
Direct Stimulation of the Guanine Nucleotide units resembles that of the transition state 

Exchange Activity of p115 RhoGEF by Ga,, for GTP hydrolysis, and RGS proteins bind 
with highest affinity to G a  proteins in this 
conformation (1 2). Gal,  did not coprecipi- 

Matthew J. Hart,* Xuejun Jiang,* Tohru Kozasa, tate with a truncated form of p l l5  R~OGEF 
William Roscoe, William D. Singer, Alfred G. Gilman, that lacks the NH2-terminal RGS domain 

Paul C. Sternweis,? Gideon Bollag? [required for GTPase-activating protein 
(GAP) activity], but it did bind to p115 
RhoGEF lacking the Dbl homology (DH) 

Signaling pathways that link extracellular factors to activation of the monomeric domain, which is required for GEF activity. 
guanosine triphosphatase (GTPase) Rho control cytoskeletal rearrangements and cell Similar interactions were observed when an- 
growth. Heterotrimeric guanine nucleotide-binding proteins (G proteins) participate in tibodies to Gal, were used to immunopre- 
several of these pathways, although their mechanisms are unclear. The GTPase activities cipitate proteins from cells expressing Myc- 
of two G protein a subunits, Gal, and Ga,,, are stimulated by the Rho guanine nucleotide tagged p115 RhoGEF (Fig. 1C). Weaker in- 
exchange factor p115 RhoGEF. Activated Ga,, bound tightly to p115 RhoGEF and teractions were detected between Ga12 and 
stimulated its capacity to catalyze nucleotide exchange on Rho. In contrast, activated Myc-tagged p115 RhoGEF, but other G pro- 
Ga,, inhibited stimulation by Ga,,. Thus, p115 RhoGEF can directly link heterotrimeric tein a subunits (Ga,, Ga,, Ga,, and Ga,) 
G protein a subunits to regulation of Rho. were not detected in the anti-Myc immuno- 

precipitates, even though they were present 
in the lysates (13). These interactions are 
consistent with the specificity of p115 Rho- 

Certain heterotrimeric G proteins, partic- these two G proteins might alter the func- GEF to stimulate the GTPase activity of 
ularly G12 and GI,, regulate cell function tion of the exchange factor, thereby provid- only Gal,  and Ga12 (8). 
through Rho-dependent pathways (1 ). One ing a mechanism for regulation of Rho by Association of purified Gal,  with re- 
or both of these G proteins cause cytoskel- heterotrimeric G proteins. combinant p115 RhoGEF stimulated the 
eta1 rearrangements, Na+/H+ exchanger Physical interaction between Gal ,  and capacity of the latter protein to facilitate 
activation, cell transformation, stimulation p115 RhoGEF was detected by immunopre- dissociation of GDP from Rho (Fig. 2, A 
of phospholipase D activity, and apoptosis cipitation (Fig. 1) (10, 11). Antibody to and B) (14, 15). In contrast, several other 
in a Rho-dependent manner (2). Mouse Myc (anti-Myc) immunoprecipitated Gal,  G protein a subunits, including Ga12, did 
fibroblasts deficient in Gal,  fail to display from a lysate of transfected COS cells ex- not influence the nucleotide exchange ac- 
thrombin-stimulated cell migration, a phe- pressing Myc-tagged p115 RhoGEF. This tivity of p115 RhoGEF (Fig. 2, A and C). 
nomenon thought to involve activation of interaction was observed in the presence of Stimulation of p115 RhoGEF activity re- 
Rho (3). AlF,-, an activator of Gal,. The confor- quired activation of Gal, (Fig. 2D). Thus, 

Activation of Rho can occur by stimu- mation of guanosine diphosphate (GDP)- treatment of Gal,  with AlF4- [AMF (15)] 
lation of guanosine triphosphate (GTP) bound, A1F4--activated G protein a sub- or binding of GTP-7-S to Gal ,  supported 
binding or by inhibition of its intrinsic 
GTPase activity (4). The S19N variant of 
Rho, in which Ser19 (S19) is changed to Fig- 1. Binding of r I n 0 
Asn (N), is thought to inhibit endogenous p1 RhoGEF. (*) Ex- L ? I,, 5 U, 
Rho function by forming nonproductive pression Of p115 Rho- A g ? 2 ;  b g ? =  - 

