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Rho1 p, a Yeast Protein at the Interface Between 
Cell Polarization and Morphogenesis 

Jana Drgonova, Tomas Drgon, Kazuma Tanaka, Roman Kollar, 
Guang-Chao Chen, Richard A. Ford, Clarence S. M. Chan, 

Yoshimi Takai, Enrico Cabib* 

The enzyme that catalyzes the synthesis of the major structural component of the yeast 
cell wall, p(l-3)-D-glucan synthase (also known as 1,3-p-glucan synthase), requires a 
guanosine triphosphate (GTP) binding protein for activity. The GTP binding protein was 
identified as Rholp. The rho l  mutants were defective in GTP stimulation of glucan 
synthase, and the defect was corrected by addition of purified or recombinant Rhol p. A 
protein missing in purified preparations from arhol  strain was identified as Rhol p. Rhol p 
also regulates protein kinase C, which controls a mitogen-activated protein kinase cas- 
cade. Experiments with a dominant positive PKCl gene showed that the two effects of 
Rhol p are independent of each other. The colocalization of Rhol p with actin patches at 
the site of bud emergence and the role of Rholp in cell wall synthesis emphasize the 
importance of Rhol p in polarized growth and morphogenesis. 

Little is known at the ~nolecular level 
about the ~nechanlslns involved In morpho- 
genesis, a fundamental process in growth 
and differentiation. To study those mecha- 
nisms, we have used the cell wall of the 
yeast Saccharornyces cerevlsiae (1). In the 
yeast budding cycle, synthesis of a new cell 
wall starts at bud emergence and continues 
until the daughter cell completes its matu- - 
ration, after cytokines~s and septiun forma- 
tion ( 1 ) .  Temporal controls must be In 
place to ensure synchronization between 
cell wall growth and the cell cycle. Spatial 
regulation is also required to determine the 
site where the new bud will emerge (2)  and 
to direct growth of the cell wall in an 
orderly manner that will result in the cor- 
rect shape for the new cell. To gain infor- 
mation about such controls, we have stud- 
ied the biosynthesis of P(1+3)glucan, the 
major structural component of the yeast cell 
wall (1 ). P(1-3)Glucan synthase (GS), a 
membrane-bound enzyme, is stimulated by 
sub~nicromolar concentrations of GTP (3). 

J. Drgonova. T. Drgon, R. Kollar, R. A. Ford, E Cabb, 
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A proteinaceous component that interacts 
with GTP has been extracted from mem- 
branes of several fungi (4). 

Recently, two fract~ons, A and B, both 
essential for GS activity, were solubilized 
from yeast me~nbranes and a GTP binding 
protein was purified from fraction A (5). To 
Identify this protein, we tested mutants in 
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known small GTP binding proteins. Of the 
approximately 20 such proteins found thus 
far in yeast, most participate in intracellular 
traffic. However, defects in the RHOl (6) 
and RHO3 or RHO4 (7) genes result in 
arrest of the cell cycle at the small bud stage 
with concornitant cell lysis (8, 9), a pheno- 
type consistent with a defect in the initia- 
tion of cell wall growth caused by impaired 
glucan synthesis. 

Here, we measured GS activity in the 
absence or presence of guanos1ne-5'-0-(3- 
thiotriphosphate) (GTP-y-S) in membrane 
preparations from strains containing a tem- 
perature-sensitive mutation in RHO1 , rhol - 
104 (8). Strains with a conditional muta- 
tion in RHO3 and a disruption in RHO4 
(or vice versa) were also tested. Enzymatic 
activity and GTP stimulation of the syn- 
thase fro111 rho3/rho4 mutants differed l~tt le  
from that in the wild type (10). On  the 
other hand, synthase from the rhol mutant 
showed a decrease in activity, which was 
not remedied by the add~tion of GTP-y-S 
(Fig. IA).  The defect was evident even 
when rho1 cells were grown at the permis- 
sive temperature and was exacerbated by 
incubatlon of the cells at 37°C. Fraction A 
(5) restored both activity and GTP-y-S 
stilnulatlon to membrane preparations from 
the rhol-104 straln (Flg. IB). The wild-type 

