
St r uct ur al Rear r angement s of Tubul i n and Act i n

dur i ng t he Cel l Cycl e of t he Yeast Sacchar omyces

ABSTRACT

	

The di st r i but i on of act i n and t ubul i n dur i ng t he cel l cycl e of t he buddi ng yeast

Sacchar omyces was mapped by i mmunof l uor escence usi ng f i xed cel l s f r om whi ch t he wal l s

had been r emoved by di gest i on . The i nt r anucl ear mi t ot i c spi ndl e was shown cl ear l y by st ai ni ng

wi t h a monocl onal ant i t ubul i n ; t he pr esence of ext ensi ve bundl es of cyt opl asmi c mi cr ot ubul es

i s r epor t ed . I n cel l s cont ai ni ng shor t spi ndl es st i l l ent i r el y wi t hi n t he mot her cel l s, one of t he

bundl es of cyt opl asmi c mi cr ot ubul es near l y al ways ext ended t o ( or i nt o) t he bud . Two

i ndependent r eagent s ( ant i - yeast act i n and f l uor escent phal l oi di n) r eveal ed an unusual di st r i -

but i on of act i n : i t was pr esent as a set of cor t i cal dot s or pat ches and al so as di st i nct f i ber s

t hat wer e pr esumabl y bundl es of act i n f i l ament s . Doubl e l abel i ng showed t hat at no st age i n

t he cel l cycl e do t he di st r i but i ons of act i n and t ubul i n coi nci de f or any si gni f i cant l engt h, and,
i n par t i cul ar , t hat t he mi t ot i c spi ndl e di d not st ai n det est abl y f or act i n . However , bot h

mi cr ot ubul e and act i n st ai ni ng pat t er ns change i n a char act er i st i c way dur i ng t he cel l cycl e .

I n par t i cul ar , t he act i n dot s cl ust er ed i n r i ngs about t he bases of ver y smal l buds and at t he

si t es on unbudded cel l s at whi ch bud emer gence was appar ent l y i mmi nent . Lat er i n t he

buddi ng cycl e, t he act i n dot s wer e pr esent l ar gel y i n t he buds and, i n many st r ai ns, pr i mar i l y

at t he t i ps of t hese buds . At about t he t i me of cyt oki nesi s t he act i n dot s cl ust er ed i n t he neck

r egi on bet ween t he separ at i ng cel l s . These aspect s of act i n di st r i but i on suggest t hat i t may

have a r ol e i n t he l ocal i zed deposi t i on of new cel l wal l mat er i al .

Act i n and t ubul i n ar e maj or st r uct ur al pr ot ei ns i n al l eucar -
yot e cel l s . They f or m di st i nct f i l ament ous st r uct ur es i n t he
i nt er phase cyt oskel et on and dur i ng mi t osi s, al so t hey may be
i nvol ved i n many mot i l e event s i n eucar yot es . However , i n
nonmuscl e cel l s onl y a f ew of t hei r f unct i ons such as t he r ol e
of act i n i n cyt oki nesi s ( 52) and t ubul i n i n f l agel l ar movement
( 19) ar e r easonabl y wel l est abl i shed . Thei r r ol e i n ot her cel -
l ul ar mot i l i t y event s such as i nt r acel l ul ar movement of or gan-
el l es or chr omosome movement i s as yet uncl ear . A genet i c
anal ysi s of t hese pr obl ems mi ght i l l umi nat e t he pr eci se f unc-
t i ons of act i n, of t ubul i n and, i n par t i cul ar , of pr ot ei ns asso-
ci at ed wi t h t hem. For t hi s pur pose, yeast , as a genet i cal l y
t r act abl e eucar yot e mi cr oor gani sm possessi ng t ubul i n and
act i n cl osel y si mi l ar t o t hose of hi gher or gani sms ( 21, 30, 36,
60) , may be of gr eat val ue . The genes f or yeast act i n ( 18, 44,
53) and t ubul i n ( 43) ar e al r eady under i nt ensi ve st udy and
most cl oned yeast genes can nowbe mut ageni zed i n vi t r o and
subst i t ut ed f or t he wi l d- t ype gene i n t he cor r ect chr omosomal
posi t i on ( 51) . Mor eover st udi es of " pseudor ever t ant s" of such
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mut ant s can be expect ed t o yi el d much i nf or mat i on about
pr ot ei n i nt er act i ons ( 6) .

I t i s t her ef or e of consi der abl e i nt er est t o i nvest i gat e t he
di st r i but i on of act i n and t ubul i n dur i ng t he cel l cycl e i n yeast .
The ar r angement of mi cr ot ubul es i n yeast s has been wel l
st udi ed by el ect r on mi cr oscopy ( 8- 10, 32, 40, 41, 46, 49) and
shows a spi ndl e r esembl i ng t hose of hi gher eucar yot es as wel l
as cyt opl asmi c or ast r al mi cr ot ubul es. Cent r i ol es ar e not
pr esent , but speci al i zed ar eas of t he nucl ear envel ope ( whi ch
r emai ns i nt act dur i ng di vi si on) f unct i on as spi ndl e pol es and
as an appar ent or gani zi ng cent er f or t he cyt opl asmi c mi cr o-
t ubul es. Not hi ng i s known of t he ar r angement of act i n f i l a-
ment s i n yeast s, apar t f r om a pr el i mi nar y i ndi cat i on of t hei r
pr esence by el ect r on mi cr oscopy i n Schi zosacchar omyces

pombe ( 56) , t hough mor e ext ensi ve st udi es of t he ar r ange-
ment s of mi cr of i l ament s have been made i n ot her f ungi ( 20,
26) .

Thi s paper descr i bes t he appl i cat i on t o yeast of i mmunof l u-
or escence met hods . Si nce t hese met hods per mi t t he exami -
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nat i on of l ar ge number s of cel l s, t hey ar e of gr eat val ue i n
pi eci ng t oget her t he behavi or of pr ot ei ns of i nt er est dur i ng
t he successi ve st ages of t he cel l cycl e . Pr evi ous st udi es of yeast
i nt er nal st r uct ur es by i mmunof l uor escence empl oyed spher -
opl ast s or i sol at ed cel l f r act i ons ( 31) . Her e we adapt ed t he
pr ocedur e t o cel l s t hat wer e f i r st f i xed and t hen st r i pped of
t hei r cel l wal l s by enzymat i c di gest i on . Thi s r esul t ed i n good
pr eser vat i on of t he over al l shape and spat i al r el at i onshi ps of
t he cel l and al l owed mor phogenet i c event s i n t he cyt opl asm
t o be r el at ed t o t hose i n t he cel l wal l . I n addi t i on, t he posi t i on
of a par t i cul ar cel l i n t he cel l cycl e can be det er mi ned appr ox-
i mat el y by compar i son of mot her and bud cel l l engt hs ( 10,
47, 62) .

A monocl onal ant i t ubul i n YOL1/ 34 ( 31) and an af f i ni t y
pur i f i ed pol ycl onal ant i - yeast act i n wer e used ei t her si ngl y, or
t oget her i n doubl e l abel i ng exper i ment s . Ant i t ubul i n st ai ni ng
was al so combi ned wi t h t et r amet hyl r hodami nyl phal l oi di n
( Rh- phal l oi di n) , ' a speci f i c f l uor ochr ome f or F- act i n ( 16, 64) .
The di st r i but i on of act i n showed novel and i nt er est i ng f ea-
t ur es, i ncl udi ng a r i ng of F- act i n cont ai ni ng dot s at t he si t e of
bud f or mat i on . Doubl e l abel i ng of cel l s wi t h i nt act wal l s wi t h
bot h Rh- phal l oi di n and t he pol ysacchar i de speci f i c dye Cal -
cof l uor ( 54) showed t he r i ng of act i n dot s was coi nci dent wi t h
t he newl y deposi t ed chi t i n r i ng t hat i s l ai d down at t he si t e of
bud f or mat i on . Thi s and t he changes i n t he pat t er n of st ai ni ng
of t he act i n dot s dur i ng t he cel l cycl e suggest a possi bl e
f unct i on f or act i n i n cel l wal l gr owt h i n yeast .

MATERI ALS AND METHODS

Yeast St r ai ns and Cul t ur e Condi t i ons :

	

Most exper i ment s wer e
per f or med wi t h Sacchar omyces uvar um NCYC74, cul t ur ed as descr i bed pr e-
vi ousl y ( 30) . Ot her exper i ment s wer e per f or med wi t h Sacchar omyces cer evi si ae
st r ai ns A364A ( 23) , DCI 13 ( 55) , Y55 ( 39) , C276 ( l ) , NCYC 366, and NCYC
661 ( t he l ast t wo st r ai ns wer e obt ai ned f r om t he Nat i onal Col l ect i on of Yeast
Cul t ur es, Nut f i el d, Engl and) . St r ai ns DCl 13 and NCYC 366 wer e cul t ur ed
si mi l ar l y t o S. uvar um, st r ai ns A364A, Y55, and NCYC 661 wer e cul t ur ed i n
YPD( 2% gl ucose, 2%bact opept one, l %yeast ext r act , 40 ug/ ml adeni ne, and
40 ug/ ml ur aci l ) , and st r ai n C276 was cul t ur ed as descr i bed i n t he accompany-
i ng paper ( 1) .

Pr epar at i on of Yeast Act i n :

	

Yeast act i n was pr epar ed by t he met hod
of Zechel ( 65) . Sampl es of DNase I ( DN- CS, Si gma Chemi cal Co. , Pool e,
Engl and) wer e anal ysed by SDS 12% PAGE ( 37) t o check f or pr ot eol yt i c
degr adat i on . Those wi t h <20%degr adat i on wer e coupl ed t o CNBr act i vat ed
Sephar ose 4B ( Phar maci a Fi ne Chemi cal s, Hounsl ow, Engl and) as i nst r uct ed
by Phar maci a but i n t he pr esence of 0. 1 mMCaCl 2 . Yeast ( S. uvar umNCYC
74) cel l l ysat e ( 30) was pr ocessed as descr i bed by Zechei ( 65) . The yi el d was 3
mg act i n/ 50 g ( wet wei ght ) cel l s . The capaci t y of t he DNase I - Sephar ose col umn
was consi st ent l y onl y 10% of t hat expect ed on a bi ndi ng r at i o of 1 mol act i n/
mol DNase I .

