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distance from the competitor. Therefore, we 
presume that the strength or extent of the short-
range destabilizing signals increases during 
synaptic maturation [as synaptic efficacy is in
creasing (77)] or that the destabilization process 
is itself incremental (taking longer to remove 
distant synapses than nearby ones), or that both 
processes occur. Because the decreasing signals 
may become totally ineffective when the com
petitors are sufficiently separated (77), the nor
mal confinement of all the incoming axons to a 
small AChR plaque may thus be a strategy that 
encourages strong competition among nearby 
synapses, which rapidly results in single inner
vation at developing neuromuscular junctions. 
Given the existence of competitive synaptic 
reorganization on neurons (18) and the evi
dence for the restriction of axonal innervation 
to parts of a dendritic arbor (19), it seems likely 
that analogous short-range signals operate 
throughout the nervous system. 

References and Notes 
1. D. Purves and J. W. Lichtman, Principles of Neural 

Development (Sinauer, Sunderland, MA, 1985). 
2. P. A. Redfern, J. Physiol. 209, 701 (1970); J. K. S. 

Jansen and T. Fladby, Prog. Neurobiol. 34, 39 (1990). 
3. W.-B. Gan and E. R. Macagno, J. Neurosci. 15, 3243 

(1995). 
4. Neonatal mice (between PO and P17) were anesthe

tized with 0.1 ml of sodium pentobarbital. Sterno-
mastoid muscles were then dissected and placed in 
petri dishes in physiological saline. In some cases, 
junctional AChRs were labeled for 10 min with tetra-
methyl rhodamine-conjugated a-bungarotoxin (5 jjug/ 
ml) (Molecular Probes, Eugene, OR). Sharp electrodes (5 
to 10 megohms, as measured with 3 M KCl) were 
backfilled with a 1% solution of 3,3'-dioctadecyloxacar-
bocyanine perchlorate (DiO) (Molecular Probes) in a 
100% solution of methylene chloride (Sigma) and po
sitioned on a superficial neuromuscular junction. Depo
larizing current (200 ms, 1 to 10 nA, and 1 Hz) was 
applied for a few seconds until a dye crystal was de
posited at the junction. The muscle was then fixed in a 
4% solution of paraformaldehyde for 12 hours, over 
which time the fluorescent DiO lipid labeled many 
terminals of one motor unit that were distributed over 
several hundred micrometers. For the labeling of two 
competing axons at the same neuromuscular junction, 
two electrodes [each containing 1 % solutions of either 
1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocya-
nine perchlorate (Dil) (Molecular Probes) or DiO in a 
100% solution of methylene chloride] were used to 
deposit dye. In this way, two different subsets of axon 
terminals, which by chance occasionally converged at 
the same junction, were labeled. All labeled junctions 
were imaged with confocal microscopy (Noran Odys
sey, Olympus Fluoview, and Bio-Rad MRC1024) with 
1.4-numerical aperture objectives, and three-dimen
sional (3D) reconstructions were generated with the 
Bio-Rad MRC1024 software. 

5. R. J. Balice-Gordon and J. W. Lichtman, J. Neurosci. 
13, 834 (1993). 

6. Staining of all motor axons [with antibodies against 
neurofilaments, synaptic vesicles (SV2), and acety-
lated microtubules] was done similarly as described 
in (7 7). For tetanus toxin labeling, the preparation 
was incubated with a fluorescein isothiocyanate-
conjugated recombinant tetanus toxin C fragment 
(Boehringer Mannheim) for 20 min (1:10 dilution). 

7. R. J. Balice-Gordon, C. K. Chua, C. C. Nelson, J. W. 
Lichtman, Neuron 11, 801 (1993). 

8. To measure the separation of two competing axons, 
we calculated a segregation index as the distance 
between centroids of the competing axons divided by 
the total length of the junction, which was measured 
along a line passing through the two centroids. The 
centroid (geometric center) of the terminal branches 

of each competing axon was obtained with IP Lab 
software (Scanalytics, Fairfax, VA). The particular 
shape of the junction wil l influence this measure to 
some degree. For hemicircles that approximate the 
shapes of competing axon terminals, values >0.39 
indicate that the regions are completely segregated. 