Fig. 1. p(l+3)Glucan == 800 
synthase defect In rhol 2 3  600 
mutants and reconstitu- b 9 500 600 

tion of the system. In all e m  400 400 

cases, cells were grown .! 30' 
and membrane fractions 2 ' 200 

were prepared and as- 8 s  loo 0 
2.E 0 GTP- sayed for GS activity as a 5 GT p.ys . + . + . + . + Fract A - - + +  . .  + +  

described (5). Results are -- -- -- -- -. .- 

RHOl RHOl hol-104 rhol-104 RHO1 ihol-104 

the average of duplicate 26"c 26"+37"C 26"c 26"+37"C 

determinations that dif- - 
fered less than 10%. The $ $ 800 
wild-type RHOl strain 2 o 
used was OHNYI (MAT g g  600 
a ura3 leu2 trpl his3 5 400 
ade2), and the rhol mu- .; 
tant strain was HNY21 gg 200 
(MAT a ura3 leu2 irp 1 2 
his3 ade2 rho 1 - 7 04). (A) a 5 GTP- 

Rholp . - * *  . - * *  
GS activity ~n wild-type -- ~ - 

RHO1 ihol-104 Rh0lp (pmol) 
and rhol -1 04 membrane 
fractlons. Cells were grown at 26°C continuously (26°C) or transferred to 37°C for 2 hours (26"+37"C) 
before harvestlnq. (8) Reconstitutlon of GS activity of rhol-104 with fraction A. The amount of added 

G.-C Chen and C. S M. Chan, Depariment of Microb- fractlon A was 2% kg. (C) Reconstitutlon of GS activity In rhol-104 wlth recombinant Rholp (23). The 
ology. Unversty of Texas. Austin. TX 78712, USA amount of added Rho1 p was 0.7 pmol per reactlon mixture (D) Reconstitution of GS actlvlty with Rho1 p 
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enzyme was also somewhat stimulated by 
fraction A, but the percent activation by 
GTP-y-S was unchanged (Fig. 1B). Purified 
preparations (5) of the GTP binding pro- 
tein yielded similar results but with less 
stimulation by GTP-y-S, because the pro- 
tein was partially bound to GTP (5) during 
purification ( 10). 

Fraction A was purified from strains 
OHNYl (wild type) and HNY2l (rhol-104) 
by MonoQ and Sephacryl S-300 chromatog- 
raphy (5). Determinations of [35S]GTP-y-S 
binding by the purified material yielded 14.3 
pmol/pg of protein in the wild type but only 
1.6 pmol/pg of protein in the mutant. This 
result suggested that Rholp is the previously 
studied (5) GTP binding protein and that our 
purified preparations contain only one GTP 
binding protein (5). After SDS-polyacrylam- 
ide gel electrophoresis (SDS-PAGE), the ma- 
terial from the RHOl strains OHNYl and 
GS1-36 (5) showed essentially the same pro- 
tein pattern, except for a band at 14.4 kD, 
which was missing in the OHNYl fraction 
(Fig. 2A). The patterns yielded by OHNYl 
and HNY2l differed only in one major band 
at 24 kD (Fig. 2A), which is missing in the 
mutant fraction. Its molecular size is similar 
to that calculated for Rholp (23 kD). 

To  verify that Rholp was indeed the GS 
complementary factor, we used recombi- 
nant Rholp in reconstitution experiments. 

Fig. 2. Identification of a band at 24 kD as Rhol p. 
(A) SDS-PAGE of proteinsfrom RHO7 strains GS1- 
36 (lane 1) and OHNY1 (lane 2) and rho1 - 104 strain 
HNY21 (lane 3), after purification of fraction A by 
MonoQ and Sephaclyl300 columns (5) and Coo- 
massie blue staining. The amount of protein added 
to each lane was 7.8 p g .  The 24-kD band present 
in preparations from GS1-36 and OHNY1, but ab- 
sent from HNY21, is labeled G. (B) ADP (adenosine 
diphosphate) ribosylation of GTP binding proteins. 
Reaction mixtures contained 20 mM Hepes (pH 8), 
0.3 mM magnesium acetate, 0.3 mM 5'-AMP 
(adenosine monophosphate), 10 pM f'2P]ni~~ti- 
namide adenine dinucleotide phosphate (54 x 1 O6 
cpm for GS1-36 purified protein and 2.7 x lo6 
cpm for recombinant Rhol p), and 13 ng of C. bot- 
ulinurn C-3 exoenzyme in a total volume of 15 pl. 
The C-3 exoenzyme was omitted from the mixtures 
of lanes 2 and 4. Mixtures in lane 1 and 2 contained 
0.2 pg of pulified GTP binding protein from RHOl 
strain GS1-36. Mixtures in lanes 3 and 4 contained 
3.5 pmol of recombinant Rholp. Incubation was 
for 1 hour at 37"C, followed by SDS-PAGE and 
autoradiography. 

