
dergo dissociation and reformation. 
The Ga13-Rho pathway participates in 

phenomena such as cell migration, angio-
genesis, and apoptosis (2, 3). The identifi
cation of pi 15 RhoGEF as a critical link in 
this pathway will facilitate mechanistic un
derstanding of these functions. Further
more, RGS domains in other proteins may 
also impart sensitivity to regulation by G 
protein a subunits. 
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1 he type IV family of bacterial pili, pro
duced by several human and animal patho
gens, is thought to participate in the infec
tious process by promoting bacterial adher
ence to host cells (I.). However, evidence 
for this putative pathogenic role comes 
largely from in vitro observations; for the 
only two species tested in humans, Neisseria 
gonorrhoeae and Vibrio cholerae 01, the type 
IV pili have been shown to be required for 
infectivity (2). Type IV pili are also associ
ated in some bacterial species with twitch
ing motility, a kind of nonflagellar move
ment thought to promote spread of the 
organism on body surfaces (3). However, 
the relevance of twitching motility for the 
infectious process has not been tested. 
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developing countries (4). Most EPEC sero
types isolated from patients and all experi
mentally infectious strains harbor an ~80-
kb enteroadherence 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 filaments (Fig. 1A) (8, 9). 
BFP expression is induced during logarith
mic-phase growth and regulated by physi-
cochemical signals characteristic of the 
small intestine (10). BFP biogenesis is di
rected by an operon of 14 genes (9, 11), 
including bfpA, which encodes the major 
repeating subunit of the pilus fiber (12). A 
transcriptional factor encoded by the bfpT 
(also called per A) operon is required for bfp 
operon expression and is located elsewhere 
on the EAF plasmid (13, 14). 

BFP expression is required for the devel
opment of EPEC microcolonies on 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). The latter is distinct from 
the "aggregative adherence" phenotype ex
hibited by some enteroaggregative E. coli in 
that the EPEC autoaggregation phenotype 
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occurs in the absence of eukaryotic cells or 
other substrata (16). The ~lausible in vivo . . 
correlation of the LA phenotype is mucous 
membrane adherence, whereas the role of 
the autoaggregation phenotype, if any, is 
enigmatic. 

The chromosomal locus of enterocyte 
effacement (LEE) is required for actin con- 
densation, resulting in localized elevation 
and invagination of the epithelial cell plas- 
ma membrane (pedestal formation), a his- 
tological feature of EPEC infection in. chil- 
dren (1 7, 18). Disruption of one LEE region 
gene, eaeA, which encodes the protein in- 
timin, reduces but does not abolish viru- 
lence (7). Another gene of the LEE region, 
tir, is proposed to serve as the bacteria- 
encoded receptor for intimin (1 9), although 
its role in virulence is untested. 

Two multistep models of EPEC patho- 
genesis have been proposed. In one, BFP 
initiates adherence by serving as a long- 
range adhesin (20); in the other, they re- 
cruit other EPEC into a growing micro- 
colony after an individual bacterium first 
forms a pathogenic union with the intesti- 
nal epithelium (21 ). The common pathway 
for both models is intimin-mediated attach- 
ment of EPEC to the enterocyte followed by 
bacteria-to-cell signaling events, which 
trigger actin condensation (20,21), cellular 
dysfunction, and diarrhea. 

We measured the effects of mutations 
within the bfp operon on the diarrheal re- 
sponse of orally inoculated volunteers to 
test two predictions of these models: (i) a 
BFP-negative mutant will be avirulent, and 
(ii) an adherence-competent EPEC that 
causes actin condensation and pedestal for- 
mation in tissue culture cells will cause 
diarrhea in humans. Two mutations of the 
wild-type EPEC strain B171-8 (serotype 
0 1  11:NM) were constructed, yielding mu- 
tants B171-8AAcm, which interrupts %A, 
and B17 1-8T::Gm, which inactivates bfpT; 
neither makes BFP or its structural subunit 
(22). Healthy adult volunteers drank 5 x 
lo8, 2.5 X lo9, or 2 X 10" colony-forming 
units (CFUs) of the wild-type parent or one 
of the two BFP-negative mutants, assigned 
according to a randomized, double-blind ex- 
perimental design (23). The volume of liq- 
uid stool passed during the next 48 hours 
served as the primary end point. Volunteers 
receiving different-sized inocula of the wild- 
type strain exhibited a dose-dependent di- 
arrheal response: the average volumes of 
liquid stool were 376,1104, and 3437 ml for 
volunteers receiving 5 x lo8, 2.5 x lo9, 
and 2 X 10" CFUs, respectively (Fig. 2, red 
bars). In total, 11 of the 13 volunteers 
challenged with the wild-type strain devel- 
oped clinical diarrhea. By contrast, only 2 
of 16 volunteers (P = 0.0001) receiving the 
B17 1-8AAcm mutant experienced diarrhea, 