Pr epar at i on and Assay of Ant i ser a :

	

50 ug of yeast act i n was
emul si f i ed i n Fr eunds compl et e adj uvant and i nj ect ed i nt r aper i t oneal l y i nt o
f our AO/ LOUr at s . Boost s i n i ncompl et e adj uvant wer e gi ven at week 3, 7, 12
and 17. At week 4, t hr ee r at s wer e gi vi ng ant i act i n det ect abl e i n a dot bl ot assay
of t he ser umat di l ut i ons of 1 : 1, 000. The dot bl ot assay was a modi f i cat i on of
t he ni t r ocel l ul ose spot assay ( 17) ; i nst ead of bi ndi ng ant i gen t o t he whol e of t he
ni t r ocel l ul ose sheet , 1 ul of 200 ug/ ml yeast act i n was spot t ed ont o t he sheet at
i nt er val s of I cm mar ked by penci l dot s . Af t er bl ocki ng t he ni t r ocel l ul ose wi t h
bl ot buf f er ( 0 . 05 M Tr i s- HCI , pH 7 . 5, 0 . 15 MNaCI , 0 . 05% Noni det P- 40, 5
mMEDTA, 0 . 25% gel at i n, 0 . 02% NaNA i t was bl ot t ed wi t h paper t i ssue and
ai r dr i ed . 1- , Al sampl es of di l ut ed ser umwer e appl i ed t o t he ant i gen spot s and
ai r dr i ed ( 17) . Af t er washi ng i n bl ot buf f er cont ai ni ng 0. 5% Noni det P- 40 and
0. 1% SDS, t he ni t r ocel l ul ose sheet was i ncubat ed wi t h 10 6 cpm 121- ant i - r at
I gG/ ml f or 60 mi n at 22° C. The ant i - r at I gG ( Mi l es Labor at or i es, Sl ough,
Engl and) was af f i ni t y pur i f i ed usi ng r at monocl onal YLI / 2 I gG coupl ed t o

' Abbr evi at i ons used i n t hi s paper :

	

Rh- phal l oi di n, t et r amet hyl r ho-
dami nyl phal l oi di n; BSA, bovi ne ser um al bumi n ; FI TC, f l uor escei n
i sot hi ocyanat e ; DAPI , 4' , 6- di ami di no- 2- phenyl i ndol e ; PBS, 0 . 05 M
pot assi um phosphat e, pH 7 . 4, 0. 15 MNaCl .

Sephar ose 4B as absor bant ( 31) and t hen coupl ed t o 125 1 . Af t er washi ng as
above t he ni t r ocel l ul ose sheet was exposed t o x- r ay f i l m at - 70° C. At week 19

t he r at s wer e bl ed weekl y f r om t he t ai l t o gi ve 0. 5 t o 1 . 0 ml ser um per bl eed :
t hese sampl es of ser um wer e used f or al l t he exper i ment s descr i bed i n t hi s

paper .
The ser a wer e af f i ni t y pur i f i ed usi ng yeast act i n coupl ed t o Sephar ose as

absor bant . I mg of yeast act i n was gel f i l t er ed by cent r i f ugat i on ( 42) agai nst 2
mMt r i et hyl ami ne- HCI , pH 7 . 5, 10 uMATP, 0. 2 mMCaC12, 0 . 1 mMdi t hi o-
t hr ei t ol and coupl ed t o 1 g CNBr - Sephar ose 4B as i nst r uct ed by Phar maci a. A
0 . 5 ml col umn of act i n- Sephar ose was equi l i br at ed wi t h 0. 05 M pot assi um
phosphat e, pH 7 . 4, 0. 15 MNaCl ( PBS) and 0 . 3 ml ant i ser um passed t hr ough
t he col umn at 22° C. The ant i act i n was el ut ed i n 0. 5 ml f r act i ons at 4° C wi t h

0 . 2 Mgl yci ne- HCl pH 2 . 5 and i mmedi at el y neut r al i sed wi t h 3 MTr i s . Usual l y
t he f i r st f r act i on, whi ch bef or e di l ut i on was 200 ug/ ml , was di l ut ed 1 : 100 i n
t he exper i ment s descr i bed her e, t hough t he l at er f r act i ons al so had usabl e
ant i act i n .

The speci f i ci t y of t he ant i ser a wer e shown by st ai ni ng of ni t r ocel l ul ose bl ot s
of 10%SDS pol yacr yl ami de gel s ( 59) . Yeast cel l s wer e br oken by gl ass beads

and i mmedi at el y boi l ed i n t wo t i mes concent r at ed SDS gel sampl e buf f er ( 37) .
The vi scosi t y was r educed by soni cat i on and cel l wal l s r emoved by cent r i f uga-

t i on. Thi s ext r act was separ at ed on a 10%SDS pol yacr yl ami de gel usi ng wi de
sampl e sl ot s and pr ot ei ns wer e el ect r ophor et i cal l y t r ansf er r ed t o ni t r ocel l ul ose

( 59) . Af t er bl ocki ng t he ni t r ocel l ul ose t r ansf er s wi t h bl ot buf f er ( see above) ,

st r i ps 2- 3 mmwi de wer e cut , bl ot t ed wi t h t i ssue paper and ai r dr i ed. 100 ul of
2 . g/ ml monocl onal ant i t ubul i n YOL1/ 34 or of a 1 : 100 di l ut i on of af f i ni t y
pur i f i ed ant i act i n wer e added t o each dr y st r i p so t hat i t was uni f or ml y moi st

and t he st r i p was t hen al l owed t o ai r dr y . The st r i ps wer e washed and r eact ed
wi t h " ' I - ant i - r at I gG as descr i bed f or dot bl ot s above .

The ant i act i n was coupl ed t o f l uor escei n i sot hi ocyanat e ( FI TC) by f i r st
pr eci pi t at i ng t he ant i bodi es f r om ser um wi t h 50% ( NH, ) 2SOs, gel f i l t er i ng
agai nst 0. 25 MNaHC03- 0 . 025 MNaC03 ( pH 8 . 9) , and r eact i ng wi t h 0. 05 mg
FI TC/ mg pr ot ei n at 4° C over ni ght . The FI TC- conj ugat ed ant i bodi es wer e
af f i ni t y pur i f i ed as descr i bed above .

Fi xat i on and I mmunof l uor escence of Yeast Cel l s : Asyn-
chr onous ear l y l og phase yeast cel l s wer e f i xed by sever al met hods . Ei t her ( a)

cel l s wer e har vest ed by f i l t r at i on ( 1 . 2 umf i l t er s) and i mmedi at el y washed and
r esuspended i n 0. 1 Mpot assi um phosphat e buf f er , pH 6 . 5, cont ai ni ng f i xat i ve,
or ( b) f i xat i ve was added di r ect l y t o t he cel l s gr owi ng i n medi um f ol l owed by
buf f er t o gi ve a f i nal pHof 6 . 5 and, af t er 30 mi n at 25° C, t he f i xed cel l s wer e
har vest ed and r esuspended as i n t he f i r st pr ocedur e . Fi xat i on was f or a t ot al of
90 mi n at 25° C and empl oyed ei t her 3 . 7%f or mal dehyde or 3%par af or mal de-
hyde pl us I %gl ut aml dehyde ( OD23s/ OD2eo < 0. 20) . The par af or mal dehyde
was al ways added bef or e t he gl ut ar al dehyde . Fi xat i ves wer e r emoved by washi ng
t hr ee t i mes wi t h 0 . 1 M phosphat e, pH 6 . 5, and once wi t h 1 . 2 M sor bi t ol i n
0. 12 MK2HP04/ 0. 033 Mci t r i c aci d ( pH 5 . 9) . The f or mal dehyde f i xed cel l s
wer e di gest ed wi t h 1 / 10 vol ume snai l gut j ui ce ( Hel i x pomat i a j ui ce, Uni sci ence,
Cambr i dge, Engl and) and 1/ 100 vol ume 50 mg/ ml Zymol yase 5000 ( Mi l es
Labor at or i es) . The par af or mal dehyde/ gl ut ar al dehyde f i xed cel l s had i n addi t i on
1/ 400 vol ume Mut anase ( Novo Enzymes, Wi ndsor , Engl and) . The pr esence of
sor bi t ol was not essent i al , but was added f or ext r a pr ot ect i on of t he cel l s . Af t er
di gest i on f or 90 mi n at 30° C, t he cel l s wer e washed wi t h sor bi t ol cont ai ni ng
buf f er and appl i ed t o pol yl ysi ne coat ed mul t i wel l sl i des ( 31) , and f i xed f or 6
mi n i n met hanol and 30 s i n acet one bot h at - 20° C. The par af or mal dehyde/
gl ut ar al dehyde f i xed cel l s wer e t hen gi ven t hr ee 5- mi n t r eat ment s wi t h f r esh 1
mg/ ml NaBH4 i n PBS. Exper i ment s wi t h S. cer evi si ae st r ai n C276 empl oyed
t he al t er nat i ve f i xat i on and per meabi l i zat i on pr ocedur es descr i bed i n t he ac-
companyi ng paper ( 1) .

Monocl onal ant i t ubul i n YOLI / 34 I gG ( 31) or af f i ni t y pur i f i ed ant i act i n was
added af t er di l ut i on i n bovi ne ser um al bumi n ( BSA) - PBS ( 31) , YOLI / 34 I gG
was 20 ug/ ml and ant i act i n was di l ut ed 1 : 100 ( t o 2 ug/ ml ) . Af t er washi ng wi t h
BSA- PBS, af f i ni t y pur i f i ed FI TC ant i - r at I gG ( 31) was added, usual l y at a
di l ut i on of 1 : 10 i n BSA- PBS. For f or mal dehyde f i xed cel l s, t he i ncubat i ons
wer e 1- 3 h at 22° C, f or par af or mal dehyde/ gl ut ar al dehyde f i xed cel l s t hey wer e
7- 12 h at 37° C. For doubl e ant i body l abel i ng, t he cel l s wer e r eact ed wi t h
YOLI / 34 and af f i ni t y- pur i f i ed r hodami ne- coupl ed ant i - r at I gG as above. Sur -
pl us r at I gG bi ndi ng si t es wer e bl ocked wi t h I mg/ ml r at I gG ( 28) f or 30 mi n
at 22° C, t hen undi l ut ed af f i ni t y pur i f i ed FI TC r at ant i act i n was appl i ed f or 10
h at 37° C.

For doubl e l abel i ng wi t h Rh- phal l oi di n and ant i act i n, f or mal dehyde- f i xed
cel l s i n 1 . 2 Msor bi t ol / 0. 12 Mphosphat e- ci t r at e, pH 5. 9, cont ai ni ng l % ( vol /
vol ) Tr i t on X- 100 wer e t r eat ed wi t h 20 j i g/ ml Rh- phal l oi di n f or 2 mi n at 22° C.
These cel l s wer e appl i ed t o a pol yl ysi ne coat ed sl i de and f i xed i n acet one at
- 20° C f or 3 mi n . They wer e t hen st ai ned wi t h undi l ut ed af f i ni t y- pur i f i ed
ant i act i n f or 8 mi n at 22° C and washed wi t h PBS. Undi l ut ed af f i ni t y pur i f i ed
FI TC ant i - r at I gG was t hen added f or 8 mi n at 22° C f ol l owed by washi ng i n
PBS.

