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Abst r act . The mor phol ogy of t hr ee Sacchar omyces
cer evi si ae st r ai ns, al l l acki ng chi t i n synt hase 1 ( Chsl )
and t wo of t hem def i ci ent i n ei t her Chs3 ( cal RI mut a-
t i on) or Chs2 was obser ved by l i ght and el ect r on mi cr os-
copy . Cel l s def i ci ent i n Chs2 showed cl umpy gr owt h
and aber r ant shape and si ze. Thei r sept a wer e ver y
t hi ck ; t he pr i mar y sept um was absent . St ai ni ng wi t h
WGA- gol d compl exes r eveal ed a di f f use di st r i but i on of
chi t i n i n t he sept um, wher eas chi t i n was nor mal l y l ocat ed
at t he neck bet ween mot her cel l and bud and i n t he
wal l of mot her cel l s . St r ai ns def i ci ent i n Chs3 exhi bi t ed
mi nor abnor mal i t i es i n buddi ng pat t er n and shape .
Thei r sept a wer e t hi n and t r i l ami nar . St ai ni ng f or chi t i n
r eveal ed a t hi n l i ne of t he pol ysacchar i de al ong t he pr i -
mar y sept um; no chi t i n was pr esent el sewher e i n t he

CHI TI N i s an i mpor t ant st r uct ur al pol ysacchar i de of
f ungal cel l wal l s . I t s synt hesi s const i t ut es a model
f or mor phogenesi s and f or t he def i ni t i on of pot ent i al

t ar get s i n ant i f ungal chemot her apy ( 11, 12) . I n Sacchar omy-
ces cer evi si ae, synt hesi s of t hi s pol ymer occur s i n di f f er ent
phases of t he l i f e cycl e . Dur i ng t he veget at i ve phase, chi t i n
i s f or med i n t wo st ages of t he cel l cycl e : f i r st , a r i ng of chi t i n
appear s at t he base of an emer gi ng bud ; l at er , at cyt oki nesi s,
chi t i n i s l ai d down cent r i pet al l y f r omt he r i ng si mul t aneousl y
wi t h t he i nvagi nat i on of t he pl asma membr ane, unt i l t he chi t i n
pr i mar y sept um separ at es mot her and daught er cel l ( 11) .

Chi t i n i s al so i nvol ved i n t he yeast sexual phase . Dur i ng
t he pr ocess of mat i ng, as a r esponse t o t he appr opr i at e pher -
omone, l ar ge amount s of chi t i n ar e l ai d down i n t he cel l wal l
of t he gr owi ng shmoo ( 32) . Fi nal l y, t he deacet yl at ed anal og
of chi t i n, chi t osan, has been r ecent l y i dent i f i ed i n t he spor e
cel l wal l ( 3) .

The enzymat i c synt hesi s of chi t i n i n yeast has been ex-
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wal l . Ther ef or e, Chs2 i s speci f i c f or pr i mar y sept um
f or mat i on, wher eas Chs3 i s r esponsi bl e f or chi t i n i n
t he r i ng at bud emer gence and i n t he cel l wal l . Chs3
i s al so r equi r ed f or chi t i n synt hesi zed i n t he pr esence
of a- pher omone or deposi t ed i n t he cel l wal l of cdc
mut ant s at nonper mi ssi ve t emper at ur e, and f or chi t o-
san i n spor e wal l s . Genet i c evi dence i ndi cat ed t hat a
mut ant l acki ng al l t hr ee chi t i n synt hases was i nvi abl e ;
t hi s was conf i r med by const r uct i ng a t r i pl e mut ant r es-
cued by a pl asmi d car r yi ng a CHS2 gene under con-
t r ol of a GAL/ pr omot er . Tr ansf er of t he mut ant f r om
gal act ose t o gl ucose r esul t ed i n cel l di vi si on ar r est f ol -
l owed by cel l deat h . We concl ude t hat some chi t i n syn-
t hesi s i s essent i al f or vi abi l i t y of yeast cel l s .

t ensi vel y st udi ed ( 8) . Chi t i n synt hase 1 ( Chsl ) ' was t he f i r st
chi t i n synt hase t o be det ect ed and char act er i zed ( 23) . Cl on-
i ng and di sr upt i on of i t s st r uct ur al gene showed t hat t hi s syn-
t hase i s not r equi r ed f or sept um f or mat i on ( 6) , wher eas r e-
cent evi dence i ndi cat es t hat Chsl has a r epai r f unct i on dur i ng
cel l separ at i on ( 13) . Anot her candi dat e f or pr i mar y sept um
f or mat i on, chi t i n synt hase 2 ( Chs2) was l at er i dent i f i ed ( 31)
and i t s st r uct ur al gene, CHS2, was cl oned ( 38) and sequenced
( 37) . Di sr upt i on of CHS2 r esul t ed i n spor es t hat coul d ger -
mi nat e but di d not gi ve r i se t o col oni es ( 38) . The f ew abnor -
mal cel l s f or med appear ed t o l ack a sept um. Based on t hi s
appar ent l y concl usi ve evi dence, i t was concl uded t hat Chs2
i s essent i al f or sept um f or mat i on and cel l di vi si on ( 38) . Re-
cent l y, however , Bul awa and Osmond ( 5) r epor t ed t hat i n
some genet i c backgr ounds or under cer t ai n gr owt h condi -
t i ons, cel l s def ect i ve i n bot h Chsl and Chs2 can gr ow and
di vi de . These cel l s had a nor mal chi t i n cont ent and con-
t ai ned a chi t i n synt hase t hat , i n cont r ast wi t h Chsl and Chs2,
di d not r equi r e par t i al pr ot eol ysi s f or act i vat i on ( chi t i n syn-
t hase 3 ; 5) . The pr oper t i es of t hi s act i vi t y coi nci de wi t h

1 . Abbr evi at i ons used i n t hi s paper : Chsl - 3, chi t i n synt hase 1- 3 ; PEG, pol y-
et hyl ene gl ycol .



t hose pr evi ousl y descr i bed by Or l ean f or " chi t i n synt hase I I »
( 26) .

These r esul t s r eopened t he quest i on of whi ch synt hase i s
act ual l y r esponsi bl e f or pr i mar y sept umf or mat i on . The di s-
cover y t hat Cal cof l uor - r esi st ant mut ant s cal l ] ar e def ect i ve
i n Chs3 act i vi t y ( 43) , t oget her wi t h t he newl y obser ved vi a-
bi l i t y of chs2 mut ant s ( 5) , pr ovi ded t he possi bi l i t y of i nves-
t i gat i ng t he f unct i on of each of t he t wo synt hases by exami n-
i ng cel l s l acki ng one or t he ot her . As a r esul t of such a st udy,
we r epor t her ei n t hat Chs2 i s speci f i cal l y r equi r ed f or pr i -
mar y sept umf or mat i on, wher eas Chs3 i s i nvol ved i n chi t i n
synt hesi s i n al l ot her l ocat i ons and ci r cumst ances . We al so
pr esent evi dence t hat a def ect i n bot h synt hases i s l et hal .

Mat er i al s and Met hods

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

The st r ai ns of S. cewvf si ae used i n t hi s st udy ar e l i st ed i n Tabl e I . Genet i c

cr osses wer e per f or med wi t h st andar d met hodol ogy ( 35) . Tet r ads wer e di s-
sect ed on mi ni mal medi um ( 2 % gl ucose, 0. 7 % Di f co yeast ni t r ogen base
wi t hout ami no aci ds, 2 %agar ) pl us necessar y suppl ement s, t o al l ow gr owt h
of mut ant s i n t he CHS2 gene ( 5) . Wi t h our st r ai ns, spor es cont ai ni ng such
mut at i ons do not gi ve r i se t o col oni es on r i ch medi um( 38) . Li qui d cul t ur es
wer e gr own i n mi ni mal medi umpl us suppl ement s, buf f er ed wi t h succi nat e
at pH5. 8 ( 13) . Gal act ose was subst i t ut ed f or gl ucose when cel l s cont ai ni ng
pl asmi d pAS4 wer e used, except wher e st at ed ot her wi se . cdc mut ant s and

cdc, ca1R1 doubl e mut ant s wer e gr own i n YEPD ( 1% yeast ext r act , 2%pep-
t one, 2%gl ucose) . Cal cof l uor r esi st ance was det er mi ned ei t her by r epl i ca
pl at i ng on YEPD pl at es cont ai ni ng 10 mg/ ml Cal cof l uor whi t e or by gr ow-
i ng i n l i qui d YEPD medi um wi t h or wi t hout 1 mg/ ml Cal cof l uor whi t e .
Cal cof l uor whi t e was a gi f t of Amer i can Cyanami d Co. ( Bound Br ook, NJ) .

Tabl e L S. cer evi si ae St r ai ns Used i n Thi s St udy

* Segr egant f r omcr oss ECY33- 18A X ECY19A2- 5B ( cr oss ECY36) .
$ Segr egant f r om spor ul at i on of ASY2 .

