
stdl present even after correction of the pro- 
t e n  klnase C defect. Thus, Rllolp acts both 
on a morphogenetic enzyme, ot  .ivhich ~t is 
a11 essent~al su l~u~l i t ,  and on a regulatory 
cascade. Both path\vaYs have an  effect 011 

cell wall syntlles~s (Fig. 3 A ) .  
T h e  lde~ltificatioll of R h o l P  as an  acti- 

\:ator of GS 1.; important in  understaniling 
the spatial regulation ot  new wall 11litlation. 
Tlle ilistribution of R h o l p  In the  cell close- 
ly ~llllnics that of actill patches (8), ancl the 
p r o t e ~ n  is prel~ylated (5). GS 1s to 
the  plasma membrane (161, n'here it must 
be colocal~red n-lth at least a fraction of 
Rl lolp ,  without n~h ich  it n.oi11ii 1-2 inactive 
(Fig. ID) .  T h e  scheme of Flg. 3B 15 l~ased on 
these iacts. A n  inactlve G S  complex, x i t h  
only the compo~lents of traction B, ~ncluding 
tlie 11~;drophobic FKSI ( 17) and FIG2 (1 5) 
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 collcomitant 
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 grlxlp 
tcor the llpid environment of the membrane, 
may ope11 a "gate." allowi~lg the substrate 
(urldine ; I ~ p h o s ~ l ~ a t e g l ~ ~ c o s e )  to hind to 
the 11on--esposed catal!itic 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 surro~111de;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 indlrect, hetween actill and 
R h o l p .  T h e  Rho  proteins f ~ ~ ~ l c t i o n  in the  
organization of the  cytoskeleton 111 anllnal 
cells (211, a l t l~ough  111 yeast C3c47p maj- 
he the  operatlye Rho  (22)  and the  local- 
izatlo11 of Rholk? may Jepe11;I 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 tol~ together n.it11 the  l-ud 5ite lo- 
calizatioll and bud site organlzatlon ma- 
chinery ( 2 ) ]  a n J  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 h 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 remo~lels ~ t s  
nall  to accommoJate prolvth, w h ~ h  d~lr ing 
l ~ u d  formation is polarized to the  bud tip. 
Tlle main structural cornpollent respons~ble 
f i r  the  rigidity of' the yeast cell wall is 
1,3-P-l11lked glucan polymeri x i t h  some 
l~ra~lcl les  t l ~ r o u g l ~  1,6-@-linkages. T h e  bio- 
cl~emistry of the yeast enzyme that catalyzes 
the  sy~lthesis o t  l,3-p-glucan chains has 
been studied exte~lsi.\.elv ( 2 ,  3 ) -  but llttle 1s , , 

k~lol \>n at the  lno lec~~la r  le\-el a l~ou t  the  
penes that encode subiul~its of this en;vme. 
Only a pair o t  closely related proieins 
(Fkslp and Fks7p) are k11ow11 to be subullits 
of the  P(1+3)glucan s1mthase (GS) (3-5). 
GS actlvlty in many t~~llngal species, includ- 
i rg  5, cerevislne, requires guanoslne triphos- 

F .  Cadoia. Y, Ai-rakh Y Oliya. Depar t re i t  of ac logca~  
Sc~ences. Gramate Sci-oo of Sc~ence Ui-\>erst j  of To- 
kyo, Fongo, B ~ . ~ k y o  I~LI  Toliyo 113. Japati 
C P. Pyti-0.1 a13 D. E. L e v ~ i ,  Department of B~oci-etrs- 
t r l ,  J o h ~  Popk~ns Univers~ty School of ~ L I ~ I C  Fealti-, 
615 Kortli 'i'iolfe Street Bat ,nore K D  21205, USA 
S. B i o t e .  \!I. Ar~sa~v~a. T 'i'iata,iabe. Decartrreit of 

pllate ( G T P )  or a non11yilroly:able analog, 
s u c l ~  as guanosine j'-O-(3-thiotriphos- 
rllate) (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 deluollstrate 
tllat the R h o l p  GTPase 1s a11 esse~ltlal reg- 
ulatory cornpollent of the GS complex. 