Table 1. Glucan synthase activity in pkcl mutants. The strains used were DL1 783 (MAT a leu2-3,172 
ura3-52 trpl-1 his4) and DL376 ( W T a  leu2-3,112 ura3-52 trpl-1 his4 pkcl ::LEU2). Cells were grown 
in the presence of 0.5 M potassium acetate. The other components of growth medium as well as the 
preparation of membrane and solubilized fractions and enzyme assays were as described (5). 

Specific activity of 
Specific activity of Stimulation fractions 

Strain membranes by GTP-y-S (nmol hour-' mg-l) 
(nmol hour-I mg-I) (fold) 

A B 

DL1 783 (wild type) 744 
DL376 @kclA) 504 

Addition of the recombinant protein to 
membrane preparations from the rhol-104 
mutant restored stimulation of the synthase 
by GTP-y-S (Fig. 1C). Guanosine diphos- 
phate (GDP) had no effect (lo), in agree- 
ment with the finding that GDP-bound 
Rholp is inactive in the GS assay (5, figure 
10). We reconstituted active GS by adding 
Rholp to fraction B (Fig. ID). This result 
indicates that the latter fraction contains 
all proteins required for glucan synthesis 
other than Rholp. 

Both recombinant Rholp and purified 
fraction A from RHOl strain GS1-36 were 
subjected to adenosine diphosphate (ADP) 
ribosylation with Clostrkhum botulinum C-3 
exoenzyme, followed by SDS-PAGE and 
autoradiography. In both cases, a band at 24 
kD was labeled (Fig. 2B). No other radio- 
active band appeared. We conclude that 
the GTP binding protein in fraction A is 
Rholp. 

Protein kinase C, the first member of a 
regulatory protein kinase cascade that par- 
ticipates in the maintenance of cell wall 
integrity ( I  1 ), is under the control of RHOl 
(1 2). The terminal phenotypes of tempera- 
ture-sensitive rhol and pkcl mutants are 
similar-that is, mother cells with small 
buds that lyse (8, 13)-although pkcl null 
mutants are rescued in media of high osmo- 
larity (1 3), whereas rhol null mutants are 

not (8). The effects of the rhol-104 defect 
are negated in the presence of 1 M sorbitol 
(8), but only partially (10). Membrane 
preparations from a pkcl null mutant had 
less GS activity than the wild type, but no 
impairment in stimulation by GTP-y-S 
(Table 1). Fractional solubilization of the 
membranes showed that the activity defect 
resided in fraction B, which contains the 
catalytic activity (Table 1). This defect in 
the catalytic subunits may explain the 
somewhat smaller amount of P(1+3)glu- 
can found in the cell walls of p k l  mutants 
(14). 

To separate the effect of Rholp on glucan 
synthesis from its effect on protein kinase C, 
we transformed strain HNY2l (rhol-104) 
with a plasmid [YCpSO-PKC1 (R398P), 
where R is Arg and P is Pro] containing a 
PKCl mutation that results in a constitu- 
tively active protein kinase C (PKC) (12). A 
strain transformed with the YCp50 vector 
served as a control. As in untransformed 
cells, preparations of GS from both transfor- 
mants had little activity, which was stimu- 
lated by addition of recombinant Rholp 
(15). In regard to lysis and terminal pheno- 
type at the nonpermissive temperature, the 
phenotypes of both transformed strains were 
also similar (15). We conclude that the ef- 
fects of Rholp on GS and on Pkclp are 
independent and that the lytic phenotype is 

I p ( l + 3 ) G  s y n t h  

GDP GTP 

"DP-0 / UDP-n-- 

CYtoPlasm 

Fig. 3. Functions of Rhol p. (A) Rhol p regulation of glucan synthesis and of the MAP (mitogen-activated 
protein) kinase cascade controlled by protein kinase C. For the interaction between the Pkcl p cascade 
and p(14)glucan, see (14). (B) Scheme for the localized regulation of cell wall synthesis at bud 
emergence. For convenience, the GTP-GDP exchange in Rhol p is shown to occur in the cytoplasm but 
may take place while Rhol p is attached to the plasma membrane. The small squares attached to UDP 
represent glucosyl units. Pr, prenyl group. 
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stdl present even after correctio~l of the pro- 
t e n  klnase C defect. Thus, Rliolp acts hot11 
on a morphogenetic enzyme, of .ivhich ~t is 
an  essential su l~ iu~~i t ,  and on a regulatory 
cascaiie. Botli patli\vays have an  effect on 
cell wall syntlles~s (Fig. 3.4). 