The Jour nal of Cel l Bi ol ogy, Vol ume 114, 1991

Pl asmi d Const r uct i on and Tr ansf or mat i on

To pl ace CHS2 under t he cont r ol of t he GALL pr omot er , pl asmi d pAS4 was
const r uct ed . pAS3, t he sour ce of CHS2, was obt ai ned by di gest i on wi t h
EcoRV and SmaI and subsequent r eci r cul ar i zat i on of a modi f i ed ( 37)
pGEM3Z ( Pr omega Bi ot ec, Madi son, WI ) car r yi ng CHS2 . Thi s mani pul a-
t i on was necessar y t o r emove i nconveni ent l y l ocat ed XbaI and EcoRI si t es .
The const r uct st i l l car r i ed 1 kb of DNA upst r eamof t he i ni t i at i on codon.
I t was t hought t hat t he pr esence of t hi s DNA i n t he f i nal const r uct mi ght
i nt er f er e wi t h t he GALL pr omot er . Ther ef or e an EcORI si t e 140 by upst r eam
was chosen as t he opt i mal 5' end f or use i n t hi s const r uct i on . The pr esence
of t wo EcoRI si t es wi t hi n t he codi ng sequence necessi t at ed t he f ol l owi ng
i ndi r ect appr oach . pAS3 was cut wi t h EcoRl i n one r eact i on and wi t h Pst i
and Xbal i n anot her . An EcoRl f r agment r epr esent i ng posi t i ons - 140 t o
+1, 688 and a Pst I / Xbal f r agment r epr esent i ng posi t i ons +579 t o +3, 295
wer e i sol at ed by el ect r ophor esi s i n Seapl aque l ow gel l i ng t emper at ur e
agar ose ( FMC, Rockl and, ME) . The EcoRI f r agment was pur i f i ed f r omt he
gel wi t h Genecl ean ( Bi o101, Vi st a, CA) and f ur t her di gest ed wi t h Pst l . The
719- bp EcoRl / Pst l f r agment ( - 140 t o +579) was t hen i sol at ed i n a gel as
above. The t wo f r agment s wer e mi xed wi t h an EcoRI / Xbal f r agment f r om
pYES2 . 0 ( I nvi t r ogen, San Di ego, CA) and l i gat ed i n- gel accor di ng t o St r uhl
( 42) . The l i gat i on mi xt ur e was used t o t r ansf or mEscher i chi a col i AGI cel l s
( St r at agene I nc. , La Jol l a, CA) . Fi ve mi ni pr eps wi t h t he pr oper r est r i ct i on
pat t er n wer e used t o t r ansf or mt he di pl oi d ECY36 t o Ur a+ by t he l i t hi um
acet at e pr ocedur e ( 22) . One of each of t he ensui ng yeast t r ansf or mant s was
gr own i n mi ni mal medi umwi t h ei t her gl ucose or gal act ose as t he car bon
sour ce . Chi t i n synt hase act i vi t y was measur ed i n di gi t oni n- t r eat ed cel l s
( 17) . Al l f i ve showed appr oxi mat el y wi l d- t ype l evel s i n t he gl ucose- gr own
cul t ur es wher eas t he gal act ose- gr own cul t ur es had f r om f our t o 20 t i mes
t he wi l d- t ype act i vi t y ( dat a not shown) . Tr ansf or mant ASY2, whi ch had t he
wi dest r ange of act i vi t y, was chosen f or spor ul at i on and f or di ssect i on on
gal act ose mi ni mal medi um.

Th const r uct pAS5, a pl asmi d har bor i ng CHSI and TRPI , t he XmaI / SaI I
f r agment f r om pMSI ( 6) , cont ai ni ng CHS] , was i nser t ed i nt o t he vect or
YEp352 ( 18) , whi ch had been cut wi t h t he same enzymes. The r esul t i ng
pl asmi d, pASI , was di gest ed wi t h SacI and Sal l ; t he CHSI - cont ai ni ng f r ag-
ment was i nser t ed i nt o t he cent r omer e pl asmi d pRS314 ( 36) , whi ch had al so
been cut wi t h SacI and Sal l .

St r ai n Genot ype Sour ce

ECY33- 16C MATa chsl - 23 ca1R1 hi s4 Thi s st udy

ECY33- 18A MATa chsl - 23 cal l ] ur a3- 52 l eu2- 3, 112 Thi s st udy

t r pl - 1

ECY19A2- 5B MAT4 chsl - 23 chs2 : : LEU2 ur a3- 52 l eu2- 3, 112 Thi s st udy

t r pl - 1

ECY36- 3A* MATa chsl - 23 ur a3- 52 l eu2- 3, 112 t r pl - 1 Thi s st udy

ECY36- 3C* MATa chsl - 23 chs2 : : LEU2 ur a3- 52 l eu2- 3, 112 Same t et r ad as

t r pl - 1 ECY36- 3A

ECY36- 3D* MATa chsl - 23 cal R] ur a3- 52, l eu2- 3, 112 Same t et r ad as

t r pl - 1 ECY36- 3A; and

t hi s st udy

ASY2 MATal MATa chsl - 231chsl - 23 chs2 : : LEU2/ CHS2

cal " I I CALI ur a3- 52l ur a3- 52 l eu2- 3, 11211eu2- 3, 112

t r pl - 1 l t r pl - 1 pAS4

ASY2- 24At MATa chsl - 23 chs2 : : LEU2 ur a3- 52 l eu2, 3- 112 Thi s st udy

t r pl - 1 pAS4

ASY2- 24Bt MATa chsl - 23 chs2 : : LEU2 cal RI ur a3- 52 Same t et r ad

l eu2, 3- 112 t r pl - 1 pAS4 as ASY2- 24A

ASY2- 24Ct MATa chsl - 23 Ca1R1 ur a3- 52 l eu2, 3- 112 Same t et r ad as

t r pl - 1 pAS4 ASY2- 24A

ASY2- 24Dt MATa chsl - 23 ur a3- 52 l eu2, 3- 112 Same t et r ad as

t r pl - 1 pAS4 ASY2- 24A

EMY12- 1C MATa cdc 24- 1 cal l : : URA3 Thi s st udy

EMY13- 2C MATa cdc3 cal l : : URA3 Thi s st udy

H182- 6- 3 MATa cdc24- 1 t yr l ar g4 t hr 4 adel hi s7 L . H. Har t wel l

t r pl gal ]

H102- 3- 1 MATa cdc3 L . H. Har t wel l



Li ght and Fl uor escence Mi cr oscopy

Cel l s wer e obser ved under phase cont r ast i n a Zei ss Uni ver sal mi cr oscope

( Ober kochen, Ger many) or by di f f er ent i al i nt er f er ence cont r ast i n a Zei ss

I CM405 mi cr oscope. For f l uor escence obser vat i ons wi t h ei t her DAPI or

Cal cof l uor whi t e, t he Zei ss Uni ver sal mi cr oscope was used, equi pped wi t h

a G365 exci t at i on f i l t er , an FT 395 beam spl i t t er , and an LP 420 bar r i er

f i l t er . St ai ni ng was car r i ed out as descr i bed, f or DAPI ( 44) , Cal cof l uor ( 9) ,

or Tr ypan bl ue ( 17) .

EM

Yeast cel l s wer e pr epar ed f or EMi n t wo ways . Cel l s wer e f i xed i n 3%

gl ut ar al dehyde f or 1 h at r oom t emper at ur e, f ol l owed by 30 mi n i n 1%

OsO4 at 4° C. Bot h f i xat i ves wer e i n 0. 1 Msodi umphosphat e buf f er , pH

6. 8. Af t er dehydr at i on i n gr aded et hanol sol ut i ons, and t wo changes of

pr opyl ene oxi de, t he cel l s wer e embedded i n EMbed- 812 ( El ect r on Mi cr os-

copy Sci ences, Ft . Washi ngt on, PA) . Al t er nat i vel y, cel l s wer e r api dl y f r o-

zen by spr ayi ng i nt o l i qui d pr opane cool ed wi t h l i qui d ni t r ogen, essent i al l y

as descr i bed by Hor owi t z et al . ( 20) . Fr ozen cel l s wer e f r eeze subst i t ut ed

by gr adual war mup f r om anhydr ous met hanol cont ai ni ng 2 % OsO4 . The

dehydr at ed cel l s wer e embedded as above .

WGA- gol d pr obes wer e pr epar ed as f ol l ows : 13- nm col l oi dal gol d was

pr epar ed by t he met hod of Sl ot and Geuze ( 41) . Appr oxi mat el y 0. 8 mg of

WGA ( Phar maci a LKB Bi ot echnol ogy, Pi scat away, NJ) i n 0. 1 MK2CO3

was added t o 10 ml of gol d sol at pH 10. 1 wi t h st i r r i ng . Af t er 30 mi n on

Fi gur e 1. Mor phol ogy of di f f er ent st r ai ns vi ewed by di f f er ent i al i nt er f er ence cont r ast . a, ECY36- 3A ( chsl CHS2 CALL); b, a r el at i vel y
smal l aggr egat e and some f r ee cel l s of ECY36- 3C ( chsl chs2: . LEU2 CALI ) ; c, par t of a l ar ge aggr egat e of ECY36- 3C; d, ECY36- 3C cel l s

af t er soni cat i on; e, cel l s of ECY36- 3D ( chsl CHS2 cal RI ) f or mi ng l oose aggr egat es ; f , abnor mal buddi ng pat t er n ( ar r ow) and mul t i pl e

buddi ng ( doubl e ar r ow) i n ECY36- 3D; i nset s, cel l s of t he same st r ai n t hat exhi bi t pr ot uber ances near t he bud ( ar r owheads) . Bar , 10 Am.
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i ce, f i l t er ed 1% pol yet hyl ene gl ycol ( PEG) ( 20, 000 mol wt ) was added t o
make t he gol d pr obe 0. 1 %wi t h r espect t o PEG. The pr obe was di l ut ed wi t h
an equal vol ume of 10 mMTr i s- HCI buf f er , pH 9 . 0, bef or e cent r i f ugat i on .
The pr obe was washed once wi t h t he Tr i s buf f er suppl ement ed wi t h 0. 05 %
PEGand suspended i n a smal l vol ume of t he same buf f er , f ol l owed by f i l t r a-
t i on t hr ough a 0. 45- , um f i l t er f or st or age at 4° C.