9. Because of the low incidence of multiply innervated 
junctions after P12, we used antibody staining in
stead of lipophilic dyes to label competing axons at 
P16-17. Competing axons innervating the same junc
tion at this age were traced several hundred mi
crometers back into nerve bundles to confirm that 
they were separate axons. 

10. D. A. Riley, Brain Res. 134, 279 (1977); / Neurocytol. 
10, 425 (1981). 

11. H. Colman, J. Nabekura, J. W. Lichtman, Science 275, 
356 (1997). 

12. G. S. Stent, Proc. Natl. Acad. Sci. U.S.A. 70, 997 
(1973). 

13. R. J. Balice-Gordon and J. W. Lichtman, Nature 372, 
519 (1994); C. Jennings, ibid., p. 498. 

14. Y.-J. Lo and M.-M. Poo, Science 254, 1019 (1991); Y. 
Dan and M.-M. Poo, ibid. 256, 1570 (1992); S. Cash, 
Y. Dan, M.-M. Poo, R. Zucker, Neuron 16, 745 (1996). 

15. S. Rotzler, H. Schramek, H. R. Brenner, Nature 349, 
337(1991). 

Asymmetric cellular organization or cell po
larity is a central feature of morphogenesis and 
is controlled by both internal and external sig
nals (7). In the yeast Sacchuromyces cerevisiae, 
mating pheromones trigger a mitogen-activated 

A.-C. Butty and M. Peter, Swiss Institute for Experi
mental Cancer Research (ISREC), Chemin des Bover-
esses 155, 1066 Epalinges/VD, Switzerland. P. M. Pry-
ciak, Department of Molecular Genetics and Microbi
ology, University of Massachusetts Medical Center, 
Worcester Foundation Campus, 222 Maple Avenue, 
Shrewsbury, MA 01545, USA. L S. Huang and I. Her-
skowitz, Department of Biochemistry and Biophysics, 
University of California, San Francisco, San Francisco, 
CA 94143-0448, USA. 

*To whom correspondence should be addressed. E-
mail: matthias.peter@isrec.unil.ch 

16. D. J. Zou and H. T. Cline, Neuron 16, 529 (1996); G.-Y. 
Wu, R. Malinow, H. T. Cline, Science 274, 972 (1996). 

17. M. C. Brown, J. K. S. Jansen, D. Van Essen,/ Physiol. 
261, 387 (1976); D. Kuffler, W. Thompson, J. K. S. 
Jansen, Brain Res. 138, 353 ^977). 

18. D. H. Hubel, T. N. Wiesel, S. LeVay, Philos. Trans. R. 
Soc. London Ser. B 278, 377 (1977); D. Purves and 
J. W. Lichtman, Science 210, 153 (1980); M. C. Crair, 
D. C. Gillespie, M. P. Stryker, ibid. 279, 566 (1998); 
A. A. Penn, P. A. Riquelme, M. B. Feller, C. J. Shatz, 
ibid., p. 2108. 

19. C.J. Forehand and D. Purves,/ Neurosci. 4, 1 (1984); 
R. Young and E. W. RubelJ. Comp. Neurol. 254, 425 
(1986); M. Bank and S. Schacher, J. Neurosci. 12, 
2960 (1992); M. Bravin, F. Rossi, P. Strata, / Comp. 
Neurol. 357, 395 (1995). 

20. M. M. Rich and J. W. Lichtman,/ Neurosci. 9, 1781 
(1989). 

21. We thank all the members of our lab for helpful 
discussion of this work; J. R. Sanes, R. O. Wong, and 
M. L Nonet for comments on the manuscript; and 
S. G. Turney for technical help. This work was sup
ported by grants from NIH and the Muscular Dystro
phy Association. W.-B.G. was supported by a Nation
al Research Service Award from NIH. 