Tlie lde~ltification of R h o l P  as an  acti- 
vator of GS 1.; important in uniierstaniling 
the spatial regulation ot  new .ivall  nitl la ti on. 
T h e  distribution of R h o l p  In the  cell close- 
ly II~LIII~CS tliat of actin patches (8), and the 
p r o t e l ~ ~  is pre~lylated (5). GS 1s to 
the  plasma membrane (161, n'here it must 
be colocallred n-ltli at least a fractien of 
Rl lolp ,  n i thout  n~h ich  it n.ould 1-2 inactive 
(Fig. ID) .  Tlie sclieme of Flg. 3B 15 l~ased on 
tliese fiacts. A n  inactlve G S  complex, x i t h  
only the components of fraction B, ~ncluding 
tlie 11~;~lrophobic FKSI ( 17) an,l FIG2 ( 15) 
gene proLiucts, spani the plasma meml~rane 
at u p p u  r~gh t .  f J h e n  a pre~~\-lated R h o l p  
esch,i~lges its GDP tor G T P ,  a colicomitant 
change ill c o n h r m a t l o ~ ~  n.oulcl enable it to 
bind to the GS comples. This binili~lg, corn- 
billed n-it11 the affinity o t  the pren\-l grcxup 
tcor tlie llCid e ~ ~ v i r o n m e n t  of the membrane, 
may ope11 a "gate." allowi~lg the substrate 
(urldine LI~p l~osp l i a t eg l~~cose )  to hiliii to 
the ~lon--espose,l catalytic site. Simultaneous 
1-nthesis and estrusion of glucan 11-ould en- 
sue, as 111 the  case o t  chi t in  ( 1 9 ) .  T h e  
active complex may be s u r r o ~ ~ n d e ~ l  by ac- 
till f i lame~l ts  (5, 22) .  In  Flg. 3B, a iiou13le- 
headsd arroa- ~ndicates  a p o s s ~ ~ l e  interac- 
t ion,  direct or illcilrect, hetween actin and 
R h o l p .  T h e  Rho  proteins f~u~ lc t ion  in the  
organization of the  cytoskeleton 111 anllnal 
cells (211, although 111 yeast C3c47p maj- 
he tlie operatlye Rho  (22)  and the  local- 
izatlo11 of Rholk? may L lepe~~Ll  011 actin 
rather t h a n  the  opposite. Thus,  Rlholp ia 
poised a t  a crltical boul~dary between cell 
Colari:atian [as represented by the  cy- 
toskele toi~ together n-it11 the  l-ud 5lte lo- 
calizatioll and b ~ ~ i i  site organlzatlon ma- 
chlllery ( 2 ) ]  anil morphoge~lesis,  a repre- 
sented bJ- cell wall si-l1tl~esis. 
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identification of Yeast Rhol p GTPase as a 
Regulatory Subunit of 1,3-P-Glucan Synthase 
Hiroshi Qadota," Christophe P. Python," Shunsuke B. Inoue," 

Mikio Arisawa, Yasuhiro Anraku, Yi Zheng, Takahide Watanabe, 
David E. Levin, Yoshikazu Ohyat 

1 ,3-P-D-Glucan synthase [also known as P(1-3)glucan synthase] is a multi-enzyme 
complex that catalyzes the synthesis of 1,3-p-linked glucan, a major structural com- 
ponent of the yeast cell wall. Temperature-sensitive mutants in the essential Rho-type 
guanosine triphosphatase (GTPase), Rhol  p,  displayed thermolabile glucan synthase 
activity, which was restored by the addition of recombinant Rhol  p. Glucan synthase 
from mutants expressing constitutively active Rho lp  did not require exogenous 
guanosine triphosphate for activity. Rhol  p copurified with P ( l  j 3 )g lucan  synthase and 
associated with the Fksl p subunit of this complex in vivo. Both proteins were localized 
predominantly at sites of cell wall remodeling. Therefore, it appears that Rho lp  is a 
regulatory subunit of P(1-3)glucan synthase. 

