni t i at e synt hesi s of

a new si t e. Axi al buddi ng occur s 100%i n hapl oi d mot her
cel l s, but onl y 70%i n hapl oi d daught er cel l s ( Snyder , 1989) .
Cel l s t hat devi at e f r omaxi al buddi ng may have di sassembl ed

t hei r cyt oki nesi s si t e pr i or t o t he f or mat i on of t he new si t e .
Di st al buddi ng, i n whi ch buddi ng occur s 180° away f r om

t he si t e of cyt oki nesi s, mi ght r esul t ei t her by compl et e di sas-
sembl y of cr i t i cal component s at t he cyt oki nesi s si t e or by

t he modi f i cat i on of t hese component s . Buddi ng mi ght t hen

i ni t i at e opposi t e t he spi ndl e pol e body ( Byer s, 1981) , whi ch
i n t he absence of t he r eor i ent at i on descr i bed above, woul d

pr ef er ent i al l y l i e opposi t e t he cyt oki nesi s si t e .
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Accor di ng t o t hi s model , yeast st r ai ns shoul d exi st wi t h

mut at i ons t hat di sr upt axi al buddi ng but do not af f ect di st al

buddi ng. Thi s i s t he case f or sever al mut ant s i ncl udi ng spat

mut ant s ( Snyder , 1989) and bud3 and bud4 mut ant s ( Chant

and Her skowi t z, 1991) .

Ther e ar e sever al mut ant s of yeast t hat exhi bi t r andom

buddi ng. These i ncl ude cdc24 ( Sl oat et al . , 1981) and t he

budl , bud2, and buds genes ( Chant and Her skowi t z, 1991 ;

Chant et al . , 1991) . Accor di ng t o t he model , r andom bud-

di ng mi ght occur t hr ough mi sl ocal i zat i on of t he cr i t i cal bud

i ni t i at i on component s . Al t er nat i vel y, del ayed assembl y of

such component s mi ght r esul t i n t he l oss of pr ef er r ed assem-

bl y si t es at t he cor t ex ; assembl y mi ght t hen occur at r andom

si t es or opposi t e t he SPB whi ch i t sel f mi ght become r an-

doml y posi t i oned .

The cyt oki nesi s t ag model i s pot ent i al l y appl i cabl e t o

ot her or gani sms t hat exhi bi t pol ar i zed di vi si ons ( exampl es :

Caenor habdi t i s el egans, Kemphes et al . , 1988 ; pl ant s,

Schnepf , 1986) .

AMi cr ot ubul e Capt ur e Si t e Resi des at
t he I nci pi ent Bud Si t e

Cel l s i n GI , par t i cul ar l y t hose i n mi ddl e and l at e GI and

cdc28- ar r est ed cel l s, and t hose j ust begi nni ng t o f or ma bud,

al l cont ai n a l ong ext r anucl ear mi cr ot ubul e bundl e t hat i nt er -

sect s t he SPA2 st ai ni ng r egi on . For many cel l s i n ear l y GI

t he mi cr ot ubul e bundl e ext ends al l t he way ar ound t he nu-

cl eus and acr oss t he cel l ( Fi g . 4, D and E) ; such cel l s ar e

r el at i vel y f r equent compr i si ng >10%of t he unbudded cel l

popul at i on at many of t he t i mepoi nt s . Si nce t he mi cr ot ubul es

of many or gani sms ar e unst abl e and under go per i ods of r api d

gr owt h and shr i nkage bot h i n vi t r o and i n vi vo ( Mi t chi son

and Ki r schner , 1984 ; Schul ze and Ki r schner , 1988) , i t i s

pl ausi bl e t hat a mi cr ot ubul e capt ur e si t e exi st s i n t he SPA2

st ai ni ng r egi on whi ch st abi l i zes t he l ong bundl e i n vi vo . The

SPA2 pr ot ei n was i sol at ed wi t h ant i - spi ndl e pol e aut oant i -

bodi es, and t her ef or e coul d concei vabl y i nt er act wi t h t he

ends of mi cr ot ubul es . However , i f t he SPA2 pr ot ei n i s such

a capt ur e pr ot ei n, i t must not be t he onl y capt ur e si t e, be-

cause spa2- 2 and spa2- 3 mut ant s st i l l cont ai n mi cr ot ubul e

bundl es ext endi ng t o t he bud t i p of cel l s wi t h ver y smal l

buds . Because t he SPA2 pat ch i s not pr esent i n t he spa2 mu-

t ant cel l s i t i s not possi bl e t o easi l y det er mi ne i f t he mi cr ot u-

bul e bundl e i nt er sect s such a r egi on i n unbudded cel l s . The

pur pose of a capt ur e si t e at t he nascent bud si t e mi ght be

t hr eef ol d . Fi r st , anchor i ng of t he mi cr ot ubul e end coul d ac-

count f or t he obser ved r eor i ent at i on of t he nucl eus . Sec-

ond, mi cr ot ubul es, al t hough not essent i al f or bud f or mat i on

( Huf f aker et al . , 1988 ; Jacobs et al . , 1988) , may st i l l aug-

ment t hi s pr ocess . Fi nal l y, mi cr ot ubul es t hat ext end i n t he

di r ect i on of t he bud ar e pr esumabl y i mpor t ant f or nucl ear

mi gr at i on dur i ng G2 ( Huf f aker et al . , 1988 ; Jacobs et al . ,

1988) .

Genes t hat Cont r ol SPA2 Pbl ar i t y i n Yeast

cdc24 mut ant s of yeast f ai l t o f or m buds at t he r est r i ct i ve

t emper at ur e, and exhi bi t del ocal i zed chi t i n over t hei r cel l

sur f ace and del ocal i zed act i n spot s near t hei r cel l sur f ace

( Adams and Pr i ngl e, 1984 ; Sl oat et al . , 1981) . These cel l s

al so f ai l t o l ocal i ze t he SPA2 pr ot ei n i ndi cat i ng t hat t hey ar e

def ect i ve i n posi t i oni ng a number of pr ot ei ns i mpor t ant i n es-

Snyder et al . Cel l Pol ar i t y f or Sacchar omyces cer evi si ae

t abl i shi ng t he bud si t e . act l l and act l - 2 mut ant s of yeast al so
f ai l t o l ocal i ze chi t i n at t he r est r i ct i ve t emper at ur e . However ,

many of t hese mut ant cel l s st i l l l ocal i ze t he SPA2 pr ot ei n t o
t he edge of t he cel l , i ndi cat i ng t hat act i n i s not essent i al f or

mai nt enance of SPA2 l ocal i zat i on . However , i t i s st i l l possi -

bl e t hat act i n i s r equi r ed f or i ni t i al l y est abl i shi ng SPA2 pr o-

t ei n l ocal i zat i on or augment s t he l ocal i zat i on of t he SPA2

pr ot ei n si nce many unst ai ned cel l s ar e obser ved . spa2 mu-

t ant s st i l l exhi bi t pol ar i zed l ocal i zat i on of act i n . Hence, t he

SPA2 pr ot ei n i s not r equi r ed ei t her f or t he est abl i shment or

mai nt enance of t he pol ar i t y of act i n spot s. I t seems l i kel y t hat

some ot her cyt oskel et al component i s i mpor t ant f or cont r ol -

l i ng t he pol ar i zed di st r i but i on of bot h act i n spot s and t he

SPA2 pr ot ei n . Fur t her anal ysi s of component s i mpor t ant f or

cel l mor phogenesi s i n yeast may r eveal t he cr i t i cal compo-

nent s .
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