GEF in COS cells. Myc- B s o  complexes with guanine nucleotide ex- a 2 2 %  ;;; ; i 5 1  
epitope-tagged versions u L L ~  

change factors (GEFs) for Rho (5). Thus, of full-length p115 -1 AMF '-1 + .. +-a AAF 
attenuation of heterotrimeric G protein- RhoGEF (FL1 5), - - mediated pathways by expression of S19N R ~ ~ G E F  with a deletion 205 - Gal3-• 
Rho suggests that stimulation of GTP bind- of residues 466 to 547 in 
ing is a prominent mechanism for activa- the Dbl homology region 1 16  - 
tion of Rho by relevant stimuli. Potential (FL1 15-ADH), and p115 
mediators of such stimulation are GEFs RhoGEF with a deletion 

97 - I 

with specificity for Rho, including Dbl, Lbc, Of 249 (AN- C FLl15 AN-115 
Lfc, Lsc, and p l l 5  RhoGEF (6, 7). The ~ ~ ~ ~ s , e ~ ~ ~ , " t ~  66'- 1. - 1% rn 
NH2-terminal region of p115 RhoGEF con- were prepared in the 

0, V) 3- + 5 -  + Gu13pAb 
tains a domain characteristic of RGS (reg- p,ence or absence of 

45 - 
ulator of G protein signaling) proteins (8, AMF. portions (20 ,J) of 

Anti-Gal 3-  7 
9) and specifically stimulates the intrinsic lysates were separated by SDSpolyacrylamide gel 
GTPase activity of the a subunits of G13 electrophoresis (SDS-PAGE) (8% gels) and immuno- 
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and G12 (8). We therefore tested whether blotted with a monoclonal antibody to the Myc epitope Anti-Myc 
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pll5-mediated dissociation of GDP from 
Rho, but binding of GDP-P-S to Ga, ,  did 
not. Thus, stimulation of p115 RhoGEF 
exchange activity by G a l ,  presumably de- 
pends on receptor-mediated activation of 
the G protein. 

The NHz-terminal RGS domain of p l l 5  
RhoGEF is apparently required for binding 
Ga,,,  and this domain might inhibit nucle- 
otide exchange activity-a restraint that 
could be relieved by interaction with Gal , .  
Consistent with this hypothesis, truncated 
p115 RhoGEF lacking the RGS domain was 
more active than the full-length protein 
(Fig. JA).  Furthermore, addition of the 
isolated RGS domain [as a glutathione 
S-transferase (GST) fusion protein] caused 
partial inhibition of G a l  ,-stimulated p115 
RhoGEF activity (Fig. 3B), presumably by 
sequestration of the a subunit. Although 
these data do not preclude additional sites 
of interaction of Ga , ,  with p l l j  RhoGEF, 
they are consistent with a primary mode of 
action through the RGS domain. 

The inability of G a l ?  to stimulate nu- 
cleotide exchange on Rho is puzzling, par- 
ticularlv because ~ 1 1 5  RhoGEF stimulates 
the G ~ ~ a s e  activity of both G a I 2  and 
Gal , ,  and the AMF-stimulated forms of 
both a subunits are equipotent in attenuat- 
ing this action (8). Conversely, G a l ?  
blocked stimulation of p115 RhoGEF activ- 
ity by G a l ,  (Fig. 3C). Thus, G a l ,  may 
compete with G C X , ~  for binding to the RGS 
domain of p 11 5 RhoGEF. However, this 
binding of G a l ?  to p115 RhoGEF is clearly 
not sufficient to stimulate Rho exchange 
activity. This ineffectiveness of Ga12  may 
relate ro the lower efficacy of p l l 5  RhoGEF 
to activate the GTPase activity of G a l ?  
compared with G a l ,  or may indicate an 
additional site of interaction between G a l ,  
and pl15 RhoGEF. Differential regulation 
of pl15 RhoGEF by G a l ,  and Ga12  indi- 
cates that signals transduced through G a l ,  
might be modulated by Ga12. The inability 
of G a l ?  to stimulate p l l j  RhoGEF raises 
the possibility that this G protein activates 
Rho through another RhoGEF. 