including 0 of 6 who received the highest 
inoculum (Fig. 2, green bars). Similarly, 
only 3 of 14 volunteers (P = 0.001) receiv- 
ing the B17 1-8T::Gm mutant experienced 
diarrhea; their illness was mild, consisting 
of a single liquid stool in 3 of the 4 persons 
receiving the highest challenge dose (Fig. 2, 
purple bars). Thus, the BFP is an EPEC 
virulence determinant. 

To learn more about BFP biogenesis and 

function, the putative nucleotide-binding 
domains of bfpD and bfpF were mutated. 
These bfP operon genes have been proposed 
to provide energy for pilus biosynthesis (9, 
24). pilT homologs in N. gmhoeae and 
Pseudornonas uerugiosa also code for puta- 
tive nucleotide-binding proteins that are 
required for the twitching motility pheno- 
type of these species (25). We carried out 
site-directed mutagenesis of the Walker box 

Fig. 1. In vitro phenotypes exhibited by wild-type EPEC strain 8171-8 and mutants of this strain: 
wild-type B1 71 -8 (A, D, G, J, and M); the three BFP-negative mutants B171-8AAcm, B171-8T::Gm, and 
B171-8AD (B,E,H,K,N); and the two BfpF-mutants, B171-8AF and B171 -8Fm (C, F, I ,  L, and 0). (A to 
C) Negatively stained immunogold transmission electron micrographs (TEMs) of these EPEC variants, 
labeled with rabbit antibody to BFP followed by goat immunoglobulin G to rabbit conjugated with 10-nm 
gold particles. BFP appear as gold-labeled, laterally aligned filaments (A and C). The BFP-negative 
mutants lack gold-labeled filainents (B). Bars = 0.6 pm. (D to F) The LA phenotype, characterized by 
microcolonies attached to the surface of cultured HEp-2 cells, is expressed by B1 71 -8 (D) and the F 
mutant, B171-8P (arrows) (F); the BFP-negative mutants are LA-phenotype negative (E). Bars =10 
pm. (G to I) The autoaggregation phenotype 3 hours after diluting a standard overnight culture of EPEC 
1 : 100 into DMEM (10). Phase-contrast microara~hs (X 10 obiective] of hanaina droD samdes: BFP- 
negative mutants do not form discrete bacteriaia&emblages (H); B17i -8 forn; autoaigregites (G); the 
F mutants of B1 71 -8 associate as irregular, refractile clum~s, designated autoaaalutinates (I). Bars = 
100 pm. (J to L) SEM images of the a~oaggregation assay: ~hree-iour DMEM cultures [using bacteria 
prepared as in (G) to (I)] were fixed in gluteraldehyde, collected onto polycarbonate filters, washed, 
posffixatiie stained with osmium tetroxide, dehydrated in a graded alcohol series, critical-point dried, 
and sputter coated with iridium. Wild-type 8171-8 autoaggregates appear as smooth domes (J), 
whereas the F mutants, B171 -8Fma, form irregular autoagglutinates (L). BFP-negative mutants, 81 71 - 
8AAcm, are arrayed as individual bacteria, small groups of bacteria, or flat bacterial mats (K). Bars = 20 
pm. (M to 0) SEM images of the same samples depicted in (J to L) demonstrating the paucity of fibers 
in the BFP-negative samples (N) and the hyperpiliated B171 -8Fm mutant (0) relative to the BFP fibers 
produced by the wild-type strain (M). Bars = 1.2 pm. 
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Fig. 2. Comparative virulence of EPEC strain woo- 