For chi t i n l abel i ng, t he st ock WGA- gol d pr obe was di l ut ed 1: 400 wi t h
10 mMTr i s- HCl , pH 7. 0, cont ai ni ng 0. 15 MNaCl , 0. 05% PEG, 0. 5 mM
MnC12, 0. 5 MMMgC12, and 0. 5 mMCaC12 . Thi n sect i ons on ni ckel gr i ds,
pr est ai ned wi t h aqueous sol ut i ons of ur anyl acet at e and l ead ci t r at e, wer e
f l oat ed on dr ops of t he WGA- gol d pr obe on a r ocki ng t abl e f or 45- 60 mi n
and r i nsed t wi ce f or 15 mi n each on t he di l ut i on buf f er f ol l owed by a j et
r i nse wi t h dei oni zed wat er . The gol d- l abel ed sect i ons wer e exami ned i n an
el ect r on mi cr oscope ( model 410 ; Phi l i ps El ect r oni c I nst r ument s, I nc. ,
Mahwah, NJ) .

As a cont r ol , sect i ons f r om each yeast sampl e wer e exposed t o WGA-
gol d pr obe cont ai ni ng 50 mMN, N' , N" , - t r i acet yl chi t ot r i ose, t o bl ock WGA-
bi ndi ng si t es . Ther e was no l abel pr esent on t he wal l i n t hese cont r ol s . We
have pr evi ousl y r epor t ed ot her cont r ol s ( 25) and t he var i abl e, nonspeci f i c
st ai ni ng of vacuol e cont ent s wi t h WGA pr obes ( 27) .

Cel l Wal l Pr epar at i on and Chi t i n Det er mi nat i on

Cel l wal l s wer e pr epar ed and chi t i n det er mi ned as pr evi ousl y descr i bed
( 27) .



Chi t i n Synt hase Pr epar at i on andAssay

Cel l s wer e di sr upt ed wi t h gl ass beads and membr anes i sol at ed essent i al l y

as descr i bed by Or l ean ( 26) . Chi t i n synt hase act i vi t y i n t he membr ane pr ep-
ar at i on was measur ed wi t h or wi t hout t r ypsi n t r eat ment , as pr evi ousl y de-
scr i bed ( 31) . Pr ot ei n was assayed accor di ng t o Lowr y et al . ( 24) .

Resul t s

Mor phol ogy of Cel l s Def i ci ent i n Chs2 and Chs3

For compar i son of mor phol ogy, bot h by l i ght and el ect r on
mi cr oscopy, t hr ee st r ai ns wer e used, ECY36- 3A ( chsl CHS2
CALI ) , ECY36- 3C( chsl chs2 : : LEU2 CALI ) , and ECY36- 3D
( chsl CHS2 caI RI ) , al l bel ongi ng t o t he same t et r ad ( Tabl e
I ) . The f our t h spor e of t he t et r ad, wi t h t he expect ed genot ype
chsl chs2 : : LEU2 caI RI , di d not ger mi nat e, pr esumabl y be-
cause a mut at i on i n bot h CHS2 and CALI i s l et hal ( see be-
l ow) . To pr event l ysi s of daught er cel l s caused by l ack of

Chsl , al l st r ai ns wer e gr own i n buf f er ed mi ni mal medi um
( 13) . Cel l s def ect i ve i n Chs2 di d gr ow, al t hough mor e sl owl y
t han t hose wi t h an i nt act CHS2 gene ( gener at i on t i me N3 h,
compar ed t o N2 h f or ECY36- 3A) . As r epor t ed by Bul awa
and Osmond ( 5) , t he cel l s gr ew i n cl umps of var i abl e si ze
( Fi g . 1, b and c) , al t hough some f r ee cel l s wer e obser ved
( Fi g . 1 b) . Most cel l s wer e l ar ger t han t hose of a wi l d- t ype
st r ai n and many had el ongat ed and bi zar r e shapes ; obser va-
t i on of t hese abnor mal cel l s was easi er af t er soni cat i on, t hat
r esul t ed i n some r educt i on of t he cl umps ( Fi g . 1 d) . Sever al
cel l s appear ed gr anul at ed and wer e pr obabl y l ysed . I n f act ,
Tr ypan bl ue st ai ned a smal l but si gni f i cant per cent age of
cel l s, most l y t hose exhi bi t i ng aber r ant shapes ( r esul t s not
shown) .

Cel l s def ect i ve i n Chs3 ( caI R1 mut ant s ; 43) wer e much
mor e si mi l ar t o wi l d- t ype cel l s . However , some abnor mal -
i t i es wer e obser ved : t he cel l s showed some t endency t o
cl umpi ng ( Fi g . 1 e) , al t hough much l ess so t han t he chs2 : :

Fi gur e 2 . Neck r egi on at ear l y buddi ng and af t er sept um f or mat i on . Fr eeze- subst i t ut ed, unl abel ed cel l s. a and d, wi l d- t ype cel l s show
a t hi ckeni ng of t he wal l at t he base of t he bud t hat i s due t o t he chi t i n r i ng. The t hi n sept umof chi t i n i s el ect r on t r anspar ent ( d; ar r owhead) ;
b and e, Chs2 - cel l s have a wal l si mi l ar i n appear ance t o wi l d t ype i n t he bud st age . They do not f or ma wel l - def i ned sept um, but cl ose
t he neck wi t h a mass of unor i ent ed f i l ament s ; c and f , Chs3- cel l s l ack t he t hi ckeni ng of t he wal l at t he bud base and f or m mor e t ubul ar
necks, but st r uct ur e of t he compl et e sept um i s ot her wi se si mi l ar t o t he wi l d t ype. Ar r owhead poi nt s t o t he pr i mar y sept um and ar r ows
t o secondar y sept a . B, bud ; D, daught er cel l . Bar s, 0. 5 um.
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LEU2 st r ai n . Aggr egat es wer e r eadi l y di sr upt ed by l i ght
soni cat i on . Of t en an unusual buddi ng pat t er n, i ncl udi ng
mul t i pl e buddi ng f r om t he same cel l , was seen ( Fi g . 1 f ) .
One f eat ur e t hat f r equent l y appear ed was a pr ot uber ance
next t o a bud ( i nset s bel ow Fi g. 1 f , see al so f ol l owi ng sect i on
on ul t r ast r uct ur e) . I n cal R] segr egant s f r om di f f er ent cr osses,
i . e. , wi t h sl i ght l y di f f er ent genet i c backgr ound, t hese f ea-
t ur es var i ed somewhat ; f or exampl e, some st r ai ns showed
mor e aggr egat i on t han ot her s. However , t he t r ai t s added up
t o def i ne a char act er i st i c phenot ype. Dur i ng exami nat i on of
segr egant s, f i ve of 46 st r ai ns wer e cl assi f i ed by mor phol ogi -
cal exami nat i on as wi l d t ype i n bot h CHS2 and CALL, 25 as
caI RI , and 16 as chs2 : : LEU2 . Subsequent det er mi nat i ons of
nut r i t i onal mar ker s and of Cal cof l uor r esi st ance conf i r med
t he i ni t i al cat egor i zat i on i n ever y case .

Cel l s def i ci ent i n Chs2 showed a br i ght f l uor escence over
t he whol e sur f ace af t er st ai ni ng wi t h Cal cof l uor ( 5) , wher eas
caI RI cel l s wer e qui t e di m ( 29) . Some of t he cal Vl cel l s,
however , showed di f f use and r at her i nt ense f l uor escence . By
si mul t aneous st ai ni ng wi t h Cal cof l uor and Tr ypan bl ue t he
f l uor escent cel l s wer e al so f ound t o be per meabl e t o t he bl ue
dye ( r esul t s not shown) . We have obser ved i n ot her cases t hat
l ysed cel l s become f l uor escent i n t he pr esence of Cal cof l uor .
Thus, occasi onal l ysi s i s anot her char act er i st i c of caI R]
cel l s .

Al l st r ai ns shown i n Fi g . 2 ar e def ect i ve i n Chsl . As pr evi -
ousl y r epor t ed ( 13) , t he onl y mor phol ogi cal change so f ar
obser ved i n chsl st r ai ns wi t h r espect t o wi l d t ype i s t he l ysi s
of daught er cel l s i n unbuf f er ed medi um. The pr esence of a
nor mal CHS1 gene i n chs2 cel l s di d not r esul t i n a phenot ype
di f f er ent f r omchsl chs2 st r ai ns ( 5) . As f or caI R] cel l s, t hi s
mut at i on was or i gi nal l y i sol at ed i n a CHSI backgr ound ( 29) .
Those cel l s have t he same appear ance as t he doubl e mut ant
cal RI chsl , except f or t he al r eady ment i oned l ysi s of daugh-
t er cel l s dur i ng gr owt h at l ow pH i n t he l at t er .