The p115 RhoGEF protein appears to 
serve as a direct link between Rho GTPases 
and heterotrimeric G proteins. A correlate 
in Drosophila is DRhoGEF2, which trans- 
duces developmental signals mediated by 
the G protein Cta, a homolog of G a l ?  and 
G a l ,  (8, 16). Furthermore, pl15 RhoGEF 
is the first protein with an RGS domain to 
function as an effector of G protein action. 
Other effectors for G proteins can also serve 
as GAPS for their activators and thus stim- 
ulate their deactivation (17, 18). This cou- 
pling of effector and deactivator may pm- 
vide mechanisms for precise control by per- 
mitting rapid attenuation of signaling upon 
removal of the stimulus. Furthermore, 

Biddlecome et al. (18) have suggested that 
rapid deactivation of G a ,  by phospholipase 
Cp provides the opportunity for receptor- 
mediated reactivation of G a  while still 
present in a complex of G protein and 

rn + Gal2 

RhoA + p i  15 

RhoA alone 

effector. Thus, rapid GTPase cycles may 
permit the continued existence of recep- 
tor-G protein-effector complexes capable 
of generating higher amplitude signals be- 
cause the signaling complex does not un- 

Condition AMF GTPvS GDPCS 

Fig. 2. St~muaton of Rho-dependent nucleotlde exchange actlvlty of p l15 RhoGEF by Ga13 (A) 
D~ssoc~aton of bound GDP from 100 nM RhoA (14, 15) was examned after 10 m n  at 30°C In the 
absence or presence of 100 nM AMF-act~vated Gal, or Gal, and varous concentratons of p l15 
RhoGEF, as ndcated (B) Dlssocatlon of GDP from 100 nM RhoA after 10 m n  at 30°C In the presence 
of 25 nM p115 RhoGEF and the ndcated concentratlons of AMF-act~vated Ga,, or Ga,, The dashed 
hnes lndlcate dssoc~aton of GDP from RhoA alone or In the presence of p115 RhoGEF but no Ga (C) 
Dlssoclatlon of GDP from 100 nM RhoA after 10 mln of incubat~on at 30°C with p l15 (25 nM) and varous 
Ga subunlts (100 nM) as ndlcated (D) D~ssoc~at~on of GDP from 100 nM RhoA after 10 mln of 
ncubaton at 30°C wlth p l15 and Gal, that had been treated as lndcated wlth AMF GTP-y-S, or 
GDP-P-S 

0 20 40 60 80 100 p115 - + + + +  
Rho GEF (nM) Gal3 - - - + + 

Fig. 3. Effects of domalns of p i  15 and activated RGS.p115 - - + - + 
Gal, on the nucleotde exchange actvlty of p l  I 5  
RhoGEF (A) Blndlng of 1 nM [33P]GTP to 100 nM 
RhoA In the presence of the lndlcated concentra- o - 30 

C 
tons of truncated or full-ength p l15 RhoGEF was 
measured by ftratlon of a 50.~1 reactlon after 30 O - 

c= i  20 mln at 30°C (7) (B) D~ssoc~at~on of [3H]GDP from o o 
100 nM RhoA was measured for 10 m n  at 30°C In 2 
the absence or presence of 25 nM p115, 20 nM E 10 
AMF-activated Gal,, and 300 nM RGS-pll5, as .$ 
lndlcated RGS-p115, a fuslon proteln composed 0 
of GST Igated to the NH,-termlnus of resldues I 10 100 
to 246 of p115 RhoGEF was prepared as de- Gal* added (nM) 
scrlbed (8) (C) D~ssoc~at~on of [,H]GDP from 100 
nM RhoA was measured for 10 m n  at 30°C wlth 25 nM p l  15 RhoGEF and In the absence or presence 
of 25 nM AMF-actvated Gal, and the ndcated concentratons of AMF-actvated Gal, Assays for (B) 
and (C) were performed as descrbed (75) 
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dergo dissociation ailil reformation. 
The  Ga13-Rho pathway participates in 

phenomena such as cell migration, angio- 
genesis, and apoptosis ( 2 ,  3). T h e  identifl- 
catlon of wl l j  RhoGEF as a cr i t~cal  link in  
this pathway will facilitate ~nechanistic un- 
derstandine of these f ~ ~ n c t i o n s .  Further- " 

more, RGS domains in other proteins may 
also impart sensitivity to  regulation by G 
protein a subunits. 
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Type IV Pili, Transient Bacterial Aggregates, and 
Virulence of En teropa thogenic Escherichia coli 