26 August 1998; accepted 20 October 1998 

protein kinase (MAPK) signal transduction 
pathway, culminating in arrest of the cell cycle, 
changes in gene expression, and altered cell 
polarity and morphology (2). These responses 
are initiated by a cell-surface receptor coupled 
to a G protein. Activation of the pheromone 
receptor triggers dissociation of the heterotri-
meric G protein into subunits Ga and Gp7, 
which in turn signal to downstream effectors to 
induce cellular responses (3). Cells use a pher
omone gradient to locate their mating partner 
and polarize their actin cytoskeleton toward the 
site of the highest pheromone concentration (4). 
Farlp and Cdc24p are necessaiy for oriented 
cell polarity: specific alleles of FAR1 (farl-s) 
and CDC24 (cdc24-m) have been identified 
which cause a specific mating defect, because 
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Heterotrimeric guanosine triphosphate (GTP)-binding proteins (G proteins) 
determine tissue and cell polarity in a variety of organisms. In yeast, cells orient 
polarized growth toward the mating partner along a pheromone gradient by a 
mechanism that requires Farlp and Cdc24p. Farlp bound GP7 and interacted 
with polarity establishment proteins, which organize the actin cytoskeleton. 
Cells containing mutated Farlp unable to bind GP7 or polarity establishment 
proteins were defective for orienting growth toward their mating partner. In 
response to pheromones, Far1 p moves from the nucleus to the cytoplasm. Thus, 
Farlp functions as an adaptor that recruits polarity establishment proteins to 
the site of extracellular signaling marked by GP7 to polarize assembly of the 
cytoskeleton in a morphogenetic gradient. 
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these cells are unable to locate their mating 
partner (5, 6). Genetic experiments also im- 
plicate the G protein in the regulation of cell 
polarity during mating (7). 

Morphological changes during mating de- 
pend on reorganization of the actin cytoskeleton 
by a group of proteins including Cdc24p, 
Bemlp, Cdc42p, and the two Gic proteins 
(Giclp and Gic2p) that are necessaq for estab- 
lishment of cell polarity (1, 8). Cdc24p h l c -  
tions as a GDP-GTP exchange factor (GEF) for 
Cdc42p (9) ,  whereas the Gic proteins are effec- 
tors of Cdc42p involved in organizing the actin 
cytoskeleton (8). Bemlp contains two SH3 do- 
malps and interacts with Cdc42p, Cdc24p, 
Ste20p, Farlp and, SteSp (10-13). Bemlp co- 
imrnunoprecipitates with actin (12), suggesting 
that it is involved in recmiting the actin cy- 
toskeleton to the site of polarization. Little is 
known about how the polarity establishment 
proteins are targeted to the site of polarization. 

To examine the role of Farlp in orienting 
polarized growth during mating, we tested by 
two-hybrid analysis whether Farlp was able 
to interact with the polarity establishment 

proteins Bemlp, Cdc42p, Cdc24p, and Gic2p 
(14, 15). Farlp interacted with Bemlp, 
Cdc24p, and Cdc42p but not with Gic2p or a 
truncated Cdc24p, which lacks a portion of 
the NH,-terminal domain (Table 1). Farlp 
was unable to interact with the guanosine 
triphosphatase (GTPase) Rholp, demonstrat- 
ing that Cdc42p is a specific GTPase-binding 
partner of Farlp. Far lp  preferentially bound 
to Cdc42p in its active GTP-bound state, 
whereas little binding was observed when 
Cdc42p was bound to guanosine diphosphate 
(GDP). Because Bemlp also interacted with 
Cdc42p in a GTP-dependent manner (Table 
1) (10, I]), we tested whether the interaction 
between Farlp and Cdc42p-GTP was depen- 
dent on the presence of Bemlp. The interac- 
tion between Cdc42p and Farlp was abol- 
ished in a strain deleted for BEMI, whereas 
Cdc24p was able to interact with Farlp under 
these conditions (Table 1). Thus, Farlp inter- 
acts with the polarity establishment proteins 
Bemlp and Cdc24p, and Bemlp may bridge 
the interaction between Farlp and Cdc42p- 
GTP. 

Table 1. Two-hybrid interactions among Farlp, Bemlp, Cdc24p, Cdc42p, Rholp, and Ste4p in wild-type 
cells (EGY48) or derivatives deleted for BEM1 or STE7. The activation domain fusions were carried on 
pJG4-5-based vectors; the LexA DNA-binding domain fusions were carried on pEG202-based vectors 
(14). Miller units with standard deviations are presented; assays were done as described (15). 