Tlle Sncchnro~i~?lczs R H O  1 (Ras 11omolo- 
gous) gene encodes a slllall GTPase that is 
locallzed at sites of growth (7)  and wllose 
i ~ ~ ~ l c t l o l l  is essential tor vialiilitv (8). On the , , 

basis of phenot j -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 hvpersensi- , L 

tive to Calcofluor n.hite and echinocandin 
B, ilr~lgs that interfere mith cell ~vall  a s sem 
bly. This hypersensitiv~ty suggests that this 
gene 1s il~\lolve;l In mall co~~s t ruc t ion  (12) .  

T o  de te r rn l~~e  it R h o l n  was reiluired for 
glucan sy~lthesis, n.e measured GS actlr-lty 
in extracts of tel-iiperature-se~~sitive rho1 
mutants gro1\~11 at a permissive temperature. 
GS activity from wild-type cells 1ncrease;l 
as a f~rnct lon o t  assay temperature from 
23°C to 39OC to 3 i ° C  ( F i s  .A). All of the 

ivlyco13gy. N'ppgn Roslie ?esearcli Center. 200, liali- ,.hol lllLltallts displaj-ed redLlce;l ac. 
r4!ara Kamaliura Kanagwa Prefect~lre 2a7, Japan 
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nessee. \!lei-phis 7N 381 63 USA activity of the \vild type, h'kxeover, the  
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which suggests that RHOl function is re- 
quired for GS activity. 

Therefore. we tested whether ~ u r i -  
fied, recombinant glutathione-S-transferase 
(GST)-Rholp restored GS activity to 
membrane fractions from the most impaired 
rhol mutant (rhol-3). Membranes from this 
mutant were virtually devoid of activity at 
37°C. GS activity was restored fully by the 
addition of GTP-y-S-bound GST-Rholp 
but not by GST-Cdc4Zp, another member 

GTP GDP 

Fig. 1. GS activity from rhol mutants (20). (A) 
Thenolability of GS activity in rhol temperature- 
sensitive mutants and in the wild type (VVT). Ex- 
tracts were made from cells growing at room tem- 
perature and assayed for GS activity at the indi- 
cated temperatures (white bars, 23°C; gray bars, 
30°C; black bars, 37°C) in the presence of 50 pM 
GTP-y-S. (6) Reconstitution of GS activity in 
rhol-3 membranes with recombinant Rhol p (21). 
GS activity in rhol-3 membrane fractions was 
measured at 37°C in the presence of 1 pg of the 
indicated recombinant GTPase and 50 pM GTP- 
y-S (20). (C) Requirement for GTP in reconstituted 
GS activity. GS activity in wild-type membranes 
(open bars) or rhol-3 membranes with added 
GST-Rho1 p (1 pg) (solid bars) was measured at 
37°C in the presence of the indicated guanine 
nucleotide (20 pM). Results are expressed as a 
percentage of the activity observed with wild-type 
membranes in the presence of GTP-y-S (50 pM). 
For all GS assays, the mean and standard error for 
four experiments is shown. 

of the Rho family of GTPases (Fig. 1B). 
GTP-y-S could be replaced with GTP, but 
not with GDP (guanosine diphosphate) 
(Fig. 1C). These results indicate that the 
GS-deficient mutant membranes lack only 
Rholp function. 

We also examined GS activity from 
yeast cells expressing a constitutively active 
RHOl allele (RHO1 -Q68H, where Q is 
Gln and H is His). The analogous mutation 
in Ras results in a protein that has a reduced 
capacity to hydrolyze GTP and has trans- 
forming potential in mammalian cells (I 1 ). 
The GTP requirement of GS activity was 
examined in membranes obtained from 
rho 1-3 cells overexpressing RHO 1 or 

Carbonsource G G R R 

Fig. 2. GS activity independent of GTP in a con- 
stitutively active RHO1 mutant. Cultures of rho1 -3 
cells harboring plasmids with either RHOl or 
RH01-Q68H (8) under the control of the inducible 
GALl promoter were grown at room temperature 
in medium containing 2% raffinose (R) (repressing 
conditions). Galactose (G) was added (to 2%) to 
half of each culture, and cells were cultured for an 
additional 4 hours to induce expression of RHO1. 
GS activity in membrane fractions was assayed at 
37°C in the presence (open bars) or absence (sol- 
id bars) of GTP-y-S. 