For doubl e l abel i ng wi t h Rh- phal l oi di n and ant i t ubul i n, t he Rh- phal l oi di n
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t r eat ed cel l s wer e appl i ed t o a pol yl ysi ne coat ed sl i de and washed wi t h PBS

cont ai ni ng 2 Wg/ ml Rh- phal l oi di n ( al l buf f er s subsequent l y cont ai ned 2 i ag/ ml
Rh- phal l oi di n) . YOL1/ 34 monocl onal ant i t ubul i n was added at 200 Feg/ ml i n

BSA- PBS f or 10 mi n at 22° C. Af t er washi ng wi t h PBS, af f i ni t y- pur i f i ed FI TC

ant i - r at I gG di l ut ed wi t h an equal vol ume of PBS was appl i ed f or 10 mi n at

22° C, f ol l owed by washi ng.
For doubl e l abel i ng wi t h Cal cof l uor and Rh- phal l oi di n, f or mal dehyde- f i xed

cel l s whose wal l s had not been di gest ed wer e l abel ed f i r st wi t h Cal cof l uor Whi t e

M2R( 54) and, af t er washi ng, wi t h 20, ug/ ml Rh- phal l oi di n i n PBS cont ai ni ng

1 %( vol / vol ) Tr i t on X- 100 f or 2 mi n at 22° C.
Cel l s wer e al so l abel ed wi t h Rh- phal l oi di n af t er f i xat i on i n 70%et hanol 4

mMEGTA, pH6 . 2 . Log phase cel l s i n medi a wer e added t o 95%et hanol , 5
mMEGTA, pH 6 . 2, at - 20° C t o gi ve t he f i nal concent r at i ons i ndi cat ed and

wer e al l owed t o war mt o 4° C. Af t er 5 mi n at 4° C cel l s wer e pel l et ed, r esuspended
i n 70% et hanol , 4 mMEGTA pH 6 . 2 and i ncubat ed wi t h 20 ug/ ml Rh-

phal l oi di n and l %( vol / vol ) Tr i t on X- 100 f or 2 mi n at 4° C.
Al l sl i des wer e mount ed i n p- phenyl enedi ami ne/ 90% gl ycer ol ( 29) cont ai n-

i ng 0. 05 Ag/ ml 4' , 6- di ami di no- 2- phenyl i ndol e ( DAPI ) ( 63) . Sl i des wer e pho-
t ogr aphed usi ng t he chr omogeni c bl ack and whi t e f i l m I l f or d XPI 400 ASA,

on a Zei ss st andar d WL mi cr oscope equi pped f or epi f l uor escence wi t h a HBO
50Whi gh pr essur e mer cur y l amp . A Zei ss pl anachr omat 100X N. A. 1 . 25 or
Neof l uor 100X N. A. 1 . 3 obj ect i ve was used wi t h Zei ss sel ect i ve FI TC ( 4877 10)
and r hodami ne ( 487715) f i l t er s . For phase- cont r ast and DAPI st ai ni ng a Ph3
Neof l uor 100X N. A . 1 . 3 obj ect i ve and f or Cal col l uor st ai ni ng a Neof l uor 100X
N. A . 1 . 3 obj ect i ve was used, bot h wi t h Zei ss UV f i l t er s ( 487701) .

RESULTS

Pur i f i cat i on of Yeast Act i n

Yeast act i n was pur i f i ed by af f i ni t y chr omat ogr aphy on
DNase I - Sephar ose ( Fi g . 1, l ane 2) usi ng t he el ut i on pr ot ocol
of Zechel ( 65) , whi ch uses a f or mami de el uant t o mi ni mi se
denat ur at i on . On addi t i on of 2 MMMgCI Z, 80- 90% of t he
act i n became sedi ment abl e as f i l ament s of 7- 8- nmdi amet er
( Fi g . 2) . The assembl y char act er i st i cs of yeast act i n pr epar ed
by t hi s pr ocedur e wer e not i nvest i gat ed i n det ai l as t hi s was
not necessar y f or t he pr epar at i on of ant i ser a.

FI GURE 1 Pur i f i cat i on of yeast

act i n and char act er i zat i on of t he

speci f i ci t y of t he ant i act i n and an-

t i t ubul i n ant i bodi es . ( Lanes I and

2) 10% SI DS pol yacr yl ami de gel s

( 37) of muscl e ( l ane I ) and yeast

( l ane 2) act i n st ai ned wi t h Coo-

massi e Bl ue . ( Lanes 3- 6) Ni t r ocel -

l ul ose bl ot s of 10%SDS pol yacr yl -

ami de gel s cont ai ni ng pur i f i ed

yeast act i n ( l ane 3) , whol e yeast

cel l ext r act ( l anes 4 and 6) , or

pur i f i ed yeast t ubul i n ( l ane 5) .

Lanes 3 and 4 wer e st ai ned wi t h

af f i ni t y pur i f i ed ant i act i n and " ' k

l abel ed ant i - r at I gG, l anes 5 and 6

wi t h monocl onal ant i t ubul i n

YOL1/ 34 and " 5 1- l abel ed ant i - r at

I gG ( see Mat er i al s and Met hods) .
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FI GURE 2

	

Yeast act i n f i l ament s pol ymer i sed by addi t i on of 2 mM

MgCI Z negat i vel y st ai ned wi t h 1% ur anyl acet at e . Bar , 100 nm.

x 40, 000 . ( I nset ) Bar , 100 nm, x 120, 000 .

Speci f i ci t y of t he Ant i bodi es

The ant i act i n ant i bodi es wer e pr oduced i n r at s and af f i ni t y-
pur i f i ed bef or e use . When appl i ed t o ni t r ocel l ul ose bl ot s of
whol e yeast cel l pr ot ei ns separ at ed by SDS PAGE, t hey
st ai ned a si ngl e band wi t h t he same mobi l i t y as t hat of pur i f i ed
yeast act i n ( Fi g . 1, l anes 3 and 4) . Ant i bodi es f r om t wo
i ndi vi dual r at s wer e used f or most of t he exper i ment s i n t hi s
paper wi t h ver y si mi l ar r esul t s . Af f i ni t y- pur i f i ed ant i bodi es
f r om one of t hese r at s, when used t o st ai n mouse 3T3 t i ssue
cul t ur e cel l s ( 31) , gave t he usual act i n st r ess f i ber st ai ni ng
pat t er n ( 3 ; dat a not shown) , t hough hi gher concent r at i ons of
ant i body wer e r equi r ed ( 70 j Lg/ ml ) compar ed wi t h t he 2 Ag/
ml nor mal l y needed f or ant i act i n i mmunof l uor escence i n
yeast .

The monocl onal ant i t ubul i n ant i body YOL1/ 34 bi nds
st r ongl y t o yeast t ubul i n i n a sol i d phase i mmunoassay ( 31)
and i s speci f i c f or a band wi t h si mi l ar mobi l i t y t o t hat of
pur i f i ed yeast t ubul i n ( 30) when appl i ed t o ni t r ocel l ul ose bl ot s
of whol e yeast cel l pr ot ei ns ( Fi g. 1, l anes S and 6) . I n Physa-
r um YOL 1 / 34 r ecogni ses a- t ubul i n speci f i cal l y ( 14) ; i t has
not been est abl i shed whet her t he same subuni t i s r ecogni sed
i n yeast .

Ant i t ubul i n I mmunof l uor escence of Yeast Cel l s

S. uvar um and S. cer evi si ae cel l s st ai ned wi t h monocl onal
ant i t ubul i n YOL1/ 34 and FI TC ant i - r at I gG ar e shown i n
Fi g . 3, a and c, t oget her wi t h t he cor r espondi ng combi ned
DAPI f l uor escence ( f or DNA st ai ni ng r ef er ence 63) and
phase- cont r ast ( Fi g. 3b) or br i ght - f i el d vi ew ( Fi g. 3d) . The
r esul t s obt ai ned ar e i n good agr eement wi t h t he el ect r on
mi cr oscopi c r esul t s ( 8) and ar e summar i zed i n di agr ammat i c
f or m i n Fi g . 10. I n par t i cul ar : ( a) Vi r t ual l y ever y yeast cel l
shows ant i t ubul i n st ai ni ng, i n agr eement wi t h t he f i ndi ng t hat
spi ndl e pol e bodi es have i nt r anucl ear mi cr ot ubul es t hr ough-
out t he cel l cycl e ( 9) . The st ai ni ng of i nt r anucl ear mi cr ot u-
bul es al ways r uns t hr ough t he r egi on of t he nucl eus occupi ed
by nucl ear DNA as r eveal ed by DAPI st ai ni ng. ( b) I n cel l s
wi t h smal l buds t hat have appar ent l y not yet f or med compl et e
spi ndl es ( Fi g . 3 a, cel l 1 ; Fi g . 3 c, cel l 1 ; see al so Fi g. 10, b and



FI GURE 3

	

Mi cr ot ubul e l ocal i zat i on i n buddi ng yeast cel l s . ( a and

b) I ndi r ect i mmunof l uor escence wi t h monocl onal ant i t ubul i n

YOL1/ 34 ( a) and phase- cont r ast pl us DAPI f l uor escence ( b) vi ews

of S. uvar um cel l s f i xed wi t h 3%par af or mal dehyde/ 1% gl ut ar al de-

hyde, met hanol , and acet one, and st ai ned as descr i bed i n Mat er i al s

and Met hods . ( c and d) I ndi r ect i mmunof l uor escence wi t h mono-

cl onal ant i t ubul i n YOL1/ 34 ( c) and br i ght - f i el d ( d) vi ews of S. cer e-

vi si ae ( st r ai n C276) cel l s pr epar ed by pr ocedur e 2 of t he accom-

panyi ng manuscr i pt ( 1) . ( Not e t hat mi cr ot ubul e f l uor escence i s

di ml y vi si bl e i n Fi g. 3d because t he ul t r avi ol et i l l umi nat i on was

c) cyt opl asmi c mi cr ot ubul es gener al l y ext end t o or i nt o t he
buds ( 9, 10) , al t hough somet i mes addi t i onal mi cr ot ubul es
r emai n wi t hi n t he mot her cel l s ( Fi g. 3c, cel l 1 ; see al so Fi g.
6 b) . ( c) I n cel l s wi t h l ar ger buds shor t spi ndl es ar e of t en f ound
( Fi g . 3a, cel l 2 ; Fi g . 3c, cel l 2 ; see al so Fi gs. 6f , 8f , and 10 d) ,
t hese spi ndl es f r equent l y have a " dumbbel l " shape. The
br i ght er ends pr obabl y cor r espond t o a mi xt ur e of t he shor t
chr omosomal mi cr ot ubul es and t he pol e t o pol e mi cr ot ubul es
obser ved by Pet er son and Ri s ( 46) ; t he l ess br i ght ar ea bet ween
t he ends woul d cor r espond t o t he pol e t o pol e mi cr ot ubul es
onl y . ( d) I n cel l s wi t h buds appr oachi ng t he si ze of t he mot her
cel l ( Fi g . 3 a, cel l s 3- 6 ; Fi g. 3 c, cel l s 3- 5 ; see al so Fi g . 10 e)
l ong spi ndl es ar e usual l y f ound . I n S. uvar um, t hese l onger
spi ndl es wer e al ways associ at ed wi t h par t i al l y or f ul l y sepa-
r at ed chr omosomes ( j udgi ng f r om t he DAPI st ai ni ng of
DNA) , dependi ng on t hei r l engt hs . A pr opor t i on of t he l ong
spi ndl es appear ed di mmer i n t hei r mi d- r egi ons ( Fi g. 3 c, cel l
5 ; see al so Fi g. 6k) pr esumabl y because of a decr ease i n
mi cr ot ubul e number i n t he mi d- r egi ons as t he spi ndl es br eak
down ( see Fi g . l Of ) . These spi ndl es wer e not si gni f i cant l y
l onger t han t he f ul l y el ongat ed spi ndl es t hat had appar ent l y
uni f or mant i t ubul i n st ai ni ng t hr oughout t hei r l engt h ( Fi g. 3 a,
cel l 3 ; Fi g . 3 c, cel l 4; Fi g . 6, h - J) . Ther e may be a decr ease i n
t he appar ent i nt ensi t y of f l uor escence per uni t l engt h bet ween
shor t and l ong spi ndl es ( 35) . Unf or t unat el y t he compl et e
out l i nes of t he nucl ei wer e not r eveal ed by ei t her phase-
cont r ast or DAPI st ai ni ng i n t hese cel l s. However , we pr esume
t hat t he DAPI - st ai ned r egi ons ar e st i l l connect ed by l ong
i st hmuses of nucl ear envel ope ( Fi g. 10, e and f ) so t hat t he
pol e t o pol e mi cr ot ubul es r emai n i nt r anucl ear t hr oughout t he
cel l cycl e ( 8, 40, 41) .