Activation domain fusion DNA-binding domain fusion Miller units t SD 

Farlp (1-830) 
Vector 
Farlp (1-830) 
Vector 
Farlp (1-830) 
Vector 
Farlp (1-830) 
Farlp (1-830) 
Vector 
C d ~ 4 2 ~ ' ~ ~ ~ p  
C d ~ 4 2 ~ ~ ~ ~ ~ p ( G 1 2 V )  GTP bound 
C d ~ 4 2 ~ ~ ~ ~ ~ p ( D 1 1 8 A )  GDP bound 
Farlp (1-830) 
Vector 
Farlp (1-830) 
Farlp (1-830) 
Farlp (1-830) 
Farlp (1-830) 
Ste4p 
Ste4p 
Ste4p 
Ste4p 
Ste4p 
Ste4p 

Farlp (1-830) 
Vector 

Farlp (1-830) 
Farlp (1-830) 
Farlp (1-830) 
Gic2p 
Vector 
Vector 
Vector 

ECY48 
Bern I p 
Bernlp 
C d ~ 4 2 ~ ~ ~ ~ ~ p  
C d ~ 4 2 ~ ' ~ ~ ~ p  
Rhol pC206S 
Rhol pC206S 
C d ~ 4 2 ~ ~ ~ ~ ~ p ( G 1 2 V )  GTP bound 
Cdc42C188Sp(D1 18A) GDP bound 
C d ~ 4 2 ~ l ~ ~ ~ p ( G 1 2 V )  GTP bound 
Bernlp 
Bemlp 
Bernlp 
Cdc24p 
Cdc24p 
Cdc24p-AN 
Cdc24p-ml 
Cdc24p-rn2 
Cdc24p-m3 
Cdc24p 
Vector 
Cdc24p-AN 
Cdc24p-rnl 
Cdc24p-m2 
Cdc24p-rn3 

ECY48 Abem 1 
Bemlp 
Cdc24p 
C d ~ 4 2 ~ ' ~ ~ ~ p  

Bernlp 
C d ~ 4 2 ~ ~ ~ ~ ~ p  
Cdc24p 

To examine whether Bemlp could direct- 
ly bind to Farlp in vitro, Farlp was fused at 
its NH,-terminus to two copies of the poly- 
oma epitope (PT-Farlp) and purified from 
yeast (16). Cells expressing a hemagglutinin 
(HA) epitope-tagged version of Farlp (HA- 
Farlp) were used as a control. PT-Farlp was 
immobilized on a polyoma antibody affinity 
column and probed with Bemlp expressed as 
a 6His protein in Escherichia coli. After ex- 
tensive washing, Far1 protein was eluted us- 
ing polyoma-peptide, and bound Bemlp was 
detected by immunoblotting. Bemlp readily 
bound to the PT-Farlp column (Fig. lA), 
whereas no binding was detected with HA- 
Farlp, demonstrating that Farlp and Bemlp 
interact specifically in vitro. Treating the 
cells expressing PT-Farlp with cx factor did 
not alter the efficiency of binding between 
Farlp and Bemlp, suggesting that the inter- 
action between Farlp and Bemlp was not 
modified by pheromone induction (13, 15). 
Coirnrnunoprecipitation experiments also con- 
firmed that Farlp interacted with Cdc24p in 
vivo: cells expressing epitope-tagged Cdc24p 
(HA-Cdc24p) or control cells expressing un- 
tagged Cdc24p were treated with a factor, 
and then HA-Cdc24p was precipitated with 
HA1 1 antibodies and analyzed for the pres- 
ence of Farlp expressed from the inducible 
GAL promoter by immunoblotting (17). 
Farlp readily coprecipitated with Cdc24p 
(Fig. lB), demonstrating that Farlp bound to 
Cdc24p in vivo. 

To determine whether Farlp might be an 
effector of GPy, we next tested the ability of 
Farlp to coprecipitate with Ste4p, the P sub- 
unit of the yeast heterotrimeric G protein 
(Fig. 1C). Farlp was readily detectable in 
HA1 1 immunoprecipitates from cells ex- 
pressing epitope-tagged Ste4p (HA-Ste4p) 
but not in immunoprecipitates from control 
cells expressing untagged Ste4p. In addition, 
a specific interaction between Farlp and 
Ste4p was detected by two-hybrid analysis 
(Table 1 and Fig. 2A). Because expression of 
Ste4p activates the pheromone response path- 
way, these experiments do not address 
whether the interaction between Farlp and 
Ste4p is regulated by pheromones. However, 
GPy bound to Farlp and could use Farlp to 
orient the cytoskeleton toward the mating 
partner. 