Ul t r ast r uct ur e of Sept al Regi on i n Cel l s Def i ci ent
i n Chs2 and Chs3

To det ect changes i n sept umst r uct ur e i n t he di f f er ent st r ai ns,
obser vat i ons wer e made by EMof t he neck r egi on bet ween
mot her and daught er cel l , bot h at bud emer gence and af t er
sept um f or mat i on . A t hi ckeni ng of t he cel l wal l at t he base
of t he bud, pr esent i n wi l d- t ype cel l s ( Fi g . 2 a; 27) was al so
obser ved i n t he chs2 : : LEU2 st r ai n ( Fi g . 2 b) but appear s t o
be absent i n t he cal Rl st r ai n ( Fi g. 2 c) . Cel l s def i ci ent i n
Chs2 ( Fi g. 2 e) pr esent an ext r emel y t hi ck sept um of amor -
phous aspect , devoi d of t he t r i l ami nar st r uct ur e shown by
wi l d- t ype cel l s ( Fi g. 2 d) , i n whi ch t he pr i mar y sept um i s
sandwi ched bet ween t wo secondar y sept a ( 11, 27) . Those
t hi ck sept a hol d t oget her di f f er ent cel l s ( Fi g . 3, b and c) and
ar e r esponsi bl e f or t he l ar ge aggr egat es shown i n Fi g . 1, b

and c. Pocket s of cyt opl asmwer e of t en t r apped i nsi de t he
sept a ( Fi g . 3 b) . These may r esul t f r omt he i r r egul ar gr owt h
of t he sept al mat er i al ( Fi g. 3 a) t hat may not coal esce si mul -
t aneousl y t hr ough t he t hi ckness of t he sept um.

I n cont r ast t o t he Chs2 - cel l s, t hose def i ci ent i n Chs3
( cal RI ) have sept a wi t h a cl ear l y vi si bl e t r i l ami nar st r uct ur e
( Fi g . 2 f ) . However , t hese sept a ar e of uni f or m t hi ckness
t hr oughout , wher eas t hose of wi l d- t ype cel l s t hi cken as t hey
r each t he cel l wal l ( Fi g . 2 d) , i n cor r espondence wi t h t he
t hi ckeni ng obser ved at bud emer gence . Ot her abnor mal i t i es
obser ved i n t he ca1R1 sept a ar e t he el ongat ed aspect of t he
channel bet ween mot her and daught er cel l s and, as i n Chs2 -
cel l s, t he occasi onal pr esence of cyt opl asm i ncl usi ons be-
t ween pr i mar y and secondar y sept um.

Fur t her mor e, caI RI cel l s of t en exhi bi t pr ot uber ances ( Fi g .
4 a) t hat pr obabl y cor r espond t o t hose obser ved i n l i ght mi -
cr oscopy ( Fi g. 1 f ; i nset s) . I t i s l i kel y t hat t hese pr ot uber -
ances ar e bud scar s ( see chi t i n l ocal i zat i on bel ow) . Thei r
di f f er ent aspect when compar ed wi t h nor mal bud scar s ( Fi g .

Fi gur e 3 Chs2 - sept a . Cel l s wer e f i xed by f r eeze subst i t ut i on and ar e unl abel ed . a, shows const r i ct i on of t he channel bet ween mot her
cel l and bud caused by pr ol i f er at i on of wal l mat er i al i n t he neck r egi on ; b, cyt opl asm i s occasi onal l y t r apped wi t hi n t he sept al ar ea and
degener at es, f or mi ng l acunae ( ar r owhead) ; c ; daught er cel l s do not separ at e r eadi l y and cl umps of cel l s ar e common . Bar s, 1 pm.
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Fi gur e 4. Chs3 - bud scar s . a and b ar e convent i onal l y f i xed and WGA- gol d l abel ed . c and d ar e f r eeze subst i t ut ed and unl abel ed . a, Low-

magni f i cat i on vi ew of buddi ng cel l wi t h pr ot uber ances adj acent t o t he bud ; b, si mi l ar st r uct ur e showi ng sur f ace l abel of WGA- gol d . Appr ox-

i mat el y one- t hi r d of pr of i l es r ecogni zabl e as bud scar s ar e not l abel ed, as i s t he case i n a ; c, Chs3- bud scar compar ed t o d, wi l d- t ype

bud scar . Bar s, 0 . 5 Am.

4, c and d) may be expl ai ned by t he di f f er ent mor phol ogy

of t he sept um, especi al l y wi t h r egar d t o t he l engt h of t he

channel bet ween mot her and daught er cel l .

Local i zat i on of Chi t i n i n t he Di f f er ent Mut ant s

To det er mi ne t he di st r i but i on of chi t i n i n wal l s and sept a,

sect i ons wer e st ai ned wi t h WGA- col l oi dal gol d ( 25, 27) . I n

pr evi ous obser vat i ons ( 27) , chi t i n was det ect ed wi t h t hi s

met hod i n a r i ng at t he base of t he emer gi ng bud and, l at er

i n t he cel l cycl e, i n t he pr i mar y sept um. Some chi t i n al so ap-

pear s t o be pr esent al l over t he cel l wal l ( 19, 25) . These

f i ndi ngs wer e conf i r med wi t h t he st r ai n har bor i ng wi l d- t ype

CHS2 and CALI ( Fi g . 5, a and d) , except t hat i n t hese cel l s

t he amount of chi t i n i n t he wal l appear s t o be gr eat er t han

obser ved pr evi ousl y i n ot her st r ai ns ( 25, 27) . Because of t hi s

f eat ur e, i t can be cl ear l y seen t hat t he chi t i n i s pr esent i n t he

wal l of t he mot her cel l but not i n t hat of t he bud ( Fi g . 5 a) .

Chi t i n does, however , appear i n t he daught er cel l wal l af t er

sept um f or mat i on ( Fi g . 5 d) . Some l abel was occasi onal l y

obser ved i n l ar ge buds st i l l connect ed t o t he mot her cel l by

a channel .

The di st r i but i on of chi t i n i n cel l s cont ai ni ng t he CHS2 nul l

mut at i on t hat had not yet f or med a sept umwas si mi l ar t o t hat

of wi l d- t ype cel l s ( Fi g . 5 b) , except t hat t he l abel was heavi er ,

i n accor dance wi t h t he hi gher chi t i n cont ent of t hese cel l s

( Tabl e I I ) . I n t he sept a, chi t i n was di st r i but ed i n an i r r egul ar

f ashi on ( Fi g . 5 e) and t her e was no i ndi cat i on of a pr i mar y

sept um l i ne, as i n wi l d- t ype cel l s . The densi t y of l abel i n t he

sept um, ver y heavy i n Fi g . 5 e, was compar abl e t o t hat of

t he cel l wal l but var i ed f r om cel l t o cel l .

The chi t i n l ocal i zat i on i n caI RI cel l s was qui t e di f f er ent

f r om t hat of bot h wi l d- t ype and Chs2 cel l s. The l abel was

st r i ct l y l i mi t ed t o t he pr i mar y sept um l i ne ( Fi g . 5, c and f ) .

No col l oi dal gol d was obser ved at t he base of t he bud or i n

ot her r egi ons of t he cel l wal l , except f or a f ew gr ai ns of t en

seen at t he t op of t he pr ot uber ances ment i oned i n t he pr eced-

i ng sect i on ( Fi g . 4 b) . Thi s conf i r ms t he hypot hesi s t hat t he

pr ot uber ances ar e, i n f act , bud scar s . Agai n, t hese r esul t s ar e
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i n consonance wi t h t he l ow chi t i n cont ent of caI R] cel l wal l s

( Tabl e I I ; 29) . These f i ndi ngs cl ear l y i ndi cat e t hat Chs2 i s

speci f i cal l y i nvol ved i n t he f or mat i on of t he pr i mar y sept um,

wher eas Chs3 pr ovi des t he chi t i n f ound i n t he cel l wal l , bot h

i n t he buddi ng r i ng and el sewher e .

Chs3 and t he Deposi t i on of Chi t i n i n cdc Mut ant s

The f i ndi ng t hat i n t he veget at i ve cel l cycl e Chs3 i s r equi r ed

f or t he f or mat i on of chi t i n at al l l ocat i ons except f or t he pr i -

mar y sept um suggest ed t hat t hi s synt hase may be i nvol ved i n

ot her ci r cumst ances i n whi ch chi t i n i s l ai d down i n t he cel l

wal l . I t has al r eady been shown t hat t he deposi t i on of chi t i n

i n t he cel l wal l t r i gger ed by a- f act or does not occur i n cal RI

mut ant s ( 29) , t her eby i mpl i cat i ng Chs3 i n t hat case as wel l .

I t has al so been f ound t hat chi t i n i s l ai d down i n t he cel l wal l

of cdc mut ant s i ncubat ed at a nonper mi ssi ve t emper at ur e

( 27, 40) . To ascer t ai n whet her t he f or mat i on of chi t i n was

cat al yzed by Chs3 al so i n t hi s i nst ance, doubl e mut ant s con-

t ai ni ng bot h t he cal RI and a cdc mut at i on wer e obt ai ned by

appr opr i at e cr osses . The cdc mut at i ons used f or t hi s exper i -

ment wer e cdc24 and cdc3, whi ch ar e t hose t hat yi el ded t he

hi ghest accumul at i on of chi t i n i n pr evi ous exper i ment s ( 27) .