B171-8 and mutants of this strain at different bac- 
terial doses as measured by the diarrheal re- - 
sponse of orally challenged volunteers. All stools -- 
passed by volunteers were collected, weighed, - - 

and scored as formed/semiformed or liquid (tak- 
ing the shape of the container). Diarrhea was de- 1 3000' 

fined as 6ne liquid stool of 300 ml or more, or two i or more liquid stools totaling 200 ml or more (in- 3 
dicated by the shaded horiiontal band between = ~ K J '  

200 and 300 ml) during a 48-hour period after 8 
ingestion of the challenge bacteria. Each vertical ' 
bar reprekents an individual volunteer; bars below '000' 

the abscissa represent individuals who produced 
no liquid stools during the first 48 hours. Heights 
of the individual bars show the cumulative volume 0- 3 

AT hA --8 AT AA Fm -8 of liquid stool (milliliters) during the study period. AT AA F' -8 F" 
Horizontal hash marks within each bar depict the 

I I U  

s x 10' 2.s x lo9 2 x loL0 1 x ~ ~ I  
volume of each successive liquid stool. The four Dosc (cpu) of EPEC varia~ts 
bacterial challenge doses, designated in CFUs, 
are shown beneath the brackets enclosing the bacterial variants adminis- the wild-type parental EPEC strain. Mean stool volumes of each group 
tered at that dose. Symbols under each cluster of individual bars within a were compared by Student's two-tailed t test: all AT versus all -8, P = 
dosage group denote the variant administered: AT (purple bars) denotes 0.007; all AAversus all -8, P = 0.006; all Faversus all -8, P = 0.03. Only 
B171-8T::Gm, the bfpT disruption mutant; AA (green bars) denotes two volunteers (red ' above bars) developed symptoms severe enough to 
B171-8AAcm, the bfpA deletion mutant; F (blue bars) denotes 81 71 - warrant halting the experiment, both at hour 14. 
8Fma, the site-directed mutant of bfpF; and -8 (red bars) denotes B171-8, 

A consensus sequence GXXGXGKT/S (26) 
located between residues 260 and 267 of 
BfpD and between residues 131 and 141 of 
BfpF and thought to form a loop structure 
in which the lysine residue directly contacts 
the phosphoryl group of the bound nucleo- 
tide (27). Within this motif, we changed 
both G265 to and K266 to R266 of BfpD 
to yield the mutant B17 1-8DG265A.K266R 
(henceforth abbreviated B17 1-8Dm) and 

to and K1* to R1* to yield the 
mutant B171-8p'39A,K1*R (henceforth ab- 
breviated B17 1 - 8 P )  (28). 

The b@D mutant, B171-8P,  did not 
express BFP, did not autoaggregate, and was 
LA phenotype negative. Thus, BfpD is re- 
quired for BFP biogenesis. By contrast, the 
b@F mutant, B17 1-8Pa, expressed BFP and 
attached to cultured HEp-2 cell monolayers 
in a pattern that resembled, but was not 
identical to, the LA phenotype of the wild- 
type parent strain. Visualization of multiple 
fields revealed that B171-8P was more 
adherent than the parent strain, similar to a 
B171-8AF mutant that we constructed (1 6, 
28) and to a bfpF deletion mutant of EPEC 
strain E2348169, which was reported to be 
eightfold more adherent than the parent 
(24). Phase-contrast microscopy of B171- 
8F" and B171-8AF showed that they 
formed bacterial aggregates that were mor- 
phologically distinct from the aggregates 
produced by the parent strain (Fig. 1, G to 
I). In particular, whereas the autoaggregates 
formed by wild-type bacteria disperse over 
time, BfpF mutant bacteria remained 
clumped-a b@F-specific phenotype that 
we term autoagglutination. Western blot 
analysis of B171-8Pa and B171-8 showed 
similar levels of BfpF and the corresponding 

mutant protein, indicating that the re- 
sulting phenotype changes are likely due to 
loss of normal Walker box A-mediated 
functions. 