Cdc24p interacts with Ste4p (6, 18), and 
mutants of Cdc24p have been identified 
which fail to interact with Goy (6). The 
interaction of Cdc24p and Ste4p in vivo is 
likely to depend on Farlp. First, the interac- 
tion between Cdc24p and Ste4p assessed by 
the two-hybrid system was abolished in 
strains deleted for FAR1 (Fig. ID). Second, 
Farlp interacted independently with both 
Cdc24p and Ste4p (Table 1 and Fig. 2), and 
Cdc24 mutant proteins that were unable to 
interact with Ste4p (6, 18) were all unable to 
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bind Far lp  (Table I), indicating that the do- 
main o f  Cdc24p that mediated interaction 
with Far lp  was also required for the interac- 
tion with Ste4p. Finally, genetic analysis in- 
dicated that cdc24-m and furl-s mutants are 
defective in the same pathway (Fig. 1E) (19). 
Thus, Far lp  is needed to bridge the interac- 
tion between GPy and the polarity establish- 
ment proteins in vivo. 

To address the functional importance o f  
the interaction between Farlp, GPy, and the 
polarity establishment proteins, we tested 
whether any o f  the mutant Far l  proteins un- 
able to orient polarization in vivo (5) failed to 
interact with Bemlp, Cdc42p, Cdc24p, or 
Ste4p (Fig. 2) (20). F a r l ~ l - ~ ~ ~ ,  which lacked 
the COOH-terminal half  o f  the protein, was 
defective for interacting with Bemlp, Cdc24p, 
and Cdc42p, although i t  was able to bind 
Ste4p. Similarly, the Farlp-H7 mutation (5) 
was unable to bind to Bemlp  and Cdc42p and 
exhibited strongly reduced binding to 
Cdc24p, but still allowed efficient interaction 
with GPy (Fig. 2). Analysis o f  additional 
Far lp  mutants indicated that the RING finger 
domain o f  Far lp  was necessary and sufficient 
for interaction with GPy. Mutants lacking all 
or part o f  the RING finger domain were 
unable to form oriented mating projections, 

Fig. 1. Farlp interacts with the polarity estab- 
lishment proteins Bemlp, Cdc42p, and Cdc24p, 
as well as Ste4p, the P subunit of the hetero- 
trimeric C protein. (A) Complex formation be- 
tween Farlp and Bemlp in vitro (76). Farlp 
tagged with two copies of the polyoma epitope 
(PT-Farlp; lanes 1 and 2) or with an HA-epitope 
as a control (HA-Farlp; lane 3) was purified 
from cells which were either treated (+; lanes 2 
and 3) or not treated (-; lane 1) with a factor 
and incubated with 6His-tagged Bemlp puri- 
fied from E. coli. Bound proteins were eluted 
with polyoma peptide and subjected to  immu- 
noblot analysis with antibodies specific for 
Bemlp (72). (0) Farlp interacts with Cdc24p in 
vivo. HA-tagged Cdc24p (lanes 2 and 3) or 
untaeed Cdc24p as a control (lane 1) was 
imm;noprecipita'ted with HA11 antibodies 
from extracts prepared from Afar7 cells, which 
express Farlp from the inducible GAL promoter 
(7 7). Expression of Farlp was induced by addi- 
tion of galactose (+) or repressed by the addi- 
tion of glucose (-). lmmunoprecipitates were 
blotted with polyclonal antibodies against 
Farlp (upper panel) or Cdc24p (lower panel). 
The bracket marks the position of Farlp; the 