Two f i ndi ngs f r om t hese i mmunof l uor escence st udi es add
si gni f i cant l y t o t he pi ct ur e of mi cr ot ubul e di st r i but i on ob-
t ai ned pr evi ousl y f r om el ect r on mi cr oscopy . Fi r st , pr omi nent
and of t en l ong bundl es of mi cr ot ubul es gener al l y ext end
beyond bot h pol es of bot h shor t and el ongat i ng spi ndl es ( Fi g.
3 a, cel l s 2- 6 ; Fi g . 3 c, cel l s 2- 4 ; Fi g . 6, f - j , Fi g . 8, f - i ) . I n S.
uvar um, t he speed of f i xat i on was cr i t i cal i n t he pr eser vat i on
of t hese cyt opl asmi c mi cr ot ubul es ; t hey wer e r educed or
absent i n har vest ed cel l s t hat wer e l ef t as a concent r at ed
suspensi on f or a f ew mi nut es bef or e f i xat i on . Second, i n cel l s
wi t h shor t and medi uml engt h spi ndl es t hat wer e st i l l ent i r el y
wi t hi n t he mot her cel l s, al most al ways one of t he bundl es of
cyt opl asmi c mi cr ot ubul es ext ended t o or i nt o t he bud ( Fi g .
3 a, cel l 2 ; Fi g. 3 c, cel l 2 ; Fi g. 6, e and g, Fi g. 8f ) . Of 126 S.
cer evi si ae cel l s ( st r ai n C276) wi t h spi ndl es i n t hi s cat egor y,
104 cl ear l y had t hi s ar r angement of cyt opl asmi c mi cr ot ubul es,
18 pr obabl y di d, t hr ee wer e quest i onabl e, and one pr obabl y
di d not . Thus t he spat i al r el at i onshi p bet ween cyt opl asmi c
mi cr ot ubul es and t he buddi ng si t e t hat i s est abl i shed ear l i er
i n t he cel l cycl e ( poi nt b, above, and r ef er ences 8- 10) appear s
t o be mai nt ai ned unt i l t he spi ndl e i t sel f mi gr at es t o span t he
neck r egi on connect i ng t he mot her cel l t o i t s bud . Of t he 126
S. cer evi si ae cel l s count ed, about hal f had t he cyt opl asmi c
mi cr ot ubul es cl ear l y ext endi ng beyond t he necks i nt o t he
buds, but i n onl y t hr ee of t hese wer e mi cr ot ubul es vi si bl e al l
t he way t o t he t i ps of t he buds.

Si mi l ar cyt opl asmi c and spi ndl e mi cr ot ubul e mor phol ogi es

cont i nued dur i ng t he br i ght - f i el d phot ogr aphy . ) Si mi l ar cyt opl asmi c

and spi ndl e mi cr ot ubul es wer e seen ( dat a not shown) i n t he ot her '

st r ai ns of S. cer evi si ae exami ned ( A364A, DO13, Y55, NCYC 366,

and NCYC 661) . Bar s, 10 wm. ( a and b) x 1, 770. ( c and d) x 1, 170 .
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wer e seen i n t he ot her st r ai ns of S. cer evi si ae exami ned
( A364Á, DC113, Y55, NCYC 366 and NCYC661) . However ,
a pr opor t i on of t he S. cer evi si ae NCYC 366 and NCYC 661
cel l s exami ned wer e i mper meabl e t o ant i body . S. uvar umwas
used mai nl y i n t hi s paper because i t gave t he cl ear est i mmu-
nof l uor escence st ai ni ng pat t er ns, par t i cul ar l y i n doubl e l abel -
i ng. Thi s i s pr obabl y because i t has a cyl i ndr i cal gr owt h f or m
and t hus combi nes r easonabl e si ze wi t h r el at i ve t hi nness .

Sat i sf act or y vi sual i zat i on of spi ndl e and cyt opl asmi c mi cr o-
t ubul es was achi eved wi t h a var i et y of pr ot ocol s f or f i xat i on
and per meabi l i zat i on ( compar e Fi gs. 3, a and c, 6, and 8 ; see
al so r ef er ence 1) . I n par t i cul ar , t he met hanol and acet one
st eps appear ed di spensabl e af t er f or mal dehyde f i xat i on ( see
Fi g. 8) . Fi xat i on wi t h gl ut ar al dehyde wi t hout par af or mal de-
hyde consi der abl y r educed t he per meabi l i t y of t he cel l s t o
ant i bodi es . Al so, an al t er at i on i n spi ndl e mor phol ogy oc-
cur r ed i f f i xat i on pr ot ocol s i nvol vi ng pr e- t r eat ment of t he
unf i xed cel l s wi t h t hi ol s ( 34, 35, 45) wer e f ol l owed : t he r od-
l i ke el ongat ed spi ndl es l ost mi cr ot ubul es f r om t he mi d r egi ons

FI GURE 4

	

Act i n l ocal i zat i on i n buddi ng yeast cel l s as vi sual i zed by
i ndi r ect i mmunof l uor escence . Cel l s wer e st ai ned wi t h af f i ni t y- pu-
r i f i ed r at ant i - yeast act i n and FI TC ant i - r at I gG af t er f i xat i on wi t h
3%par af or mal dehyde/ 1% gl ut ar al dehyde, met hanol , and acet one
( see Mat er i al s and Met hods) . ( a- e) S. uvar um cel l s . ( a and b) l m-
munof l uor escence ( a) and phase- cont r ast pl us DAR- f l uor escence
( b) vi ews of t he same cel l s ; not e t he mi t ot i c cel l i n t he l ower l ef t . ( c
and d) l mmunof l uor escence vi ewed at di f f er ent f ocal pl anes i n t he
same cel l s : near t he t ops of t he cel l s ( c) and near t hei r mi ddl es ( d) .
( e) l mmunof l uor escence showi ng appar ent coi nci dence of st ai ni ng
bet ween dot s and f i ber s . ( f ) l mmunof l uor escence of S. cer evi si ae
st r ai n Á364A. x 1, 450 .
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FI GURE 5

	

Compar i son of ant i act i n i mmunof l uor escence ( t op) and
Rh- phal l oi di n ( bot t om) st ai ni ng pat t er ns of t he same S. uvar um cel l s
f i xed i n f or mal dehyde and acet one ( see Mat er i al s and Met hods) .
Bar , 10 Am. x 1, 470 .

of t he spi ndl es and devel oped t hi ck ends as seen i n di si nt e-
gr at i ng spi ndl es ( Fi g. 3 c, cel l 5 ; see al so Fi gs . 6 k and 8j ) .

Ant i act i n l mmunof l uor escence of Yeast Cel l s

Some f i el ds of yeast cel l s f i xed i n par af or mal dehyde/ gl ut ar -
al dehyde, met hanol and acet one, t hen st ai ned i ndi r ect l y wi t h
af f i ni t y- pur i f i ed ant i act i n ant i body and FI TC ant i - r at I gG,
ar e shown i n Fi g. 4 . The pat t er n of st ai ni ng consi st s of dot s
and an i nt r i cat e ar r ay of f i ber s of var yi ng t hi ckness . The dot s
appear t o be mor e concent r at ed i n t he bud or daught er cel l ,
and f ocussi ng exper i ment s suggest t hat t he f i ber s and dot s
( especi al l y t he l at t er ) ar e concent r at ed mor e i n t he cor t ex of
t he cel l ( Fi g . 4c and d) . Occasi onal l y t her e i s over l appi ng of
f l uor escence f r om dot s and f i ber s whi ch mi ght suggest a
connect i on bet ween t he t wo ( Fi g . 4e) . For mal dehyde, met h-
anol and acet one f i xat i on of S. uvar um al so gave si mi l ar
r esul t s ( see Fi g. 6) and i ncl usi on of 10 mMEGTA was wi t hout
ef f ect ( not shown) . Rapi d f i xat i on of S. uvar um was agai n
essent i al , ot her wi se t he act i n f i ber s t ended t o f or m l ar ge
bundl es . Cel l cycl e- dependent changes i n t he pat t er n of act i n
st ai ni ng wi l l be descr i bed l at er .

To conf i r m t he pat t er n of st ai ni ng wi t h t he ant i body, we
st ai ned yeast cel l s si mul t aneousl y wi t h ant i body and Rh-
phal l oi di n, a r eagent speci f i c f or F- act i n ( 16, 64) , whi ch, l i ke
ni t r obenzoxadi azol e- phal l aci di n, st ai ns f i l ament bundl es and
cor t i cal pat ches i n yeast ( 1, 48) . Unf or t unat el y, t r eat ment of
Rh- phal l oi di n st ai ned yeast cel l s wi t h ant i act i n caused a r api d
di ssoci at i on of t he Rh- phal l oi di n f r omt he cel l s; consequent l y,
ant i body t r eat ment s had t o be r api d wi t h hi gh concent r at i ons
of ant i body, condi t i ons t hat ar e not i deal . St ai ni ng wi t h Rh-
phal l oi di n af t er ant i body i ncubat i ons was unsat i sf act or y . De-
spi t e t hese pr obl ems, t her e was good agr eement bet ween t he
t wo r eagent s ( Fi g. 5) , t hough t her e ar e def i ni t e di f f er ences i n
i nt ensi t y of st ai ni ng of t he dot s . Occasi onal l y t her e ar e dot s
st ai ned by onl y t he ant i body or onl y Rh- phal l oi di n . Ther e
wer e mor e consi st ent di f f er ences i n t he neck r egi ons of cel l s
about t o di vi de ( Fi g. 5, ar r ows) . These di f f er ences wi l l be
di scussed l at er .

Two negat i ve cont r ol s f or t he ant i act i n st ai ni ng wer e car r i ed
out : f i r st , pr ei mmune ser um was passed t hr ough t he act i n-
Sephar ose col umn and el ut ed as f or t he af f i ni t y pur i f i cat i on
of ant i act i n f r om t he i mmune ser um; second, t he af f i ni t y-



pur i f i ed ant i act i n was absor bed by mi xi ng wi t h act i n- Sepha-

r ose beads . When t he st ai ni ng pr ot ocol was car r i ed out i n

ei t her case, t he f eat ur es of t he ant i act i n st ai ni ng wer e absent

t hough t he out l i ne of t he cel l s coul d be seen di ml y . When

t hese i mages wer e phot ogr aphed and pr i nt ed under i dent i cal

condi t i ons t o Fi g. 4, compl et el y f eat ur el ess bl ack pr i nt s wer e

obt ai ned ( dat a not shown) .