David Bieber, Sandra W. Ramer, Cheng-Yen Wu, 
William J. Murray, Toru Tobe, Rosemary Fernandez, 

Gary K. Schoolnik* 

Type IV bundle-forming pili of enteropathogenic Escherichia coli are required for the 
localized adherence and autoaggregation phenotypes. Whether these pili are also re- 
quired for virulence was tested in volunteers by inactivating bfpA orbfpTberA) encoding, 
respectively, the pilus subunit and the bfp operon transcriptional activator. Both mutants 
caused significantly less diarrhea. Mutation of the bfpF nucleotide-binding domain 
caused increased piliation, enhanced localized adherence, and abolished the twitching 
motility-dispersal phase of the autoaggregation phenotype. The bfpF mutant colonized 
the human intestine but was about 200-fold less virulent. Thus, BfpF is required for 
dispersal from the bacterial aggregate and for full virulence. 

T h e  type IV family of bacterial pili, pro- 
duced by several h ~ u n a n  and an i~na l  patho- 
gens, is thought to participate in  the  infec- 
tious process by pronloting bacterial adher- 
ence to host cells (1 ) .  However. evidence ~, 

for this putative pathogenic role comes 
lareelv from in vitro ~ b s e r ~ ~ a t i o n s :  for the L, , 
only two species tested in  humans, Nelsseria 
gonor~hoeae and Vibrio choie~ae 01, the type 
IV pili have been s h o a ~ n  to be required for 
infectivity (2) .  Type IV pili are also associ- 
ated in soine bacterial species with twitch- 
ing motility, a kind of nonflagellar move- 
ment  thought to aromote snread of the  
organisin o n  body Lsurfaces (3). However, 
the  relevance of twitching motilitf- for the 
infectious process has not  been tested. 

Enteropathogenic Esche~zchia coli (EPEC) 
1s a type IV pilus-producing biotype and a 
common cause of childhood diarrhea in 
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de\~eloping countries (4). Most EPEC sero- 
types isolated from patients and all experi- 
mentally infectious strains harbor a n  -80- 
kh e~l teroadhere~lce  factor (EAF) plasmid 
(5-7) containing an  operon that encodes a 
type IV pilus-designated the bundle-form- 
ing pilus (BFP)-because pilus filaments 
emanating from the bacterial surface appear 
to align along their longitudinal axes to 
form bundles of f i la i l le~~ts  (Fig. 1 A )  (8, 9) .  
BFP expression is induced during logarith- 
mic-phase growth and regulated by physi- 
cochemical signals characteristic of the  
sinall intestine (1 0). BFP biogenesis is di- 
rected by an  operon of 14 genes (9, l l ) ,  
including bfpA, a ~ h i c h  ei~codes the n~a jo r  
repeating subunit of the pilus fiber (12).  A 
transcriptional factor encoded by the bfpT 
(also called perA) operon is required for bfp 
operon expression and is located elsewhere 
o n  the EAF plaslnid (1 3, 14).  

BFP exnression is reauired for the  devel- 
opment of EPEC ~llicrocolonies o n  tissue 
culture cell monolayers [the localized ad- 
herence (LA) phenotype] (5 ,  8) and the 
formation of spherical bacterial aggregates 
in tissue culture media (the autoaggregation 
phenotype) (15). T h e  latter is distinct from 
the  "aggregative adherence" phenotype ex- 
hibited by soine enteroaggregative E .  coli in 
that the EPEC autoaggregation phenotype 

2114 SCIENCE VOL 280 26 JUNE 1995 uaru.sc~encemag.org 