A Bemlp Cdc42p Cdc24p S W p  

Cell&aawest oomhlramag~ubSiap 

Farlp (1-830) -1 755 4-252 773 4-213 1625 +/-It8 12544-100 
RINS I w r  

Farlp (353-830) I 704-19 0 1885+/-159 0 

Farlp (1-389) D 64-10 0 202 +/-a7 101 5 44-12 

Farlp (1-202; 285630) 1 1  - 325 +/-110 nd 1550 4-141 0 

Farlp (174-285) u rn  nd nd 0 526 4-87 

Farlp (1-439; 532-830) 1 0 354 4-98 729 4-93 882 4-298 nd 

Farl p B4 I I I v/I I 107+1-8 2194-14 13554-98 424- 

Farl p H7 (1-756) 1 +/-2 0 133 4-102 1169 4.57 
KMSTOP 

Fig. 2. Analysis of wild-type and Farl-s EGY48 EGY48Aste7 
proteins for their ability to  interact with 
Ste4p and the polarity establishment 
proteins Bemlp, Cdc24p, and Cdc42p. 
(A) Domains required for the interac- 
tion between Far1 p and Bern I p, Cdc24p, 4 
Cdc42p, and Ste4p were determined by 
two-hybrid analysis. Wild-type or vari- N 
ous mutant Farlp fused to the activa- 
tion domain are schematically represented on the Lett (ru); expresslon of the P-Gal reporter was 
quantified and shown as Miller units with standard deviations as described (75). Farlp1-3Bg 
correspond to  Farlp-c (5, 31). Note that the binding sites for Ste4p and Cdc24p are separable. (0) 
A schematic representation of the binding domains between Farlp and Bemlp, Cdc24p, and 
Cdc42p. Ste4p binds to the RING finger domain in the NH,-terminal part of Farlp (gray box), 
whereas Bemlp and Cdc24p require sequences in the COOH-terminal domain of Farlp. The striped 
box indicates a domain of Farlp that shows homology to  Ste5p (28). Binding of Farlp to  
Cdc42p-GTP is dependent on the presence of Bemlp (Table 1). 

u-factor -- Cdc24p HA-Cdc24p - 
+ - + Gal 

D DBD-Cdc24 +: 
vector 

a AD-Sled, low expresslwl 
I AD-Sle4, high expresslon 

I L I 

arrow points to  the position of H A - C ~ C Z ~ ~ .  (C) 
Farlp interacts with Ste4p in vivo. Extracts 

* 
1 ;  

prepared from cells expressing Ste4p tagged 
with an HA-epitope (lanes 1 and 2) or untagged Ste4p as a control (lanes 
3 and 4) were incubated with antibodies to  HA, and the immunoprecipi- 
tates were analyzed for the presence of bound Farlp (upper panel) or 
Ste4p (lower panel) by immunoblotting with polyclonal antibodies. 
Extracts prepared from cells lacking Farlp (lane 5) or Ste4p (lane 6) 
confirm the specificity of the antibodies. Note that ste4A cells express 
low amounts of Farlp, because basal levels of Farlp depend on a 
functional signaling pathway (37). SN, soluble extract prior to  immuno- 
precipitation; IP, immunoprecipitate with HA1 I antibodies. The arrow 
points to  the position of Farlp; the brackets mark the different forms of 
HA-Ste4p or untagged Ste4p. The asterisk marks the position of immu- 

J pea29 far: 
3 4  5 E 

noglobulin G. (D) Farlp is specifically required for the interaction be- 
tween Ste4p and Cdc24p. The interaction between Cdc24p and Ste4p 
was measured in different two-hybrid strains (74, 75). Bars show mean 
P-galactosidase activity + SD for four independent transformants. Plas- 
mids were pBTM-CDC24 (DBD-Cdc24), pCADXP (vector), pCAD-STE4 
(AD-Ste4, low expression), and pCADXP-STE4 (AD-Ste4, high expression) 
(74). (E) Farlp and Cdc24p function in a common pathway during cellular 
orientation (79). farl-c or cdc24-m single mutants mate with compara- 
ble efficiency to  farl-c cdc24-m double mutants, suggesting that the two 
mutant proteins are defective in the same cellular function. In contrast, 
far7-c pea2-2 cells are synthetic sterile (5). 
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suggesting that binding of GPy to Farlp is 
essential for the mating function of Farlp in 
vivo (21). Thus, Farlp contains separable 
binding sites for GPy, Cdc24p, and Bemlp 
(Fig. 2B), and binding of Farlp to both GPy 
and the polarity establishment proteins is 
likely to be required for oriented cell polarity 
during mating. 