A di f f er ent f i xat i on pr ot ocol f or S. uvar um, 70% et hanol

and 4 mMEGTA, pH 6 . 2, f ol l owed by st ai ni ng wi t h Rh-

phal l oi di n i n 1 %Tr i t on X- 100, gave t he same t ype of st ai ni ng

pat t er ns ( dat a not shown) . Var i ous ot her cont r ol s on Rh-

phal l oi di n st ai ni ng i t sel f ar e pr esent ed i n t he accompanyi ng

paper ( 1) .
The st r ai ns of S. cer evi si ae exami ned, A364A ( Fi g. 4f ) ,

DC113, Y55, NCYC 366, and NCYC 661 gave si mi l ar an-

t i act i n st ai ni ng t o S. uvar um, except as not ed bel ow.

Doubl e Label I mmunof l uor escence of Tubul i n

and Act i n i n Yeast Cel l s

Doubl e l abel i mmunof l uor escence of t ubul i n and act i n was

car r i ed out t o see whet her t her e was any det ect abl e r el at i on-

shi p bet ween mi cr ot ubul e and act i n f i l ament l ocal i zat i on i n

yeast cel l s, and t o at t empt t o r el at e t he pat t er ns of act i n
l ocal i zat i on t o st ages i n t he cel l cycl e . The met hod used was
t hat of Hynes and Dest r ee ( 28) : yeast cel l s wer e st ai ned f i r st
wi t h ant i t ubul i n YOLI / 34 and r hodami ne- coupl ed ant i - r at

I gG, sur pl us bi ndi ng si t es f or r at I gG wer e bl ocked by i ncu-

bat i ng wi t h excess r at I gG, and af f i ni t y- pur i f i ed FI TC- coupl ed
r at ant i act i n was added . Because t he ant i act i n i s j ust a si ngl e

ant i body l ayer , i t i s somewhat di mmer t han i n Fi g . 4 . How-

ever , t hi s sequence of ant i body i ncubat i ons coul d not be

r ever sed because st ai ni ng wi t h FI TC- coupl ed YOL1/ 34 was

t oo di m t o r eveal cyt opl asmi c mi cr ot ubul es. The var i ous

combi nat i ons of t ubul i n and act i n st ai ni ng seen i n i ndi vi dual

l og- phase S. uvar um cel l s coul d be gr ouped i nt o cl asses and

quant i f i ed as i l l ust r at ed i n Fi gs. 6 and 7 and ar e descr i bed i n

mor e det ai l i n t he l egends t o t hese f i gur es .
The budded cel l s ( Fi g . 6) have been pl aced i n or der of t hei r

appr oxi mat e sequence i n t he cel l cycl e ( apar t f r om Fi g. 6, F
see bel ow) . The appr oxi mat e cel l cycl e posi t i on of an i ndi vi d-
ual cel l was assessed f r oma combi nat i on of r el at i ve bud si ze
( 10, 47, 62) and t he spi ndl e l engt h ( 10) as j udged f r om

FI GURE 6

	

Doubl e i mmunof l uor escence of act i n ( t op r ow) and t ubul i n ( bot t om r ow) di st r i but i ons of i ndi vi dual cel l s dur i ng t he

buddi ng cycl e. Log- phase 5 . uvar um cel l s f i xed wi t h f or mal dehyde, met hanol , and acet one wer e doubl e- l abel ed f or i mmunof l u-

or escence wi t h af f i ni t y- pur i f i ed ant i act i n and monocl onal ant i t ubul i n YOLt / 34 ( see Mat er i al s and Met hods) and phot ogr aphed i n

t he same f ocal pl ane . The r epr esent at i ve cel l s shown her e have been pl aced f r om l ef t t o r i ght i n or der of i ncr easi ng spi ndl e

l engt h ( or bud si ze wher e no spi ndl e i s pr esent ) , hence i n or der of t hei r appr oxi mat e sequence i n t he cel l cycl e. The number s

under neat h t he mi cr ogr aphs ar e t he per cent ages of cel l s wi t h t he cor r espondi ng combi nat i ons of t ubul i n and act i n st ai ni ng i n a

l og- phase popul at i on of 990 cel l s . ( The unbudded cel l s f r om t hi s same popul at i on ar e i l l ust r at ed and t abul at ed i n Fi g . 7 . ) The

cr i t er i a used t o cl assi f y t he st ai ni ng pat t er ns wer e as f ol l ows . ( a and b) Cel l s have smal l buds and act i n dot s at t he bases of t he

buds; spi ndl es ar e not yet f or med, so t ubul i n st ai ni ng consi st s of a br i ght dot pl us one or mor e bundl es of cyt opl asmi c mi cr ot ubul es

one of whi ch passes i nt o t he bud . ( c) Cel l s have l ar ger buds . Tubul i n st ai ni ng i s as i n a and b, but t her e ar e no act i n dot s at t he

bases of t he buds and pr act i cal l y al l such dot s ar e i n t he buds . I n some cel l s ( t ypi cal l y wi t h r el at i vel y l ar ge buds) , t he dot s ar e

concent r at ed at t he bud t i ps . ( d and e) Cel l s gener al l y have st i l l l ar ger buds, and t he pr i nci pal t ubul i n st ai ni ng becomes bar or

" dumbbel l " shaped, i ndi cat i ng spi ndl e f or mat i on . Act i n dot s r emai n concent r at ed i n t he buds, par t i cul ar l y t owar ds t he t i p r egi ons .

( f ) Mot her s and buds ar e about equal i n si ze, but t he spi ndl es have not yet el ongat ed ; l ong cyt opl asmi c mi cr ot ubul es ar e pr esent .

( g) Spi ndl es ar e el ongat i ng ( t he DAPI st ai ni ng i s usual l y r od shaped) ; t he act i n dot s r emai n concent r at ed t owar ds t he t i ps of t he

buds . ( h and i ) The spi ndl es have el ongat ed ( t he DAN st ai ni ng shows t wo cl ear l y separ at ed f oci ) ; t he act i n dot s r emai n

concent r at ed t owar ds t he t i ps of t he buds . Ü) The spi ndl es ar e el ongat ed, but t he act i n dot s ar e now di st r i but ed bet ween mot her s

and buds . ( k and 1) The spi ndl es ar e conspi cuousl y l ess br i ght i n t hei r mi d- r egi ons ( k) or have appar ent l y di si nt egr at ed i n t hi s

r egi on ( 1) ; t he act i n dot s r emai n about equal l y di st r i but ed bet ween mot her s and buds, but ar e usual l y concent r at ed i n t he neck

r egi ons . x 2, 000.
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FI GURE 7 Doubl e i mmunof l uor escence of act i n ( t op r ow) and
t ubul i n ( mi ddl e r ow) , t oget her wi t h DNA st ai ni ng ( bot t om r ow;
DAPI - f l uor escence pl us phase- cont r ast ) , t o show di st r i but i ons i n
t he appar ent l y unbudded cel l s f r om t he same popul at i on as shown
i n Fi g . 6 . Cel l s wer e pr epar ed and phot ogr aphed as descr i bed f or
Fi g. 6, and t he number s bel ow t he phot ogr aphs have t he same
meani ng as i n t hat f i gur e . The st ai ni ng pat t er ns wer e cl assi f i ed as
f ol l ows . ( Not e t hat no t empor al sequence i s necessar i l y i mpl i ed-
see t ext . ) ( a) Act i n dot s ar e f ound over most of t he sur f ace wi t h
appar ent l y a concent r at i on at one end ; a l ong, t aper i ng mi cr ot ubul e
bundl e poi nt s t owar ds t he concent r at ed dot s . ( b) Cel l s have t he
same act i n pat t er n as i n a, but onl y shor t mi cr ot ubul es ar e pr esent .
( c) Cel l s have t he same act i n pat t er n as i n a, but t hi n mi cr ot ubul e
bundl es poi nt t o t he ends of t he cel l s opposi t e t he concent r at ed
act i n dot s ; t her e ar e occasi onal l y sl i ght l y hi gher concent r at i ons of
act i n dot s at t hese ends of t he cel l s as wel l . ( d) Cel l s have most of
t he act i n dot s i n a pat ch, wi t h some mi cr ot ubul es poi nt i ng t owar ds
t hem. ( e- g) Cel l s have most of t he act i n dot s i n a ci r cl e wi t h
mi cr ot ubul es poi nt i ng t owar ds t hem. x 2, 000 .

ant i t ubul i n st ai ni ng . Cel l s wi t h smal l buds appear t o have a
r i ng or par t i al r i ng of act i n dot s ar ound t he base of t he bud,
wi t h occasi onal l y some dot s i n t he bud ( Fi g . 6, a and b ; see
al so Fi g . 10b) , and act i n f i ber s, seemi ngl y connect ed t o t he
dot s, passi ng i nt o t he mot her cel l . Cyt opl asmi c mi cr ot ubul es
gener al l y poi nt t owar ds or ent er t he buds, as di scussed above

i n r el at i on t o Fi g. 3 . Cel l s wi t h l ar ger buds never have act i n

dot s at t he bases of t hei r buds ; appar ent l y, as t he buds gr ow,
t he r i ngs of act i n dot s at t hei r bases di sappear and t he dot s

become concent r at ed i n t he buds ( Fi g. 6c ; Fi g . 10c) . As t he

buds cont i nue t o gr ow, t he act i n dot s appear t o concent r at e
at t hei r t i ps ( Fi g . 6, d, e and g- i ; see al so Fi g. 10d) . Budded
cel l s wi t hout spi ndl es ( Fi g . 6, a- c) wer e t he most abundant
cl ass i n t he popul at i on; buds can become qui t e l ar ge bef or e
spi ndl e el ongat i on ( 10) . Af t er bud l engt h becomes gr eat er
t han about hal f t he mot her - cel l l engt h, t he spi ndl e f or ms ( Fi g.
6, d and e) and subsequent l y el ongat es ( Fi g . 6, g- J) . Dur i ng
spi ndl e el ongat i on most of t he cel l s have si mi l ar st ai ni ng

pat t er ns f or act i n, wi t h dot s concent r at ed i n t he buds, and
especi al l y t owar ds t he t i ps of t he buds ( Fi g. 6, d, e, and g- i ) ,
t he basal hal ves of t he l ar ger buds and t he mot her cel l s have
ar r ays of act i n f i ber s wi t h occasi onal possi bl e connect i ons t o
t he act i n dot s ( Fi g. 6 e) . At l at er st ages of t he cel l cycl e, when
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cel l s have l ar ge buds and f ul l y el ongat ed spi ndl es, t he act i n
dot s appear t o di st r i but e mor e equal l y bet ween mot her s and
buds ( Fi g. 6j ; see al so Fi g . 10 e) . Near t he end of t he cel l cycl e,
when cel l s have ver y l ar ge buds and l ong spi ndl es wi t h di mi n-
i shed or di si nt egr at ed mi d- r egi ons, t he act i n dot s r emai n
equal l y di st r i but ed bet ween mot her s and buds, but usual l y
( 80% of t he cel l s exami ned) appear t o concent r at e i n no
speci f i c ar r angement i n t he neck r egi ons ( Fi g. 6, k and 1; Fi g .
10f ) . Ther e ar e some r ar e except i ons t o t hese combi nat i ons
of act i n and t ubul i n st ai ni ng pat t er ns ; t he cel l shown i n Fi g.
6f appar ent l y st ar t ed mi t osi s l at e i n t he buddi ng cycl e, as
mot her and bud ar e about t he same si ze. I nt er est i ngl y, t hi s
cel l shows t he pat t er n of act i n dot s nor mal l y associ at ed wi t h
l ar ge buds ( cf. Fi g. 6j ) r at her t han t hat nor mal l y associ at ed
wi t h shor t spi ndl es ( cf. Fi g. 6, d, e and g) . At no st age of t he
cel l cycl e was t her e any det ect abl e consi st ent associ at i on of
act i n f i ber s and mi cr ot ubul es as j udged f r omover l appi ng of
t he t wo st ai ni ng pat t er ns, al t hough coi nci dent st ai ni ng coul d
somet i mes be seen over ver y shor t l engt hs of mi cr ot ubul es .