" 
1 2 3 4  

Fig. 3. Enrichment of Rhol p and Fksl p during 
purification of GS. GS was purified from a wild-type 
strain (A451) (3). (A) lmmunoblot analysis of Rhol p 
and Fksl p through purification (22). (6) GS specific 
activity through purification. Purification steps were 
as follows: lane 1, membrane fraction; lane 2, de- 
tergent extract; lane 3, first product entrapment; 
and lane 4, second product entrapment. 

RHO1 -Q68H under the inducible control 
of the GALl promoter (Fig. 2). Under in- 
ducing conditions (galactose), expression of 
RHOI-Q68H resulted in GS activity that 
was independent of exogenous GTP. By 
contrast, GS activity in membranes from 
cells overexpressing RHOl was largely de- 
Dendent on GTP. Similar results were ob- 
tained with another activated allele 
(RHOI-G19V, where G is Gly and V is 
Val) (12). Taken together, these results 
indicate that GS activity requires function- 
al Rholp in the GTP-bound state. 

To determine if Rholp is a component 
of the GS complex, we monitored the 
amount of Rholp during purification of GS 
activitv. The enzvme was ~urified after ex- 
traction from membranes . by successive 
product entrapments, which are affinity pu- 
rification procedures based on the affinity 
of the enzyme to its own product (3). Both 
Rholp and Fkslp were enriched in the 
partially purified GS (Fig. 3). The specific 
activity of GS was increased approximately 
700-fold through purification, whereas 
Rholp was enriched approximately 400- 
fold. GS purified from the rho15 mutant 
was deficient in GS activity despite normal 
amounts of both the Rholp and Fkslp pro- 
teins (13). To determine if Rholp copuri- 
fies with GS because it ~hvsicallv associates . , 
with the GS complex, we immunoprecipi- 
tated the partially purified enzyme with ei- 
ther of two monoclonal antibodies to Fkslp. 
The resultant immunoprecipitates were an- 
alyzed by SDS-polyacrylamide gel electro- 
phoresis (PAGE) and immunoblotting with 
antibody to Rholp. Rholp co-immunopre- 
cipitated with Fkslp (Fig. 4A). 

Finally, we examined the localization of 

Fkslp Rholp 

O * 
contrast 

Fig. 4. Association of Fksl p and Rhol p in vivo. 
(A) Co-immunoprecipitation of Rhol p with Fksl p 
(23). Partially purified GS was incubated with 
monoclonal antibodies to Fksl p, 1 A6 (lane I), and 
1 F4 (lane 2), and antibody to human endothelin B 
type receptor (lane 3). lmmunoprecipitates were 
analyzed by SDS-PAGE and immunoblotting. (6) 
Colocalization of Fksl p and Rhol p at sites of cell 
wall remodeling (24). Indirect immunofluores- 
cence microscopy was used to visualize Fkslp 
and HARhol p in double-stained cells. 
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Rholp, tagged at its NH2-terminus with the 
influenza hemagglutinin (HA) epitope 
(HARholp), and of Fkslp in growing yeast 
cells. Rholp is located at the bud tip (the site 
of polarized growth) during bud formation and 
at the bud neck (the site of septum formation) 
during cytokinesis (7). Indirect immunofluo­
rescence of cells labeled with antibodies to 
HA and Fkslp revealed that Fkslp colocalizes 
with HARholp (Fig. 4B). These results suggest 
that Rholp, like Fkslp, is a component of the 
GS complex. This complex is redistributed 
through the cell cycle so as to reside at sites of 
cell wall remodeling. 

Rholp interacts with Pkclp (protein ki­
nase C) (14, 15), and this interaction acti­
vates Pkclp in vitro (15). Like rhol mutants, 
pkcl mutants display cell integrity defects that 
result from a deficiency in cell wall construc­
tion. However, several observations indicate 
that Pkclp does not take part in the activa­
tion of GS. Mutants in PKC1 displayed no 
defect in GS activity (16). Overexpression of 
Pkclp did not restore GS activity to rhol 
mutants (17). Finally, Pkclp was not detected 
in the purified GS complex (18). Therefore, 
we propose that Rholp has at least two dis­
tinct regulatory roles in the maintenance of 
cell integrity. One is the activation of GS, and 
the other is the stimulation of Pkclp for signal 
transduction. Rholp may serve to coordinate, 
both specially and temporally, several events 
required for effective cell wall remodeling. 
Both the GTP requirement for GS activity 
and the structure of fungal Pkcs are evolution-
arily conserved (6, 19), which suggests that 
the dual function of Rholp may be conserved 
as well. 
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