Although pheromones did not alter the in- 
teraction between Farlp, GPy, and the polarity 
establishment proteins when assayed by coim- 
munoprecipitation or two-hybrid experiments, 
these interactions may be regulated in vivo by 
compartmentalization of Farlp. In the absence 
of pheromone, Farlp was found predominantly 
in the nucleus of G, cells (Fig. 3) (22). Because 
Bemlp and Cdc42p are localized at the site of 
polarized growth during budding (23), Farlp 
may be unable to interact with these proteins 
during vegetative growth in the absence of a 
factor. We found that a fraction of Farlp was 
distributed throughout the cytoplasm in cells 
treated with pheromones (shmoos; Fig. 3), in- 
dicating that Farlp relocalizes from the nucleus 
to the cytoplasm in response to pheromones 
(24). Farlp did not accumulate at s h o o  tips of 
a factor-treated cells, suggesting that only a 
small fraction of Farlp interacts with GPy 
or that its interaction with GPy might be 
transient. Like wild-type Farlp, truncated 
~~11-389  protein was localized to the cyto- 
plasm in pheromone-treated cells (Fig. 3), indi- 
cating that the COOH-terminal domain, which 
mediated the interaction with Bemlp, Cdc24p, 
and Cdc42p, was not required for the redistri- 
bution of Farlp. Relocalization of Farlp ap- 
pears to require activation of the mitogen-acti- 
vated protein (MAP) kinase signaling pathway 
triggered by a factor (25). Thus, Farlp changes 
its localization in an a factor-dependent man- 
ner, suggesting that compartmentalization 
prevents Farlp from interacting with GPy 
and the polarity establishment proteins in 
the absence of pheromones. 

Our results support the following model 
for how growth is directed toward the mating 
partner. In the absence of pheromones, Farlp 
is localized in the nucleus, and the polarity 
establishment proteins organize the actin cy- 
toskeleton toward the bud site. The presence 
of pheromones activates the receptors, lead- 
ing to dissociation of GPy from Ga  at the 

plasma membrane. GPy then activates the 
pheromone response pathway resulting in re- 
distribution of Farlp from the nucleus to the 
cytoplasm. Cytoplasmic Farlp is recruited to 
the site of the incoming signal by binding to 
GPy, thereby targeting the polarity establish- 
ment proteins Cdc24p, Bemlp, and Cdc42p 
to the site of polarization. Cdc42p becomes 
locally activated, which triggers polymeriza- 
tion of the actin cytoskeleton. We propose 
that Farlp functions as a scaffold molecule 
linking GPy to the polarity establishment 
proteins Cdc24p, Bemlp, and Cdc42p. Farlp 
is thus analogous to SteSp, which links GPy 
to the MAP kinase cascade by directly inter- 
acting with Fus3p, Ste7p, and Stel lp  (26, 
27). In addition to this functional similarity, 
Ste5p and Farlp share two domains with 
significant sequence similarity (28): an NH,- 
terminal RING finger that is necessary for 
GPy binding (29), and a short stretch in the 
COOH-terminus. Although both Farlp and 
Ste5p interact with Bemlp, neither of the two 
conserved domains appears to be involved in 
this binding (Fig. 2). Mutations in Ste4p have 
been identified which function efficiently for 
signal transduction, but exhibit a severe mat- 
ing defect presumably because they are un- 
able to orient cell polarity toward the mating 
partner (30), suggesting that specific Ste4p 
mutations may be able to distinguish between 
several effectors. It is not known whether 
these mutant Ste4 proteins are defective for 
their interaction with Farlp. 

Farlp was originally identified because it 
is required to arrest the cell cycle in response 
to pheromones, probably by inhibiting the 
activity of the cyclin-dependent kinase 
Cdc28p-Clnp (31). As we show, Farlp also 
functions as an effector of GPy which is 
involved in cytoskeletal polarization during 
mating. These two activities are mutationally 
separable (5, 32). Thus, distinct binding part- 
ners of Farlp are necessary to mediate the 
different functions, suggesting that multiple 
Farlp complexes execute these responses in 
vivo (5). 

Heterotrimeric G proteins determine cell 
polarity in a variety of organisms, for exam- 
ple, in orientation of cell division axes in 
early Caenorhabditis elegans embryos (32) 
or in response to chemotactic cytokines in 

leukocytes (33). In Drosophila rnelanogaster, 
signaling mediated by the G protein-coupled 
receptor, Frizzled, polarizes precursor cells 
and specifies asymmetric cell divisions by 
properly orienting mitotic spindles (34). Al- 
though the effectors of the G proteins in these 
systems are not known, the domain of 
Cdc24p required to interact with Farlp is 
conserved in mammalian exchange factors 
such as the DBL proto-oncogene (6), sug- 
gesting that Farlp-like molecules may link G 
protein coupled receptor signaling pathways 
to polarized cell growth in all eukaryotes. 
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cellulai positions or ~f ~t is randomly distr~b- 
uted alone the nucleoid We vlsuallzed DNA - 