Bot h doubl e mut ant s, cdc24 cal Rl and cdc3 cal R1, st ai ned

ver y poor l y wi t h Cal cof l uor at t he per mi ssi ve t emper at ur e,

as expect ed ( Fi g . 6, b and h) . The f l uor escence was not i n-

cr eased by shi f t i ng t he cel l s t o 37 °C ( Fi g . 6, e and k) . I t may

be concl uded t hat al so i n t hi s case Chs3 i s r equi r ed f or chi t i n

f or mat i on .

Requi r ement of Chi t i n Synt hesi s f or Vi abi l i t y

Pr evi ous r esul t s have shown t hat doubl e mut ant s l acki ng

bot h Chsl and Chs2 ( 5) or Chsl and Chs3 ( 29, 43) ar e vi -

abl e. I t was of i nt er est t o f i nd out whet her a t r i pl e mut ant

l acki ng al l t hr ee chi t i n synt hases woul d be vi abl e . Two ap-

pr oaches wer e used t o obt ai n t hi s i nf or mat i on. I n t he f i r st ,

a chsl chs2 : : LEU2 st r ai n ( ECY19A2- 5B) was mat ed t o a

chsl cal R] st r ai n ( ECY33- 18A) . The r esul t i ng di pl oi d was

spor ul at ed and t et r ads wer e di ssect ed on mi ni mal medi um



Fi gur e 5. WGA- gol d l abel of chi t i n . Cel l s ar e convent i onal l y f i xed . a and d, wi l d t ype . Wal l of emer gi ng bud i s i ni t i al l y unl abel ed but
becomes l abel ed ei t her l at e i n bud f or mat i on or af t er sept um f or mat i on . b and e, Chs2 - wal l s of mot her cel l s ar e heavi l y l abel ed, wher eas
t he wal l of t he emer gi ng bud shows ver y l i ght l abel t hat i ncr eases af t er sept um f or mat i on . The t hi ck sept al ar ea i s as heavi l y l abel ed as
t he mot her cel l wal l . c and f , Chs3 - cel l s show vi r t ual l y no l abel i n t he wal l . Onl y t he sept um i s l abel ed . bs, bud scar . Al l mi cr ogr aphs
ar e t he same magni f i cat i on .

( 5) . Di ssect i ons wer e al so per f or med on mi ni mal medi um

cont ai ni ng 1 Msor bi t ol t o mi t i gat e any pot ent i al osmot i c de-

f ect t hat t he t r i pl e mut ant coul d exhi bi t . The r esul t s wi t h and

wi t hout sor bi t ol wer e si mi l ar . Spor es cont ai ni ng t he CHS2

nul l mut at i on di d gi ve r i se t o col oni es on t hese medi a, al bei t

mor e sl owl y, but ger mi nat i on was r el at i vel y poor wi t h our

st r ai ns . Anal ysi s of t he r esul t s showed weak l i nkage bet ween

t he CHS2 and t he CALI genes, an i ndi cat i on t hat bot h genes

ar e on t he same chr omosome. Si nce CALI has been assi gned

t o chr omosome I I by chr omosome bl ot s ( 43) i t may be con-

Shaw et al . Chi t i n Synt hase 2 and 3 Funct i on

cl uded t hat CHS2 al so i s on t hi s chr omosome. Thi s r esul t i s
cor r obor at ed by t he obser vat i on t hat sequences f ound i n t he
upst r eam r egi on of CHS2 ( 37) ar e i dent i cal t o t hose of t he

gene SCOI ( 34) , whi ch has been assi gned t o chr omosome
I I ( 33) .

Of t he 161 sur vi vi ng spor es exami ned none was caI RI

chs2 : : LEU2, wher eas r andom assor t ment woul d have r e-

sul t ed i n about one quar t er of t he spor es wi t h t hi s genot ype

i f t he genes wer e unl i nked . Si nce t he l i nkage bet ween t he t wo

genes i s weak, we concl ude t hat t he l ack of r ecombi nant s



Tabl e H. Chi t i n Cont ent of Di f f er ent St r ai ns

Chi t i n
( per cent age of cel l wal l

St r ai n

	

dr y wei ght )

ECY36- 3A ( chsl CHS2 CALI )

	

7 . 1

ECY36- 3C ( chsl chs2: : LEU2 CALI )

	

12 . 3
ECY36- 3D ( chsl CHS2 cal Al )

	

0 . 6

r esul t s f r oml et hal i t y of t he cal R1 chs2 : : LEU2 combi nat i on .
The poor ger mi nat i on of chs2 spor es cannot expl ai n t he
r esul t s ( 60 chs2 : : LEU2 col oni es wer e obt ai ned) . I t i s of par -
t i cul ar i nt er est t o not e t hat , of 17 t hr ee- spor e t et r ads t hat
coul d be i nf er r ed as bei ng a t et r at ype, t he mi ssi ng spor e i n
each case was t he cal R1 chs2 : : LEU2 r ecombi nant .

Anot her , mor e di r ect appr oach t o t he vi abi l i t y quest i on
was t o const r uct a t r i pl e mut ant i n CHS1, CHS2, and CALL
t hat was r escued by t he pr esence of a pl asmi d cont ai ni ng t he
CHS2 gene under t he cont r ol of t he GALL pr omot er ( pAS4,
see Mat er i al s and Met hods) . Thi s st r ai n was obt ai ned by
t r ansf or mi ng t he di pl oi d r esul t i ng f r omcr ossECY36 ( Tabl e
I ) wi t h pAS4, f ol l owed by spor ul at i on and t et r ad di ssect i on
on gal act ose- cont ai ni ng medi um. One of t he col oni es f r om
a t et r ad obt ai ned i n t he di ssect i on was a l euci ne pr ot ot r oph

Fi gur e 6. St ai ni ng wi t h Cal cof l uor of cdc mut ant s and cdc caI RI

doubl e mut ant s gr own at per mi ssi ve and nonper mi ssi ve t emper a-
l ur e . a and d, H182- 6- 3 ( cdc24) ; b, c, e, and f , EMY12- 1C ( cdc24

cal RI ) . a, b, and c, 25° C ; d, e, and f , 37° C. c and f ar e t he phase-
cont r ast i mages of b and e, r espect i vel y . g and j , H102- 3- 1 ( cdc3) ;

h, i , k, and l , EMY13- 2C ( cdc3 cal R1) . g, h, and i , 25° C; j , k,
and 1, 37° C. i and 1 ar e t he phase- cont r ast i mages of h and k, r espec-
t i vel y . Bar , 20 Am.
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and was Cal cof l uor r esi st ant , i . e . , cont ai ned bot h t he chs2 : :
LEU2 and t he cal RI mut at i ons ( st r ai n ASY2- 24B, Tabl e I ) .
Af t er gr owt h i n gal act ose- cont ai ni ng mi ni mal medi um, cel l s
of t hi s st r ai n wer e t r ansf er r ed t o bot h gal act ose- or gl ucose-
cont ai ni ng mi ni mal medi um. Changes i n mor phol ogy and i n
sever al par amet er s wer e f ol l owed dur i ng t hr ee doubl i ngs of
t he absor bance and agai n checked af t er 24 h . The gal act ose-
cul t ur ed cel l s di spl ayed t he t ypi cal mor phol ogy of ca1R1

mut ant s, as expect ed ( Fi g. 7 a) , al t hough wi t h a somewhat
hi gher pr opor t i on of abnor mal cel l s . These may be cel l s t hat
l ost t he pl asmi d and gr ew f or some t i me, unt i l ur aci l became
l i mi t i ng ( t he pl asmi d al so suppl i es t he URA3 gene) . Even af -
t er 24 h, sever al hour s af t er r eachi ng st at i onar y phase, t he
cel l s appear ed t o be essent i al l y nor mal ( Fi g . 7 b) . On t he
ot her hand, when cel l s wer e shi f t ed t o gl ucose, t her eby st op-
pi ng expr essi on of Chs2, aber r ant changes wer e soon ob-
ser ved . At t he f i r st doubl i ng of t ur bi di t y, most cel l s wer e i n
t he f or mof a mot her cel l wi t h t wo buds, t he second one of
whi ch appear ed t o emer ge f r om t he j unct i on bet ween t he
ot her t wo cel l s ( Fi g . 7 c) . At t hi s st age, st ai ni ng wi t h DAN
showed an abnor mal DNA segr egat i on ( Fi g . 8) . The gr oup
of t hr ee cel l s cont ai ned t wo or t hr ee nucl ei , t hat wer e f ound
i n one or t wo of t he cel l s, or at t he j unct i on bet ween t hem
( Fi g. 8 f ) . At t he second doubl i ng i n absor bance, one of t he
t hr ee cel l s, pr esumabl y t he or i gi nal mot her cel l , had swel l ed
consi der abl y and cont ai ned a l ar ge vacuol e . The cel l s al so
st ar t ed t o aggr egat e i n cl umps ( Fi g. 7 d) . At t he t hi r d dou-
bl i ng, t he cel l s wer e ext r emel y l ar ge, 20 t o 30 t i mes t he nor -
mal vol ume, wi t h t he vacuol e occupyi ng most of t he i nt r acel -
l ul ar space . The daught er cel l s had al most di sappear ed i n
many cases ( Fi g. 7 e) . Fr omher e on, t he absor bance di d not
i ncr ease f ur t her ; af t er 24 h i t was essent i al l y unchanged
wher eas t he absor bance of gal act ose- gr own cel l s had i n-
cr eased 5. 6- f ol d above t he l ast val ue shown i n Fi g . 9 A . At
t hi s poi nt , most cel l s of t he gl ucose cul t ur e wer e gr anul at ed
and appar ent l y l ysed ( Fi g . 7 f ) , and wer e per meabl e t o
Tr ypan bl ue. I n t he cont r ol cul t ur e ( Fi g . 7 b) , ver y f ew cel l s
wer e st ai ned even af t er 24 h ( r esul t s not shown) .