Cel l s t hat wer e appar ent l y unbudded ( smal l buds can be
di f f i cul t t o see i n t hese pr epar at i ons when t hey ar e at t he
upper or l ower sur f aces of t he cel l s as posi t i oned on t he sl i des)
coul d be gr ouped i nt o f i ve mai n cl asses ( Fi g. 7) . I n t he cel l s
shown i n Fi g . 7, a- c, t he concent r at ed act i n dot s at one end
have no speci f i c ar r angement and act i n dot s ar e scat t er ed
t hr oughout t he r est of t he cel l . I n Fi g. 7, e- g, t he act i n dot s
ar e ar r anged i n a r i ng usual l y at one end and t her e ar e many
f ewer act i n dot s i n t he r est of t he cel l . The t empor al sequence
of t hese cl asses i s uncer t ai n . However , compar i son of t hese
st ai ni ng pat t er ns wi t h t hose obser ved i n budded cel l s ( Fi g. 6)
suggest s t hat t he cel l s of Fi g . 7 a mi ght be di spl ayi ng one hal f
of a di si nt egr at i ng spi ndl e ( cf. Fi g. 6, k and 1; see Fi g . 10g) .
Al so, t he cel l s of Fi g . 7, e- g, ar e pr obabl y pr epar i ng t o bud
( cf . Fi g . 6, a and b ; Fi g . 10a) . St udi es on synchr oni zed cel l s
mi ght al l ow f ur t her r esol ut i on of t hese st ages.

Si mi l ar r el at i onshi ps bet ween t ubul i n and act i n l ocal i zat i on
wer e f ound i n budded cel l s of S. cer evi si ae st r ai n A364A, but
t he var i ous cel l t ypes wer e not quant i t at ed . Ther e may be a
syst emat i c di f f er ence among st r ai ns of S. cer evi si ae i n t he
degr ee of l ocal i zat i on of t he act i n dot s t o t he buds and t o t he
bud t i ps i n cel l s wi t h medi um- si zed buds. Al t hough t he con-
cent r at i on of act i n dot s i n smal l buds i s cl ear i n var i ous S.
cer evi si ae st r ai ns when exami ned ei t her by ant i act i n i mmu-
nof l uor escence ( Fi g. 4f ) or Rh- phal l oi di n st ai ni ng ( Fi g . 1, A
and B of t he accompanyi ng paper [ 1] ) , t he concent r at i on of
act i n dot s i n l ar ger buds does not appear so ext r eme or
consi st ent ( compar e Fi g . 4f wi t h Fi g . 1, A- C i n r ef er ence 1) .
I n S. cer evi si ae st r ai ns wi t h r el at i vel y spher i cal gr owt h f or ms
( A364A, DC113, C276 [ Fi g . 1, A- Cof r ef er ence 1 ] ) , cl ust er i ng
of act i n dot s at t he t i ps of medi um- si zed buds, i f i t occur s at
al l , appear s much l ess pr onounced t han i n S. uvar um. How-
ever a S. cer evi si ae st r ai n wi t h mor e cyl i ndr i cal gr owt h f or m
( NCYC 366) when st ai ned wi t h Rh- phal l oi di n was ver y si m-
i l ar t o S. uvar um; i n cel l s wi t h medi umsi zed buds, act i n dot s
wer e hi ghl y concent r at ed i n t he buds and wer e mor e concen-
t r at ed t owar ds t he t i ps of t hose buds .

Doubl e St ai ni ng wi t h Rh- phal l oi di n
and Ant i t ubul i n

To conf i r m t he pat t er ns of act i n and t ubul i n di st r i but i on
f ound by doubl e l abel i mmunof l uor escence, S. uvar um cel l s
wer e al so st ai ned wi t h Rh- phal l oi di n f ol l owed by monocl onal



ant i t ubul i n YOL 1 / 34 i n t he absence of met hanol or acet one

t r eat ment . The r esul t s wer e subst ant i al l y si mi l ar t o t hose

f ound by doubl e l abel i mmunof l uor escence . Many cel l s t hat

ar e appar ent l y unbudded have a r i ng of act i n dot s wi t h act i n

f i ber s seemi ngl y at t ached and cyt opl asmi c mi cr ot ubul es di -

r ect ed t owar ds t he r i ng ( Fi g . 8, a- c) . Cel l s wi t h smal l buds

have act i n dot s at t he base of t he buds as wel l as usual l y some

dot s i n t he buds ( Fi g. 8, d and e) . As t he buds gr ow t hese dot s

di sappear and dot s become concent r at ed i n t he buds espe-

ci al l y t owar ds t hei r t i ps, wi t h f i ber s vi si bl e i n t he r est of t he

mot her cel l and bud ( Fi g. 8, f and g) . Dur i ng t hi s per i od t he

spi ndl e f or ms and el ongat es.
Adi f f er ence bet ween t he ant i act i n and Rh- phal l oi di n st ai n-

i ng i s seen i n t he neck r egi ons of cel l s wi t h el ongat ed spi ndl es

wher e a doubl e bar st r uct ur e st ai ned by Rh- phal l oi di n i s

somet i mes pr esent ( Fi g. 8, h and i ) , whi ch mi ght be a pai r of

r i ngs ( Fi g . 8 i ) . I n S. uvar um cel l s wi t h el ongat ed spi ndl es 31

had t hi s doubl e bar st r uct ur e, but i n 48%t her e appear ed t o

be a si ngl e bar or hi gh densi t y st ai ni ng and 21 %had no bar .

These doubl e or si ngl e bar st r uct ur es wer e not f ound at ot her

st ages of t he cel l cycl e. I n Rh- phal l oi di n st ai ned S. cer evi si ae

st r ai ns si ngl e bar st r uct ur es wer e f ound i n t he smal l er di pl oi d

st r ai ns ( DC113 and Y55 ; see al so Fi g . 1 A, cel l h, of r ef er ence

1) and doubl e bar s i n t he l ar ger hexapl oi d NCYC 661 . The

nat ur e of t hese bar st r uct ur es i s uncer t ai n, as t hey wer e not

seen cl ear l y by ant i body st ai ni ng . Thi s f ai l ur e mi ght be due

t o per meabi l i t y pr obl ems f or ant i body i n t he neck r egi on ( Fi g .

5, ar r ow) t hough r ar el y a t hi n doubl e ( Fi g. 6 h) or si ngl e ( Fi g .

6j ) l i ne was seen i n t hi s r egi on . Unf or t unat el y t he ant i act i n
t r eat ed cel l s wer e f l at t er and mor e r i gi dl y st uck t o t he sl i de

sur f ace t han t he Rh phal l oi di n- t r eat ed cel l s, so no sl i ght l y

angl ed cel l was f ound af t er ant i body st ai ni ng t o demonst r at e

t he r i ng st r uct ur e .
Cel l s wi t h di si nt egr at i ng spi ndl es ( Fi g. 81) have t he mor e

equal di st r i but i on of act i n dot s bet ween mot her and daught er ,
wi t h t he dot s of t en concent r at ed i n t he neck r egi on, as ob-
ser ved wi t h ant i act i n st ai ni ng .

Doubl e St ai ni ng wi t h Rh- phal l oi di n
and Cal cof l uor

A r i ng of chi t i n, whi ch can be st ai ned sel ect i vel y wi t h
Cal cof l uor ( 54) , i s deposi t ed i n t he cel l wal l s of yeast cel l s t hat
ar e about t o bud ( 24) . The st ai ni ng i s l ess i nt ense f or new
buds ( Fi g. 9c, ar r ow) , and appear s t o become mor e i nt ense
dur i ng bud gr owt h ; t he chi t i n r i ng i s t hen l ef t on t he mot her
cel l as an i nt ensel y st ai ni ng bud scar af t er cel l separ at i on ( Fi g.
9 b) . Exper i ment s wi t h t he chi t i n synt hesi s i nhi bi t or pol yoxi n
D ( 12) and wi t h mut ant s def ect i ve i n gl ucosami ne synt hesi s
( 4) suggest t hat f or mat i on of t he chi t i n r i ng i s not essent i al
f or buddi ng. As r i ngs of act i n dot s wer e seen i n cel l s wi t h
smal l buds and appar ent l y unbudded cel l s, i t was of i nt er est

t o see i f t hi s r i ng of act i n dot s coi nci ded wi t h t he chi t i n r i ng

on t he cel l wal l s . Accor di ngl y, f i xed yeast s wi t h i nt act wal l s
wer e st ai ned wi t h Cal cof l uor f ol l owed by Rh- phal l oi di n . Fi g .

9 shows t hat t he r i ngs of act i n dot s i n appar ent l y unbudded
and smal l budded cel l s of S. uvar umand S. cer evi si ae cor r e-
spond i n posi t i on wi t h weakl y st ai ni ng chi t i n r i ngs. Occasi on-
al l y t he cor r espondi ng chi t i n r i ngs ar e bar el y di scer ni bl e ( Fi g.
9 d, ar r owhead) , and wer e qui t e undet ect abl e i n some budded

FI GURE 8

	

Compar i son of Rh- phal l oi di n st ai ni ng f or act i n ( t op) and i ndi r ect i mmunof l uor escence f or t ubul i n ( bot t om) di st r i but i ons
i n i ndi vi dual l og- phase S. uvar um cel l s . Cel l s wer e f i xed wi t h f or mal dehyde wi t hout met hanol or acet one t r eat ment and doubl e-
st ai ned wi t h Rh- phal l oi di n ( t op r ow) and monocl onal ant i t ubul i n YOU/ 34 pl us FI TC- ant i - r at - I gG ( bot t om r ow) as descr i bed i n
Mat er i al s and Met hods. Repr esent at i ve budded ( d- j ) and unbudded ( a- c) cel l s ar e shown . The f or mer have been or der ed f r om
l ef t t o r i ght accor di ng t o spi ndl e l engt h or bud si ze ( cf . Fi g . 6) . x 1, 800.
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FI GURE 9

	

Compar i son of t he di st r i but i ons of act i n ( by st ai ni ng wi t h Rh- phal l oi di n ; t op r ow) and cel l - wal l chi t i n ( by st ai ni ng wi t h
Cal cof l uor ; bot t om r ow) of f or mal dehyde- f i xed, Tr i t on X- 100- t r eat ed yeast cel l s whose cel l wal l s wer e not di gest ed ( see Mat er i al s
and Met hods) . ( a- d) S. uvar um. ( e) S . cer evi si ae NCYC 366 . ( f ) S . cer evi si ae NCYC 661 . The r ound bodi es vi si bl e i n some of t he
Cal cof l uor - st ai ned cel l s ar e nucl ei , as t he mount i ng medi um cont ai ned DAPI . x 1, 650 .

cel l s ( par t i cul ar l y cel l s wi t h end- on buds ; Fi g. 9d, t op) . I n S.