Polymerase: Evidence for a polyn~erase in living cells using a fusion pro- 
tein consisting of the catalytic subunit (PolC) 
attached in-frame to green fluorescent protein 

Factory Model of Replication (GFP). pol~-g$p was placed in single COPY in 
the B. s~rbtilis chroilloson~e under control of 

Katherine P. Lemon and Alan D. Grossman* the e~ldogenous polC promoter (5). PolC- 
GFP supported DNA replication and cell 

Two general models have been proposed for DNA replication. In one model, growth when it was present as the only source 
DNA polymerase moves along the DNA (like a train on a track); in the other of the catalytic subunit: and it was visible as 
model, the polymerase is stationary (like a factory), and DNA is pulled through. discrete fluorescent foci, at or near midcell, in 
To distinguish between these models, we visualized DNA polymerase of the most cells during exponential growth (Fig. 
bacterium Bacillus subtilis in living cells by the creation of a fusion protein 1A) (6). In these cells; the DNA occupied 
containing the catalytic subunit (PolC) and green fluorescent protein (CFP). most of the cytoplasmic space and appeared 
PolC-CFP was localized at discrete intracellular positions, predominantly at or to extend to the cell boundaries (Fig. 1B). 
near midcell, rather than being distributed randomly. These results suggest that Two experimental obsemations indicated 
the polymerase is anchored in place and thus support the model in which the that the foci correspond to DNA polyn~erase 
DNA template moves through the polymerase. at replication forks: (i) the presence of foci 

was dependent on continued DNA synthesis 
For all organisms. the production of viable Like many bacteria, Bacillzrs szrbtilis has a and (ii) the number of foci per cell increased 
progeny depends on the faithful replication of single circular chromosome [-4200 kilobase at faster growth rates. We prevented reinitia- 
DNA by DNA polymerase. A conceptual pairs (41.  and DNA replication initiates from tion of DNA replication by inhibiting expres- 
question about in vivo DNA replication re- a single origin (oi.iC) and proceeds bidirec- sion of DnaA. which binds to oriC and is 
mains unsettled. During replication, does the tionally (3). Most of the proteins present at required for assembly of the replication com- 
DNA polymerase move along the DNA tem- the replicatioil fork are conserved in pro- plex (3, 4). We fused d i ~ a d  to the LacI- 
plate? or is the DNA polymerase in a fixed kaiyotes and eukaiyotes (4). repressible isopropyl-6-D-thiogalactopyrano- 
position with the DNA template moving We attempted to determine whether; in a side (1PTG)-inducible promoter Pspac (7) so 
through the replication machinery? Studies population of cells at different stages of the that transcription of dnaA was IPTG-depen- 
with eukaryotic cells have indicated that replication cycle, the replicative DNA poly- dent. In the presence of IPTG (expression of 
DNA replication proteins and newly replicat- Inerase of B. szrbtilis functions at fixed intra- dizaA), <5% of the cells lacked the visible 
ed DNA are present at numerous discrete foci 
[so-called replication factories ( I ) ] ;  resulting 
in the hypothesis that DNA replication occurs Table 1. The number o f  PolC-CFP foci  per cell increased a t  faster g rowth  rates. Cells were grown a t  30°C 

at fixed locations, H ~ \ ~ ~ ~ ~ ~ ~  of eu- i nde f i ned  min imal  medium (21) w i t h  the  indicated carbon source (1%). A l l  2 0  amino acids (aa) were 

karyotic DNA polylnerase is complicated be- added in glucose i aa. Doubl ing t imes were rounded t o  the  nearest 5 min, and samples were taken dur ing 
exponential growth. In succinate, only one cell had three foci, and no cells had four. Six cells had five foci  

cause rep1ication from many different o f  PolC-CFP (three each f r om the glucose and glucose r aa cultures). 
origins and because it is difficult to orient the 
foci within the eukaryotic nucleus. Cells w i t h  indicated number of  foci (%) 

Doubl ing t ime  
Supplement 

Total  cells 
(min) 

Department of Biology, Building 68-530, Massachu- 
(n) 0 1 2 3 4 

setts Institute of Technology, Cambridge, MA 02139, 
, , ? A  230 Succinate 1317 2 4  56  19  0.08 <0.08 v>n. 

11 5 Glucose 635 3 43 41  9 3.6 
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