I n bot h cul t ur es, t he t ur bi di t y i ncr eased exponent i al l y
( Fi g . 9, A and B) . The number of cel l s i ncr eased i n par al l el
wi t h t ur bi di t y i n t he gal act ose cul t ur e ( Fi g . 9 A) but r emai ned
st at i onar y i n gl ucose ( Fi g . 9 B) . I n t hi s exper i ment , cel l s
wer e count ed as t he number of uni t s pr esent af t er l i ght soni -
cat i on . For exampl e, each t r i - cel l ed gr oup of Fi g . 7 c was
count ed as one cel l . Sampl es wer e al so pl at ed on YEP- Gal ac-
t ose pl at es t o t est f or vi abi l i t y. The number of col ony- f or m-
i ng uni t s i ncr eased exponent i al l y i n gal act ose cul t ur e, but
decl i ned r api dl y i n t he gl ucose cul t ur e ( Fi g . 9, Aand B) . Af -
t er t wo doubl i ngs of t ur bi di t y, onl y 1%of t he cel l s gave r i se
t o col oni es . The decr ease i n vi abi l i t y mi ght have been par -
t i al l y due t o i ncr eased sensi t i vi t y of t he cel l s t o t he soni c
t r eat ment t hat was appl i ed t o br eak up cl umps f or count i ng
and pl at i ng . However , onl y a moder at e i ncr ease i n st ai nabi l -
i t y wi t h Tr ypan bl ue ( f r om- 10 t o 20%) was caused by soni -
cat i on of cel l s t hat had under gone t hr ee doubl i ngs i n absor -
bance ( as i n Fi g. 7 e) .

The speci f i c act i vi t y of chi t i n synt hase 2 r emai ned hi gh
dur i ng gr owt h i n gal act ose ( Fi g. 9 C) . The changes pr obabl y
r ef l ect t he var i abi l i t y i n act i vi t y of di f f er ent pr epar at i ons . I n
gl ucose, however , t he speci f i c act i vi t y decl i ned mor e r api dl y
t han expect ed f r om si mpl e di l ut i on, i ndi cat i ng a r api d t ur n-
over of t he enzyme ( Fi g . 9 C) . The per cent age of chi t i n i n



t he cel l wal l r emai ned essent i al l y const ant i n gal act ose but
decr eased i n gl ucose ( Fi g . 9 D) . Because of t he ver y l ow i ni -

t i al chi t i n cont ent of t hi s st r ai n, quant i t at i ve est i mat i ons wer e
di f f i cul t and t hese r esul t s have onl y i ndi cat i ve val ue .

Fi gur e 8. DAPI st ai ni ng of cel l s of st r ai n ASY2- 24B af t er gr owt h
i n gl ucose unt i l t he absor bance had doubl ed ( cor r esponds t o Fi g .
7 c) . a, b, and c, phase cont r ast ; d, e, and f , cor r espondi ng f l uor es-
cence phot ogr aphs, i n t he same or der . Bar , 10 pm.

Shaw et al . Chi t i n Synt hase 2 and 3 Funct i on

Fi gur e 7. Mor phol ogy of st r ai n ASY2- 24B ( chsl
chs2 : : LEU2 caI RI pAS4) , af t er gr owt h on gal act ose
or gl ucose. a and b, cel l s gr owi ng i n gal act ose at l oga-
r i t hmi c ( a) and st at i onar y ( b ; 24 h) phase . c- f , cel l s
t r ansf er r ed t o gl ucose medi umat zer o t i me ( see Fi g .
9) af t er one doubl i ng ( c) , t wo doubl i ngs ( d) , and t hr ee
doubl i ngs ( e) i n absor bance . The absor bance di d not
i ncr ease f ur t her af t er t hi s poi nt . f , 24 h af t er t r ansf er
t o gl ucose . Bar , 20 gym.

Addi t i on of 1 Msor bi t ol t o t he gr owt h medi umas osmot i c
pr ot ect or di d not pr event t he cel l di vi si on ar r est or t he mor -
phol ogi cal changes obser ved i n t he gl ucose- cont ai ni ng cul -
t ur es, al t hough t he swel l i ng of cel l s was somewhat r educed .
However , l ysi s i n t he 24- h cul t ur es was l ar gel y pr event ed and
sur vi val r at es af t er pl at i ng t he cel l s on sor bi t ol - suppl ement ed
YEP- Gal act ose wer e st r i ki ngl y i mpr oved : 29%of t he cel l s
gave r i se t o col oni es, as compar ed t o 4 %of t he cel l s gr own
i n gl ucose wi t hout sor bi t ol . Even t he l at t er number was sur -
pr i si ngl y hi gh, compar ed t o <1%af t er about 9 h ( Fi g . 9 B) .
To i nvest i gat e t he meani ng of t hi s r esul t , cel l s f r omcol oni es
obt ai ned af t er 24- h gr owt h i n osmot i cal l y unpr ot ect ed gl u-
cose medi umwer e f ur t her st udi ed . These cel l s gr ew equal l y
wel l i n gal act ose or i n gl ucose medi um, wi t h a mor phol ogy
t ypi cal of cal RI mut ant s ( whi ch t hey ar e) . Thi s behavi or ,
however , does not appear t o r esul t f r om t he pr esence of a
suppr essor t hat woul d enabl e t he cel l s t o gr ow i n t he absence
of chi t i n synt hesi s . Ext r act s wer e f ound t o cont ai n chi t i n syn-
t hase act i vi t y, wi t h t he char act er i st i cs of Chs2, at a l evel
somewhat l ower but compar abl e t o t hat of wi l d- t ype st r ai ns
( r esul t s not shown) . Thus, t he abnor mal behavi or of t he sur -
vi vi ng cel l s pr obabl y r esul t s f r omi nt egr at i on of CHS2 f r om
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Fi gur e 9. Changes i n absor bance, cel l number , and vi abi l i t y, chi t i n
synt hase act i vi t y and chi t i n cont ent of ASY2- 24B cel l s gr owi ng on
gal act ose and gl ucose. A l ogar i t hmi c- phase cul t ur e i n gal act ose
was cent r i f uged under st er i l e condi t i ons . Equal por t i ons of t he
sedi ment ed cel l s wer e suspended i n mi ni mal medi um wi t h ei t her
gal act ose or gl ucose as car bon sour ce . At t i me zer o, i ncubat i on of
t he cul t ur es at 30° Cwas st ar t ed . A and B, absor bance, cel l number ,
and col ony- f or mi ng uni t s wi t h gal act ose ( A) and gl ucose ( B) . Not e
t hat t he r i ght hand or di nat e scal e i n B i s di f f er ent f r om t hat i n A,
t o accommodat e t he decr ease i n col ony- f or mi ng uni t s of gl ucose-
gr own cel l s. C, act i vi t y of Chs2 . For each t i me poi nt , cel l s wer e
har vest ed by f i l t r at i on; membr anes wer e pr epar ed and chi t i n syn-
t hase act i vi t y measur ed as descr i bed i n Mat er i al s and Met hods .
The act i vi t y measur ed i n t he pr esence of Cot + i s r epr esent ed . The
i ni t i al act i vi t y was appr oxi mat el y t hr ee t i mes t hat of a wi l d- t ype
st r ai n . Wi t h Mgt +, t he val ues wer e l ower but par al l el t o t hose
shown. D, changes i n chi t i n cont ent of cel l wal l s . Cel l wal l s wer e
obt ai ned af t er cent r i f ugat i on of t he same ext r act s used t o pr epar e
membr anes i n Cand t hen pur i f i ed as descr i bed ( 26) . Chi t i n was as-
sayed as i ndi cat ed i n Mat er i al s and Met hods .

pl asmi d pAS4 i nt o t he genome, wi t h concomi t ant l oss of
GALI pr omot er cont r ol .

As cont r ol s f or t he above exper i ment s, t he ot her t hr ee
component s of t he t et r ad t o whi ch ASY2- 24B bel onged wer e
al so subj ect ed t o t he shi f t f r om gal act ose t o gl ucose . Af t er
t r ansf er t o gl ucose, ASY2- 24C ( chsl CHS2 caI R1 pAS4) and
ASY2- 24D ( chsl CHS2 CALI pAS4) mai nt ai ned t hei r Cal co-
f l uor - r esi st ant and wi l d- t ype phenot ype, r espect i vel y, wher e-
as ASY2- 24A ( chsl chs2 CALI pAS4) acqui r ed t he appear -
ance of a chs2 mut ant ( Fi g . 1, b and c) , as expect ed ( r esul t s
not shown) .