	

accompanyi ng paper [ I ] ) .
uvar um, 75% of appar ent l y unbudded cel l s t hat had r i ngs of
act i n dot s had cor r espondi ng chi t i n r i ngs .

DI SCUSSI ON

Pur i f i cat i on of Yeast Act i n

Yeast act i n can be r api dl y and easi l y pur i f i ed by el ut i on
f r om DNase I - Sephar ose wi t h guani di ni um hydr ochl or i de,
but t he pr oduct obt ai ned does not r eadi l y r ecover i t s nat i ve
pr oper t i es ( 60) . I n cont r ast , use of a f or mami de el uant ( 65)
yi el ds a hi ghl y pur i f i ed pr oduct ( Fi g . 1) t hat pol ymer i zes
r eadi l y i nt o t ypi cal - l ooki ng act i n f i l ament s ( Fi g. 2) . Al t hough
t he pol ymer i zat i on and cat al yt i c pr oper t i es of t hi s act i n have
not been expl or ed i n det ai l , i t i s possi bl e t hat t he pur i f i cat i on
scheme used her e wi l l , f or cer t ai n pur poses, be mor e conven-
i ent t han t he mor e el abor at e schemes used pr evi ousl y f or
pur i f i cat i on of nat i ve yeast act i n ( 21, 36) .

i mmunof l uor escence on Whol e Yeast Cel l s

Yeast cel l s ar e r at her smal l , r at her r ound, and ar e encased
i n a t ough and i mper meabl e cel l wal l . Despi t e t hese appar ent
i mpedi ment s t o ef f ect i ve i mmunof l uor escence, t he pr oce-
dur es descr i bed her e and i n t he accompanyi ng paper ( 1) have
per mi t t ed t he ef f ect i ve vi sual i zat i on of i nt r acel l ul ar ( and even
i nt r anucl ear ) st r uct ur es i n yeast cel l s whose or i gi nal shape
and spat i al r el at i ons have been pr eser ved. The pr ocedur es ar e
aut hent i cat ed by t he good agr eement bet ween i mmunof l uo-
r escence and el ect r on mi cr oscopi c obser vat i ons on mi cr ot u-
bul e l ocal i zat i on ( see bel ow) . The avai l abi l i t y of ef f ect i ve
i mmunof l uor escence pr ocedur es f or yeast s shoul d gr eat l y f a-
ci l i t at e use of t hese genet i cal l y t r act abl e or gani sms f or st udy
of var i ous pr obl ems i n cel l bi ol ogy . For exampl e, t he cl ear
vi sual i zat i on of bot h spi ndl e and cyt opl asmi c mi cr ot ubul es
usi ng t he monocl onal ant i t ubul i n YOL1/ 34 ( 31) shoul d f a-
ci l i t at e anal ysi s of t he phenot ypes of mut ant yeast s bl ocked
i n var i ous st eps of t he cel l cycl e ( 33, 47 ; cf. al so Fi g . 3 of t he
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Mi cr ot ubul e Local i zat i on dur i ng t he Yeast

Cel l Cycl e

As det ai l ed i n Resul t s, t he cel l cycl e dependent pat t er ns of
mi cr ot ubul e l ocal i zat i on obser ved by i mmunof l uor escence
ar e i n good agr eement wi t h t he r esul t s f r om el ect on mi cr os-
copy ( 8, 46, 49) . Mor eover , t he pr esence of l ong r od- l i ke
spi ndl es ( Fi g . 6 i ) t hat di ssoci at e i nt o r odl et s i n t he daught er
nucl ei ( Fi g. 61) had al r eady been deduced by Robi now and
Mar ak ( 49) usi ng aci d f uchsi n st ai ni ng . I n one ar ea, t he
i mmunof l uor escence obser vat i ons expand our knowl edge of
mi cr ot ubul e behavi or dur i ng t he cel l cycl e. Ext ended bundl es
of cyt opl asmi c mi cr ot ubul es have been obser ved by el ect r on
mi cr oscopy bot h i n wi l d- t ype cel l s at t he doubl e spi ndl e pol e
body st age ( 9, 10) and i n cdc31 mut ant cel l s ar r est ed at t he
r est r i ct i ve t emper at ur e ( 7 ; such cel l s cont ai n an enl ar ged but
undupl i cat ed spi ndl e pol e body) . I n addi t i on, i t has been
shown t hat t hese mi cr ot ubul e bundl es r un f r om t he spi ndl e-
pol e body t o ( or i nt o) t he emer gi ng bud ( 9, 10) . However ,
despi t e some el ect r on mi cr ogr aphs showi ng cyt opl asmi c mi -
cr ot ubul es of appr eci abl e l engt h i n cel l s wi t h compl et e spi n-
dl es ( e. g. , Fi g . 7 of r ef er ence 10 or Fi g . 3 of r ef er ence 35, see
al so Fi g . 6f ) , i t has not been cl ear ei t her i f such ext ended
mi cr ot ubul es ar e r out i nel y pr esent af t er spi ndl e f or mat i on or
i f t hese mi cr ot ubul es ( i f pr esent ) r emai n or i ent ed t owar d t he
buddi ng si t e unt i l t he nucl eus i t sel f mi gr at es i nt o t he mot her -
bud neck ( 8, 10, 47) . The i mmunof l uor escence r esul t s ( Fi gs .
3, 6, and 8, and associ at ed t ext ) show t hat pr omi nent bundl es
of cyt opl asmi c mi cr ot ubul es ar e i ndeed nor mal l y pr esent at
bot h pol es of t he spi ndl e and t hat one of t hese mi cr ot ubul e
bundl es nor mal l y r uns t o or i nt o t he bud . Such mi cr ot ubul es
coul d ensur e t hat , bef or e el ongat i on, t he spi ndl e i s opt i mal l y
posi t i oned bet ween mot her and bud so t hat one pol e i s al ways
i nser t ed i nt o t he bud dur i ng el ongat i on . Cyt opl asmi c or ast r al
mi cr ot ubul es ar e pr esent i n ot her f ungi , and may pl ay a di r ect
r ol e i n t he separ at i on of daught er nucl ei ( 2) .



Act i n- cont ai ni ng St r uct ur es i n Yeast

The obser vat i on t hat some of t he act i n i n a yeast cel l i s
f ound i n a set of cyt opl asmi c f i ber s i s consi st ent wi t h obser -
vat i ons on many ot her t ypes of eucar yot i c cel l s . The f i ber s
vi sual i zed her e ar e pr esumabl y bundl es of i ndi vi dual act i n
f i l ament s, and t her e may wel l be addi t i onal f i l ament s t hat ar e
not vi sual i zed by t he pr esent met hods . I n cont r ast , t he act i n
dot s obser ved her e i n yeast ar e r at her unusual , t hough t hey
have now al so been obser ved i n anot her f ungus, Ur omyces
phaseol i , af t er Rh- phal l oi di n st ai ni ng ( 27) . Concent r at i ons of
act i n t hat may be si mi l ar have al so been obser ved i n t i ssue
cul t ur e cel l s af t er t r ansf or mat i on and i n mouse embr yos ( 5,
13, 38) . The act i n dot s ar e unl i kel y t o be ar t i f act s, because
t hey wer e f ound usi ng sever al di f f er ent met hods of f i xat i on
and wer e det ect ed wi t h t wo qui t e di f f er ent r eagent s, af f i ni t y-
pur i f i ed ant i act i n ant i bodi es and Rh- phal l oi di n ( see al so r ef -
er ence 1) . Phal l oi di n has much hi gher af f i ni t y f or F- act i n
compar ed t o G- act i n ( 61) , so t he dot s may be composed of
F- act i n . Gr eer and Schekman ( 22) have descr i bed t he r ever s-
i bl e f or mat i on i n vi t r o of l ar ge nonf i l ament ous par t i cl es of
yeast act i n i nduced by 0. 1 mMCaC12. I t i s possi bl e t hat t hese
cor r espond t o t he act i n dot s seen her e i n vi vo, but t he cal ci um
concent r at i on r equi r ed t o i nduce t hei r f or mat i on i n vi t r o i s
much hi gher t han t he r ange of cal ci um i on concent r at i ons
t hought t o be pr esent i n eucar yot i c cel l s ( 57) . However , i t i s
possi bl e t hat t he f or mat i on of t he act i n par t i cl es i n vi vo coul d
be f aci l i t at ed by t he pr esence of one or mor e act i n- bi ndi ng
pr ot ei ns .

As not ed i n Resul t s, t he act i n f i ber s of t en appear t o be
connect ed t o dot s, but i t i s i mpossi bl e t o be cer t ai n of t hi s
i nt er pr et at i on gi ven t he dept h of f i el d wi t h t he opt i cs used
her e ( - 0 . 5 mm) .

Hoch and St apl es ( 27) have pr oposed t hat t he act i n dot s
seen i n t he f ungus Ur omyces phaseol i af t er Rh- phal l oi di n
st ai ni ng cor r espond t o " f i l osomes, " mi cr ovesi cl es coat ed wi t h
f i l ament s mai nl y 5- 6 nm i n di amet er ( 26) . Whet her such
f i l ament s ar e composed of act i n mi ght be t est ed usi ng t he
ant i act i n ant i bodi es descr i bed her e .

Our r esul t s suggest t hat act i n i s pr obabl y not a const i t uent
of t he l ayer of 10- nmdi amet er f i l ament s t hat has been shown
by el ect r on mi cr oscopy ( 11) t o be at t ached t o t he cyt opl asmi c
si de of t he cel l membr ane i n t he neck connect i ng mot her cel l
t o bud . Thi s l ayer of f i l ament s seems t o f or mgr adual l y as t he
bud emer ges, t o r emai n i n pl ace t hr oughout t he per i od of bud
gr owt h, and t o di sappear shor t l y bef or e cyt oki nesi s ( 11) . I n
cont r ast , act i n appear s t o be concent r at ed at t he buddi ng si t e
j ust bef or e and j ust af t er bud emer gence, and j ust bef or e and
j ust af t er cyt oki nesi s, but not dur i ng most of t he per i od of
bud gr owt h ( see Resul t s and f ur t her di scussi on bel ow) . Mor e-
over , t he 10- nmf i l ament s l i e i n t he mi ddl e of t he neck r egi on,
wher eas t he r i ngs of act i n dot s obser ved i n cel l s wi t h smal l
buds ar e gener al l y di spl aced t owar d t he mot her - cel l si de of
t he neck. Fi nal l y, pur i f i ed yeast act i n pol ymer i zes i n vi t r o
i nt o f i l ament s ( Fi g . 2) t hat ar e mor e t ypi cal ( i n bot h di amet er
and ot her appear ance) of act i n f i l ament s t han ar e t he 10- nm
f i l ament s obser ved i n vi vo . However , we cannot r ul e out t he
possi bi l i t y t hat act i n i n t he 10- nm f i l ament s i s t oo spar se t o
be vi sual i zed by t he pr esent met hods or i s somehow i nacces-
si bl e t o t he pr obes, and t hat t he di amet er and appear ance of
t he f i l ament s i n vi vo ar e af f ect ed by t he co- pol ymer i zat i on of
accessor y pr ot ei ns.