The effect of the B171-8F" mutation 
appears to dissociate two BFP-associated 
phenotypes: LA, which is preserved or en- 
hanced, and AA, which is altered in the 

mutant by its inability to dissociate from 
the aggregate. To better understand the 
significance of these seemingly subtle dif- 
ferences, we asked three questions about 
this mutant: what is the difference be- 
tween autoaggregation and autoagglutina- 
tion, does B171-8Fm cause actin conden- 
sation and thus exhibit LEE-region associ- 

Fig. 3. Time-lapse fluo- 
rescence and phase-con- 
trast photomicrographs of 
the dispersal phase of 
the EPEC autoaggre- 
gation phenotype. Wild- 
type (A to F) or BfpF mu- 
tant (G to L) EPEC bacte- 
ria were grown with shak- 
ing in DMEM at 37°C for 3 
hours to produce autoag- 
gregates (wild-type bac- 
teria) or autoagglutinates 
(BfpF mutant). Each cul- 
ture was inoculated with a 
50:l ratio of unlabeled 
and GFP-expressing bac- 
teria of the same type (wild 
type or mutant). Hanging- 
drop samples of the cul- 
tures were examined by 
fluorescence microscopy 
(A to C and G to I) to 
visualize indiiual  GFP- 
w e d  bacteria or by 
phasxontrast m' IC~OSCO- 
py @ to F and J to L) to 
visualize the bacterial ag- 
gregates and agglutinates. 
Images of the same field 
and in the same focal plane were cdlected every minute as the samples cooled from 37°C to room 
temperature. Wild-type bacteria rapidly disperse from the dissociating aggregate, whereas BfpF mutant 
bacteria form stable agglutinates. 
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ated functions, and is it virulent? 
Autoaggregates of the wild-type parent 

and autoagglutinates of B171-8Pa were 
studied by immunogold transmission elec- 
tron microscopy, phase-contrast microsco- 
py, and scanning electron microscopy 
(Fig. 1). Bundles of gold-labeled pilus fil- 
aments, evident within autoaggregates as 
well as autoagglutinates, appeared to form 
interbacterial linkages (Fig. 1, A to C). No 
consistent difference between wild-type 
and mutant was detected in the configu- 
ration of pilus filaments or in interbacte- 
rial distances. However, high-resolution 
scanning electron micrographs (SEMs) 
showed that the BfpF mutants produced 
many more interbacterial filaments than 
the wild-type parent strain (Fig. 1, M to 
0). Low-~ower views of the same assem- 
blHges showed dramatic differences in the 
architecture of the two aggregates: the 
wild-type strain produced smoothly con- 
toured domes, whereas the agglutinates of 
the BfpF mutant had a highly irregular 
surface (Fig. 1, J to L). 

Differences in the dynamic formation and 
dispersal of bacterial aggregates and aggluti- 
nates were monitored by labeIing either the 
wild-type strain or B171-8P with green 
fluorescent protein (GFP) produced from a 
constitutively expressed copy of that gene 
(29), mixing unlabeled and labeled bacteria 
of the same type, and observing populations 
by time-lapse photography (Fig. 3). These 

images showed that cultivation of the wild- 
type strain under optimal bfp operon-induc- 
ing conditions (1 0) resulted in formation of 
bacterial aggregates during the last 4 hours 
of exponential-phase growth in Dulbecco's 
modified Eagle's medium (DMEM); dispersal 
of the bacteria composing these aggregates 
ensued. resultine in a sus~ension of individ- 
ual bacteria. ~ L t h i n  theLaggregate, bacteria 
appeared to move randomly; however, nei- 
ther this motion nor the active dispersal of 
bacteria from the aggregate could be ascribed 
to flagella; because B171-8 is a nodlagellate 
strain. By contrast, although the time course 
of autoagglutination by B17 1 - 8 P  and au- 
toaggregation by the wild-type strain were 
similar, the autoagglutinates of B171-8P 
were static assemblages that did not disperse 
(Fie. 3). . " ,  

To determine whether differences be- 
tween the autoaggregation and autoaggluti- 
nation phenotypes might be correlated with 
differences in virulence, we challenged vol- 
unteers with different doses of B17 1 - 8 P  
and compared the results with the diarrheal 
response induced by the wild-type strain. 
The results, (Fig. 2, light blue bars) showed 
that the bfpFma mutant was significantly 
attenuated in its ability to cause diarrhea 
(only 4 of 13 volunteers developed diarrhea; 
P = 0.003), effectively shifting the dose- 
response curve to the right, so that -200- 
fold more CFUs of B 17 1 - 8 P  were required 
to produce the same diarrheal response as 