Al l st r ai ns used i n t hi s st udy wer e def ect i ve i n Chsl . To
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ascer t ai n whet her Chsl coul d subst i t ut e f or t he absence of
Chs2 and Chs3, t he f ol l owi ng exper i ment was car r i ed out .
A cent r omer e pl asmi d ( pAS5 ; see Mat er i al s and Met hods)
was const r uct ed whi ch har bor ed bot h t he CHS1 and t he TRPI
genes . Tr ansf or mat i on of st r ai n ASY2- 24B t o pr ot ot r ophy
wi t h pAS5 r esul t ed i n cel l s wi t h gr eat l y enhanced chi t i n syn-
t hase act i vi t y, as expect ed . When t hese cel l s wer e t r ansf er r ed
f r omgal act ose t o gl ucose medi umt hey under went t he same
changes as t hose shown i n Fi g . 7 f or t he unt r ansf or med
ASY2- 24B cel l s . Af t er 24 h, most cel l s wer e l ysed as i n t he
unt r ansf or med st r ai ns ( r esul t s not shown) . I t may be con-
cl uded t hat Chsl cannot r escue t he cel l s f r omt he si mul t ane-
ous Chs2 and Chs3 def ect .

I n summar y, t he depr i vat i on of bot h Chs2 and Chs3 r esul t s
i n t he cessat i on of cel l di vi si on f ol l owed by cel l deat h, i n
conf i r mat i on of t he genet i c r esul t s .

Di scussi on

Funct i on of Chs2 and Chs3

I n conf i r mat i on of our pr evi ous f i ndi ngs ( 38) , t he r esul t s
of t hi s st udy show t hat t he speci f i c f unct i on of Chs2 i s t he
synt hesi s of chi t i n i n t he pr i mar y sept um. Of t he t hr ee chi t i n
synt hase act i vi t i es, t he chsl caI RI mut ant onl y has Chs2,
yet i t exhi bi t s a t r i l ami nar sept um t o whi ch WGA bi nds al ong
t he pr i mar y sept uml i ne. No l abel i ng i s seen el sewher e i n t he
cel l wal l , i n par t i cul ar , at t he base of an emer gi ng bud . Con-
ver sel y, mut ant s l acki ng Chs2 pr esent ver y t hi ck sept a, wi t h
scat t er ed l abel i ng by WGA, si mi l ar t o t hat of t he adj acent
cel l wal l and wi t hout i ndi cat i on of a pr i mar y sept um. The
t hi ck sept a may be t he equi val ent of what i n wi l d- t ype cel l s
ar e secondar y sept a : t hese ar e nor mal l y l ai d down ont o t he
pr i mar y sept um and per pendi cul ar t o t he mot her - daught er
cel l axi s ( 11 ; Fi g . 2 d) . The l ack of t he pr i mar y sept um i n
chs2 mut ant s appar ent l y l eads t o a l at er al deposi t i on of t he
secondar y sept a, 90 ° t o t he usual di r ect i on ( Fi g . 3 a) , f i nal l y
r esul t i ng i n t he f or mat i on of an amor phous and t hi ck cr oss
wal l . A si mi l ar i nt er pr et at i on was gi ven ear l i er f or t he f or -
mat i on of aber r ant sept a, t hat r esembl e t hose of Fi g . 2 b, i n
t he pr esence of pol yoxi n D ( 2) . The cel l s def ect i ve i n Chs2,
al t hough vi abl e, ar e sever el y i mpai r ed i n gr owt h, l ar ger t han
nor mal cel l s and of t en of aber r ant shape . They al so f or m
l ar ge aggr egat es i n whi ch t he cel l s ar e hel d t oget her by t he
t hi ck sept a . Thi s f eat ur e i s pr obabl y ascr i babl e t o t he l ack of
a chi t i n pr i mar y sept um. I n wi l d- t ype st r ai ns, cel l separ at i on
occur s al ong t he chi t i n l i ne, wi t h t he hel p of a chi t i nase ( 13,
14, 16) t hat hydr ol yzes par t of t he pol ysacchar i de . I nhi bi t i on
of t hi s chi t i nase ( 30) or di sr upt i on of i t s st r uct ur al gene ( Ku-
r anda and Robbi ns, per sonal communi cat i on) r esul t s i n t he
f or mat i on of l ar ge cel l aggr egat es . I n t he chs2 mut ant s i t i s
t he subst r at e, chi t i n, r at her t han t he enzyme, t hat i s mi ssi ng
at t he appr opr i at e l ocat i on, but t he out come i s t he same, i . e . ,
l ack of cel l separ at i on .

Wher eas t he act i on of Chs2 i s st r i ct l y l i mi t ed t o t he pr i -
mar y sept um, t hat of Chs3 appear s t o ext end t o al l ot her l o-
cat i ons wher e chi t i n i s f ound i n t he cel l , i . e. , bot h i n t he r i ng
at t he neck bet ween mot her and daught er cel l and al l ar ound
t he wal l . The l abel i ng wi t h WGA i n t hose ar eas i s t ot al l y ab-
sent i n cal RI mut ant s, whi ch ar e def i ci ent i n Chs3. Fr om
t he dat a on chi t i n cont ent ( Tabl e I I ; 29) i t i s cl ear t hat onl y
a smal l per cent age of t he pol ysacchar i de i s pr esent i n t he pr i -
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mar y sept umand t hat most of t he r emai ni ng chi t i n i s synt he-
si zed t hr ough t he agency of Chs3 . Despi t e t hi s f act , t he ab-
sence of Chs3 act i vi t y r esul t s i n r el at i vel y modest changes
i n t he gr owt h and gener al mor phol ogy of t he cel l s . Cl ear l y,
t he absence of t he chi t i n r i ng does not pr event buddi ng . A
si mi l ar concl usi on was r eached ear l i er , i n a st udy on t he ef -
f ect of pol yoxi n D, an i nhi bi t or of al l t hr ee chi t i n synt hases,
on yeast gr owt h ( 9) . Ther e ar e, however , abnor mal i t i es i n t he
buddi ng pat t er n and i n t he mor phol ogy of t he sept al r egi on
as wel l as of t he cor r espondi ng bud scar s . These abnor mal i -
t i es may be expl ai ned by t he absence of a chi t i n r i ng at ear l y
buddi ng .

The r el at i vel y hi gh l evel of chi t i n i n t he cel l wal l s of t he
wi l d- t ype st r ai n used i n t he pr esent st udy l ed t o t he obser va-
t i on t hat l i t t l e or no chi t i n i s pr esent i n t he bud cel l wal l .
Deposi t i on of chi t i n i n t he wal l appear s t o be par t of t he pr o-
cess of f i nal mat ur at i on of t he daught er cel l . The WGA l abel
was obser ved most of t en i n wal l s of daught er cel l s t hat had
al r eady been separ at ed by a sept um f r omt he mot her cel l s,
al t hough occasi onal l y a l ar ge bud st i l l connect ed t o t he
mot her cel l showed some l abel i ng . Thi s asymmet r i cal di st r i -
but i on of chi t i n i s most st r i ki ng i n chs2 cel l s, because of t he
heavi er l abel i n t hose cel l s . The r eason f or t hi s hi gher chi t i n
cont ent i s not cl ear . I t i s possi bl e t hat t he absence of Chs2
somehow t r i gger s an i ncr ease i n t he expr essi on or act i vat i on
of Chs3, but t her e may be a t r i vi al expl anat i on based on t he
abnor mal gr owt h of t he Chs2- def i ci ent st r ai ns .

The f i ndi ng t hat Chs3 i s r esponsi bl e f or t he deposi t i on of
chi t i n al l over t he cel l wal l suggest ed t hat i t may be si mi l ar l y
i nvol ved i n ot her ci r cumst ances i n whi ch chi t i n f or mat i on i n
t he cel l wal l i s obser ved . I t has al r eady been r epor t ed t hat
no chi t i n i s l ai d down i n t he wal l i n r esponse t o a- f act or
t r eat ment of caI R1 ( Chs3 - ) mut ant s ( 29) . We ( 27) and ot her s
( 40) have al so obser ved t hat i ncubat i on of sever al cdc mu-
t ant s at t he nonper mi ssi ve t emper at ur e l eads t o gener al i zed
deposi t i on of chi t i n i n t he wal l . Si mul t aneous pr esence of a
ca1R1 and a cdc24 or cdc3 mut at i on i n t he same cel l abol -
i shed t he i ncr ease i n Cal cof l uor st ai ni ng of t he cel l s at 37° C.
I t may be concl uded t hat Chs3 i s al so i nvol ved i n chi t i n syn-
t hesi s i n t hi s case. I n an ear l i er r epor t , we suggest ed t hat t he
abnor mal synt hesi s of chi t i n i n t he cdc mut ant s may be
caused by a gener al i zed act i vat i on of chi t i n synt hase due t o
unbal anced condi t i ons cr eat ed by cel l cycl e ar r est . The f i nd-
i ng t hat t her e i s deposi t i on of chi t i n i n t he wal l of t he daught er
cel l as a nor mal component of a mat ur at i on pr ocess suggest s
a di f f er ent expl anat i on : t he ext r a chi t i n may come f r omsuc-
cessi ve " mat ur at i on cycl es" i n a cel l t hat i s unabl e t o di vi de
f ur t her at t he nonper mi ssi ve t emper at ur e .