FI GURE 10

	

Schemat i c di agr am of t he changes i n act i n and t ubul i n
di st r i but i on by i mmunof l uor escence dur i ng t he cel l cycl e of S.
uvar um. The nucl ei ar e t he r ound bodi es t owar ds t he t op of cel l s
a- d and t he el ongat ed bodi es of cel l s e- g. Mi cr ot ubul es ar e r epr e-
sent ed by st r ai ght l i nes gr owi ng f r om t he spi ndl e pol e bodi es t hat
ar e t he denser ar eas of t he nucl ear envel ope . Act i n i s r epr esent ed
by t he bl ack dot s and act i n f i ber s by dot t ed l i nes; t he connect i vi t y
bet ween dot s and f i l ament s ought t o be consi der ed t ent at i ve ( see
t ext ) . Unbudded cel l s under go a ser i es of t r ansi t i ons r epr esent ed
by t he quest i on mar k ; some of t hese ar e shown i n Fi g . 7 .

Act i n Local i zat i on dur i ng t he Yeast Cel l Cycl e

The changi ng pat t er ns of act i n l ocal i zat i on dur i ng t he yeast
cel l cycl e ( shown schemat i cal l y f or S. uvar um i n Fi g . 10)
pr ovi de some cl ues as t o t he possi bl e f unct i on of t hi s pr ot ei n
i n yeast . I n vi ew of t he pr esent uncer t ai nt y concer ni ng t he
r ol e of act i n i n t he spi ndl e ( 3, 25) i t i s of par t i cul ar i nt er est
t hat t her e was no appar ent l engt hy di r ect i nt er act i on bet ween
act i n f i l ament s and mi cr ot ubul es at any st age of t he cel l cycl e
( Fi gs . 6 and 8) . However , as i t i s unl i kel y t hat si ngl e act i n
f i l ament s ar e vi si bl e i n cel l s by di r ect i mmunof l uor escence or
Rh- phal l oi di n l abel i ng, an associ at i on of a f ew act i n f i l ament s
wi t h ei t her cyt opl asmi c or spi ndl e mi cr ot ubul es cannot ab-
sol ut el y be excl uded .

I n cont r ast t o t he uncer t ai nt y of t he r ol e of act i n i n t he
mi t ot i c spi ndl e, t he changi ng ar r angement s of t he act i n dot s
dur i ng t he cel l cycl e suggest i n sever al ways t hat act i n may be
i nvol ved i n t he l ocal i zed deposi t i on of cel l wal l mat er i al s and
i n t he sel ect i ve gr owt h of t he bud. Dur i ng t he cel l cycl e t he
act i n dot s ar e speci f i cal l y associ at ed wi t h t he base of smal l
buds, become concent r at ed i n t he bud ( speci f i cal l y t owar ds
t he t i p of t he bud i n some st r ai ns) , and f i nal l y become
concent r at ed i n t he neck r egi on at about t he t i me of cyt oki -
nesi s ( Fi gs . 6 and 7) . These ar e al l ar eas of t he yeast cel l wher e
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act i ve changes i n cel l wal l deposi t i on ar e occur r i ng ( 8, 47) .
The act i n dot s al so appear t o be associ at ed wi t h some of t he
ear l y event s i n buddi ng. One of t hese i s t he deposi t i on of a
Cal cof l uor posi t i ve chi t i n r i ng ( Fi g . 9) t hat pr ecedes t he act ual
emer gence of t he bud ( 12, 24, 47) . These chi t i n r i ngs gener al l y
appear l ess br i ght af t er Cal cof l uor st ai ni ng t han do f ul l y
f or med bud scar s ( Fi g. 9) , pr esumabl y because of pr ogr essi ve
deposi t i on of chi t i n i n t he r i ng dur i ng bud emer gence. The
pr esence of t hi s weakl y st ai ni ng chi t i n r i ng i s associ at ed wi t h
a cor r espondi ng r i ng of act i n dot s ( Fi g . 9) . I n some appar ent l y
unbudded cel l s wi t h act i n dot r i ngs, chi t i n r i ngs ar e ver y f ai nt
or absent ( Fi g . 9 d) suggest i ng t hat t he act i n dot r i ng pr ecedes
t he deposi t i on of t he chi t i n r i ng, t hough t hi s pr oposal needs
conf i r mat i on by t he use of synchr onous cel l s . I n cel l s wi t h
smal l buds t her e i s a si mi l ar r i ng of act i n dot s, agai n coi nci dent
wi t h t he weakl y st ai ni ng chi t i n r i ng ( Fi g . 9c) . I n each case t he
di amet er of t he act i n dot r i ng i s sl i ght l y gr eat er t han t he chi t i n
r i ng . I n bot h t he appar ent l y unbudded cel l s and t he smal l
budded cel l s wi t h act i n dot r i ngs cyt opl asmi c mi cr ot ubul es
have a si mi l ar ar r angement wi t h mi cr ot ubul es poi nt i ng t o-
war ds t he cent er or si de of t he r i ng ( Fi gs . 6, 7, and 8) .

I t i s al so possi bl e t hat t he r i ng of act i n dot s at t he si t e of
bud i ni t i at i on pl ays a r ol e i n det er mi ni ng t he or i ent at i on of
bundl es of act i n f i l ament s i n t he mot her cel l , as a pr opor t i on
of t hese bundl es al ways seems t o poi nt t owar ds t he bud, even
when t he bud i s l at er al ( Fi g . 4c ; see al so r ef er ence 1) . These
f i l ament bundl es mi ght t hen be i nvol ved i n pr oduci ng a f l ow
of mat er i al i nt o t he bud by cyt opl asmi c st r eami ng . The i dea
t hat act i n mi ght be i nvol ved i n pr oduci ng t he pr ef er ent i al
gr owt h of t he cel l wal l of t he bud appear s consi st ent wi t h t he
obser vat i ons . on t he r edi st r i but i on of act i n dot s as t he bud
enl ar ges . The r i ng of dot s at t he base of t he bud di sappear s,
but t he dot s appear concent r at ed i n t he bud . I n al l st r ai ns
exami ned, t hi s concent r at i on i s pr onounced i n smal l buds,
t hough t her e appear s t o be st r ai n- t o- st r ai n var i abi l i t y i n t he
degr ee t o whi ch t he dot s ar e concent r at ed i n l ar ger buds ( Fi gs .
4, 6, 8, and 9 ; Fi g. 1 of r ef er ence 1) . Ther e al so appear s t o be
st r ai n- t o- st r ai n var i abi l i t y i n t he degr ee t o whi ch t he dot s
cl ust er at t he t i ps of l ar ger buds ; t hi s cl ust er i ng appear s t o be
mor e pr onounced i n st r ai ns wi t h mor e el ongat e gr owt h f or ms
( compar e Fi gs. 6 and 8 her e t o Fi gs . 1, 2, and 3 of r ef er ence
1) . Thi s cl ust er i ng suggest s an i nvol vement of t he act i n dot s

i n cel l wal l deposi t i on si nce cel l wal l gr owt h i s l ocal i zed i n
t he t i p of t he bud dur i ng at l east par t of t he buddi ng cycl e
( 15, 58 ; al so Fi g . 3 of r ef er ence 1) . As t he bud appr oaches t he
si ze of t he mot her cel l , t he act i n dot s r edi st r i but e such t hat
t hey ar e about equal l y pr eval ent i n mot her and bud ( Fi gs . 6
and 8) . As t he mot her cel l wal l i s not known t o be gr owi ng
dur i ng t hi s per i od, t hi s suggest s t hat t he act i n dot s ar e not
i nvar i abl y associ at ed wi t h cel l - wal l gr owt h. Thi s r edi st r i but i on
mi ght be necessar y t o ensur e t hat l at er on as t he spi ndl e
br eaks down, t her e i s suf f i ci ent act i n i n bot h mot her and bud
t o concent r at e, as act i n dot s, on bot h si des of t he neck r egi on
( Fi g . 6, k and 1) . Agai n, t hi s i s a par t of t he cel l under goi ng
l ocal i zed cel l wal l gr owt h as t he sept um f or ms and t he cel l s
under go cyt oki nesi s and cel l separ at i on .

Label i ng of cel l s wi t h el ongat ed spi ndl es wi t h Rh- phal l oi di n
of t en r eveal ed a si ngl e or doubl e bar st r uct ur e i n t he neck
r egi on of appar ent l y di vi di ng cel l s ( Fi g. 8, h and i ) , i n appr o-
pr i at el y angl ed cel l s t hi s appear ed r i ng shaped ( Fi g. 8 i ) . Thi s
st r uct ur e was onl y occasi onal l y l abel ed wi t h ant i act i n ant i -
bodi es possi bl y due t o i mper meabi l i t y pr obl ems . Thi s st r uc-
t ur e mi ght be t he " mi cr of i l ament ous sept al bel t " ( 20) , a r i ng
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of mi cr of i l ament s f ound by el ect r on mi cr oscopy t o be pr esent
on bot h si des of t he devel opi ng sept um i n t wo ot her speci es
of f ungi ( 20, 26) . Such a st r uct ur e has not been f ound i n S.
cer evi si ae af t er convent i onal chemi cal f i xat i on ( 11) , but i t s
pr esence mi ght be r eveal ed af t er f r eeze subst i t ut i on ( 26) . I n
S. cer evi si ae, whi ch has a r at her wi de sept um ( 11) , such a
st r uct ur e, i f i t wer e composed of act i n f i l ament s, woul d appear
as a doubl e r i ng st r uct ur e when st ai ned wi t h Rh- phal l oi di n at
t he st ar t of sept um f or mat i on . Thi s i nt er pr et at i on coul d be
t est ed by use of t he ant i act i n ant i bodi es descr i bed her e ; i m-
per meabi l i t y pr obl ems mi ght be over come by post embeddi ng
l abel i ng of t hi n sect i ons ( 50) wi t h ant i bodi es conj ugat ed t o
el ect r on- dense mar ker s .

We t hank J . Pr i ngl e f or encour agement , di scussi on and assi st ance
wi t h t he manuscr i pt , Pr of essor Wi el and f or a gener ous gi f t of Rh-
phal l oi di n, J . Fogg f or t echni cal assi st ance, and H. Har r i s, W. B.
Amos, B. M. F. Pear se, M. S. Robi nson, and R. A. Cr owt her f or
di scussi on . Thanks ar e al so due t o W. B, Amos f or Fi g . 10 .

Thi s wor k was suppor t ed i n par t by U. S . Publ i c Heal t h Ser vi ce
gr ant GM- 31006 t o J . R. Pr i ngl e .

Recei vedf or publ i cat i on 21 Jul y 1983, and i n r evi sedf or m 2 November
1983.
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