Fig. 4. Pedestal formation and actin condensation induced by wild-type EPEC (A to C) and the BfpF 
mutant (D to F). HEp-2 cells were cocultured with EPEC bacteria for 2 hours in DMEM containing 0.5% 
mannose (10); unattached bacteria were removed by extensive washing with phosphate-buffered 
saline; and the cells were fixed in formalin, permeabiliied with 0.1 % Triton X-100, and then labeled with 
4',6'-diamidino-2-phenylindole (A and D) to stain nuclear materia and localize the bacteria (clusters of 
small bright spots) and with BODIPY-phallacidin (B and E) to stain condensed actin (bright flecks 
colocaliiing with EPEC clusters). tightly stained actin cables can also be seen coursing through the 
HEp-2 cells. Similarly infected HEp-2 cells were fixed in 2% gluteraldehyde, embedded in LR White, 
sectioned, and examined by TEM for pedestal formation, characterized by elevation and invagination of 
the HEp-2 cell plasma membrane. No differences in actin condensation or pedestal formation are 
evident between wild-type parent (C) and BfpF mutant (F). Bars = 10 pm in (A), (B), (D), and (E) and 1 
pm in (C) and (F). 

the wild-type. 
The attenuating effect of the bfpFma mu- 

tation could have been due to the inability 
of the mutant to either colonize the host or. 
alternatively, to cause the actin condensa- 
tion postulated to be required for diarrhea. 
Both the wild-type and bfpFma mutant in- 
fected the .intestine as evidenced by their 
presence in stool specimens from a random 
subset of the volunteers. Thus, this mu- 
tation dissociated infectivity (which was 
retained) from virulence (which was re- 
duced), although our results do not exclude 
the possibility that mutant and wild-type 
colonized different regions of the intestine. 
Further, B17 1-8Pa retained its capacity to 
cause actin condensation and ~edestal for- 
mation, the ultrastructural Aallmark of 
EPEC pathogenesis (Fig. 4). Thus, B171- 
8F"" had intact LEE region-mediated func- 
tions, and these functions elicited the ex- 
pected responses in HEp-2 cells. 

Functional BFP was thus shown to be 
required for production of diarrhea. Of the 
five EPEC phenotypes monitored here-LA, 
actin condensation, intestinal colonization, 
virulence, and autoaggregation-only the 
last two were altered bv the W b P  mutation. .. 
Possibly each phase of the autoaggregation 
 heno omen on-formation and dis~ersal-is 
required for virulence. The first phase might 
favor bacterial adherence to the epithelial 
surface as stable, attached microcolonies. 
During aggregation, physically mediated or 
chemically mediated signaling (30) might 
occur, stimulating the expression of addi- 
tional virulence eenes. Release of these or- ~ - - 
ganisms during the dispersal phase-which 
mav be the EPEC eauivalent of twitchine " 
motility-could lead to the colonization of 
additional e~ithelial sites bv these newlv Dro- , . 
grammed bacteria. However, to dissociate 
from the aggregate, bacteria would need to 
shed or disentangle their pilus filaments from 
each other, a process that may require BfpF- 
mediated, energydependent pilus retraction 
or a conformational change of pilus quater- 
nary structure. 
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Drosophila Synapse Formation: Regulation by 
Transmembrane Protein with Leu-Rich Repeats. 

CAPRICIOUS 
Emiko Shishido, Masatoshi Takeichi, Akinao Nose*? 

Upon reaching the target region, neuronal growth cones transiently search through 
potential targets and form synaptic connections with only a subset of these. The ca- 
pricious (caps) gene may regulate these processes in Drosophila. caps encodes a 
transmembrane protein with leucine-rich repeats (LRRs). During the formation of neu- 
romuscular synapses, caps is expressed in a small number of synaptic partners, in- 
cluding muscle 12 and the motorneurons that innervate it. Loss-of-function and ectopic 
expression of caps alter the target specificity of muscle 12 motorneurons, indicating a 
role for caps in selective synapse formation. 

T h e  final step in formation of neural con- region, neurons still have to choose a spe- 
nectivitv involves the recoenition of tareet cific synaptic partner from amone several 

, L  

cells. Although earlier elyents of groLvth potential targets ( I ) .  We studiecTsYnapse 
cone euidance greatly restrict the target formation in the neurornusc~~lar systern of 

u ,  

Drosobh~la melanogaster. In each abhominal 
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