P - 
T ~ i e  cell \\-all of the b~ldding yeast Saccha- 
T O I T I Y C ~ S  czrevisiae 1s reilulred to maintain 
cell shape 2113 integrity (1) .  \'egetati\-e pro- 
liferatio11 requires that the cell remoilels ~ t s  
nall  to a ~ c o m m o ~ l a t e  prolvth, a.Ii1c11 during 
l ~ u d  formation is Colarized to tlie bud tip. 
T h e  main structural cornpollent respons~ble 
f i r  the  rigidity o t  the yeast cell n.all is 
1,3-P-l11lked glucan polymeri with some 
l~ra~lcl les  t l lrougl~ 1,6-@-linkages. T h e  bio- 
cl~emistry of the yeast enzyme tliat catalyzes 
the  sy~lthesis o t  l,3-p-glucan chains has 
been stuilied exte~lsi.\.elv ( 2 ,  3 ) -  but little 1s , , 

k11on.n at tlie lliolec~llar le\-el a l~ou t  the  
penes tliat encode subiuliits of this en;vme. 
Only a pair o t  closel\; relate,l proieins 
(Fkslp and Fks7p) are k11ow11 to be subullits 
of the  P(l+3)glucan s1mtliase (GS) (3-5). 
GS actlvlty in many t~ullngal species, includ- 
i rg  5, cerevislne, requires guanoslne triphos- 

F .  Cadoia. Y, A i i r ak~~ ,  Y Ohya. Depar t re i t  of aiclogcal 
Sc~ences. Graciuate Sci-oo of Sc~ence U i - ~ v e ~ s ~ t j  of To- 
kyo, Fongo, B ~ . ~ k y o  I~LI  Toliyo 113. Japan 
C P. Pyti-on aici D. E. L e v i ,  Department of B~oci-errs- 
t r l ,  Joht-s Popk~ns Univers~ty School of P u 3 c  Fealti-, 
61 5 Korth 'i'iofe Street Bat more MD 21 205, USA 
S. B i o t e .  ',\!I. Ar~sa~v~a. T 'i'iatanabe. Decartrreit of 

pllate ( G T P )  or a non11yiiroly:able analog, 
s u c l ~  as guanosine 5'-0-(3-tliiotriphos- 
rliate) (GTP-y-S) as a cofactor, n-hicll sug- 
geats that a G T P  bi~lding protell1 stimulates 
this enzyme ( 2 ,  3 ,  6 ) .  Here. we deluolistrate 
that the R h o l p  GTPase 1s a11 esse~ltlal reg- 
ulatory cornpollent of the GS complex. 

T h e  Sncchnro~i~?lczs R H O  1 (Ras l~omolo-  
gous) gene encodes a slllall GTPase that is 
locallzed at sites of growth (7)  and wllose 
f ~ ~ ~ l c t l o l l  is essential tor vialiility (8).  On the 
basis of plienotj-p~c analyses of conditional 
rho1 muta~l ts ,  nor~llal  t~lnct ion of R h o l p  is 
thoi~ght  to m a i ~ ~ t a ~ n  cell integrity (7 ,  9) .  
Cond~t iona l  rho1 mutants are hypersensi- 
tive to Calcofluor n.hite and echinocandin 
B, ilr~ugs that interfere mith cell \?all assem- 
bly. This hypersensitiv~ty suggests that this 
gene 1s il~\,olve,l In mall co~~s t ruc t ion  (12) .  

T o  de te r rn l~~e  it R h o l p  was required for 
glucan sy~ltliesis, n.e measured GS actlr-lty 
in extracts of t e l~~pe ra tu re - se~~s i t i ve  rho1 
mutants gro1\~11 at a permissive temperature. 
GS activity from wild-type cells ~ncrease~ l  
as a f~mct ion  o t  assay temperature from 
23°C to 39OC to 3 i ° C  ( F i s  .A). All of the 

Ivlycol3gy. N'ppgn Rosbe ?esearcb Center. 200, liali- ,.hol teste,l i{isClaj-ed redLlce,l ac. 
r4!ara Kanialiura Kanagwa Prefect~lre 2a7, Japan 
Y, 3eparin1ent of Boct,emlstoi Un t i \ .~ty at each temperati~re relative to the 
nessee. \!lei-phis TN 381 63 USA activity of the xvilil type, h'kxeover, the  

-These &ti-ots controtted e u ~ . a l l ~  to this ,ivolli enzj-mes from all one mutant (rhol-5) 
-To lvli-om corresponcleice s t i o~ ld  be aodressed. esh ib~ ted  sollie a lnou~l t  of thermolability, 
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