The deacet yl at ed anal og of chi t i n, chi t osan, has been
f ound t o f or ma l ayer i n t he spor e cel l wal l ( 3) . I n ot her f ungi ,
chi t osan has been post ul at ed t o ar i se i n a t wo- st ep pr ocess,
t he f i r st st ep bei ng chi t i n f or mat i on and t he second, deacet y-
l at i on of t he pol ysacchar i de ( 15) . We r epor t ed pr evi ousl y a
spor ul at i on def ect i n homozygous cal RI di pl oi ds ( 29) . Ob-
ser vat i ons by EM( r esul t s not shown) r eveal t hat such spor es
l ack t he t wo out er most l ayer s of t he cel l wal l , whi ch i ncl ude
t he chi t osan l ayer . Asi mi l ar r esul t has been r epor t ed by Br i za
et al . ( 4) f or mut ant di t 10T Based on a compar i son of r est r i c-
t i on maps, t he cor r espondi ng gene, DM01, appear s t o be
i dent i cal t o CALI ( C. Bul awa, per sonal communi cat i on) .
Thi s i ndi cat es t hat Chs3 i s al so r equi r ed f or chi t osan f or ma-
t i on i n t he spor e wal l .

Shaw et al . Chi t i n Synt hase 2 and 3 Funct i on

Fr omt hese and pr evi ous f i ndi ngs ( 13) , i t f ol l ows t hat each
chi t i n synt hase i s endowed wi t h speci f i c f unct i ons . I t i s, t her e-
f or e, bot h i ncor r ect and mi sl eadi ng t o asser t t hat " chi t i n syn-
t hase I and chi t i n synt hase I I ar e not r equi r ed f or chi t i n syn-
t hesi s i n vi vo i n S. cer evi si ae" ( 5) . Each chi t i n synt hase i s
i ndeed r equi r ed f or t he f or mat i on of chi t i n at a cer t ai n l oca-
t i on and wi t h a cer t ai n f unct i on . I n t he absence of each syn-
t hase t he cor r espondi ng chi t i n wi l l not be made, wi t h conse-
quent cel l abnor mal i t i es, such as l ysi s of daught er cel l s f or
Chsl - st r ai ns, aber r ant sept a, aggr egat i on, and st unt ed
gr owt h i n Chs2- st r ai ns, and mor phol ogi cal changes i n vege-
t at i ve gr owt h as wel l as def ect i ve spor es i n Chs3 - st r ai ns .

Requi r ement of Chi t i n Synt hesi s f or Vi abi l i t y

To under st and mor phogenet i c pr obl ems, such as t he f or ma-
t i on of sept um and cel l wal l , i t i s not necessar y t o know
whet her t he di f f er ent chi t i n synt hases or chi t i n synt hesi s i t -
sel f ar e r equi r ed f or vi abi l i t y . However , t hi s quest i on i s of
gener al bi ol ogi cal i nt er est and i s of par amount i mpor t ance
f or assessi ng t he possi bi l i t y t hat chi t i n synt hesi s i nhi bi t or s
may ser ve as ant i f ungal agent s . Cl ear l y, ei t her Chs2 ( 43) or
Chs3 ( 5) i s suf f i ci ent t o suppor t vi abi l i t y i n t he absence of
t he ot her t wo synt hases . To i nvest i gat e whet her a t r i pl e mu-
t ant woul d be vi abl e we f i r st cr ossed t wo st r ai ns, bot h wi t h
chsl mut at i ons and each one wi t h a mut at i on ei t her i n CHS2
or CALL . No t r i pl e mut ant s wer e i sol at ed f r omt he cr oss, an
i ndi cat i on t hat such a combi nat i on woul d be l et hal . Fr om
pr evi ous r esul t s ( 5, 38) , however , i t seemed possi bl e t hat
whi l e spor es wi t h t he t r i pl e mut at i on coul d be unabl e t o ger -
mi nat e, veget at i ve cel l s wi t h t he same genot ype, i f t hey
coul d be obt ai ned, mi ght per haps be vi abl e . Such t r i pl e mu-
t ant s wer e const r uct ed i n t he pr esence of a pl asmi d car r yi ng
CHS2 under t he cont r ol of a GALL pr omot er . Expr essi on of
Chs2 and synt hesi s of chi t i n wer e shut of f by t r ansf er r i ng t he
cel l s f r omgal act ose t o gl ucose . The r esul t was cessat i on of
cel l di vi si on and abnor mal gr owt h of t he cel l s, f ol l owed by
cel l deat h and l ysi s . Thus, chi t i n i s r equi r ed even f or t he f or -
mat i on of abnor mal sept a, as t hose of chs2 cel l s, and i s al so
necessar y f or vi abi l i t y, at l east i n t he st r ai ns t hat we have
st udi ed . We concl ude t hat an i nhi bi t or of bot h Chs2 and
Chs3 woul d be a pot ent i al ant i f ungal agent . Pol yoxi n D i s
such an i nhi bi t or ( 26, 31) , and i t i s act i ve agai nst cer t ai n
f ungi ( 21) . I n S. cer evi si ae and Candi da al bi cans i t i s a poor
i nhi bi t or of gr owt h, pr obabl y because of per meabi l i t y pr ob-
l ems ( 1, 2) .

The f act t hat Chs3 par t i ci pat es i n gener al i zed chi t i n syn-
t hesi s i n t he yeast cel l wal l suggest s t hat i t may be anal ogous
t o a cor r espondi ng synt hase i n veget at i ve hyphae of f i l amen-
t ous f ungi . Because t hose f ungi t hat have chi t i n i n t hei r cel l
wal l al so cont ai n t hi s pol ysacchar i de i n t he sept a ( 10) , i t
seems l i kel y t hat t hey possess an enzyme anal ogous t o Chs2 .
Avai l abi l i t y of t he sequence of t he CHS2 ( 37) and CALI ( 43)
genes shoul d f aci l i t at e i dent i f i cat i on of t he cor r espondi ng
put at i ve genes i n f i l ament ous f ungi .

The pr esent st udy and ot her s r epor t ed pr evi ousl y ( 5, 13,
38, 43) have el uci dat ed t he di f f er ent f unct i ons of Chsl , Chs2,
and Chs3 . At t he same t i me t hey have uncover ed t he need f or
i ndependent r egul at i on of t he t hr ee act i vi t i es, so t hat each
one wi l l pl ay i t s r ol e at t he appr opr i at e t i me i n t he cel l cycl e
and at t he r equi r ed l ocat i on. We know ver y l i t t l e about t hi s
r egul at i on, except t hat Chsl and Chs2 ar e i n a zymogeni c



f or m, t her eby r equi r i ng act i vat i on of some sor t ; i t i s al so
cl ear t hat t he CALI pr oduct i nt er act s somehowwi t h t hose of
ot her CAL genes, because Chs3 i s def ect i ve i n mut ant s of al l
f our caI RI compl ement at i on gr oups ( 43) . The l ack of an i n-
cr eased chi t i n deposi t i on i n t he cel l wal l i n t he pr esence of
Cal cof l uor i n caI RI mut ant s i ndi cat es t hat t he br i ght ener ex-
er t s i t s ef f ect on Chs3, al t hough t he mechani smof t hi s act i on
i s unknown . We pr evi ousl y r epor t ed ( 13) t hat Congo r ed,
whi ch appear s t o act i n t he same way as Cal cof l uor ( 28) ,
par t i al l y pr event s t he l ysi s of daught er cel l s i n chsl mut ant s
gr owi ng i n unbuf f er ed medi um. Thi s ef f ect was at t r i but ed t o
Chs2, t he onl y ot her chi t i n synt hase known at t he t i me. I t i s
now cl ear t hat Chs3 i s r esponsi bl e f or t he di mi ni shed l ysi s,
pr obabl y by i ncr easi ng t he over al l synt hesi s of chi t i n i n t he
cel l wal l under t he st i mul at i on of Congo r ed .

The r esul t s of t he exper i ment wi t h t he t r i pl e mut ant har -
bor i ng t he GALL- CHS2 pl asmi d suggest t hat Chs2 has a
r api d t ur nover . Thi s may be i mpor t ant f or i t s r egul at i on and
deser ves f ur t her st udy ; si mi l ar exper i ment s can al so be done
t o det er mi ne t he t ur nover of Chsl and Chs3 . Fi nal l y, i t i s
known t hat t he l ocat i on of sept a, al t hough not necessar i l y
t hei r f or mat i on ( 39) , i s dependent on t he exi st ence of a mi -
cr of i l ament r i ng ( 7) t hat i s absent i n cdc mut ant s 3, 10, 11,
and 12 . I t i s t o be hoped t hat f ur t her st udi es of t he i nt er r el a-
t i onshi ps bet ween t he pr ot ei ns encoded by al l t he genes t hat
have been i dent i f i ed as par t i ci pant s i n t hese pr ocesses may
pr ovi de new avenues f or t he under st andi ng of t he r egul at i on
of chi t i n synt hesi s and sept um f or mat i on .
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